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Abstract 

Permafrost can become a crucial factor of steep slope stability, and knowing the distribution of permafrost in steep 
terrain is a prerequisite when evaluating slope stability in such areas. However, permafrost distribution in such terrain is 
poorly known. In this study, we present a very first effort in modelling steep slopes permafrost at the nation-scale of 
Norway. This study is based on a multi-years dataset of 26 rock-surface temperature measurement points covering 
various aspects, elevations and latitudes. These measurements allow for statistical modelling of rock surface temperature 
that is then used to map permafrost probability. In this presentation, we present the measurement settings, the rock 
surface temperature data, the modelling approach and first results of the permafrost mapping. 

 

Keywords: Permafrost; steep slopes; Norway; statistical modelling; mapping. 
 

 

Introduction 

The Norwegian fjords and valleys are characterized by 
steep mountain flanks lying above human settlements 
and infrastructures, the sea or lakes. These settings are a 
main source of risk. The destabilizations of steep slopes 
endanger the human lives and activities because they can 
(i) directly hit houses and infrastructures, (ii) dam the 
valley bottom, disturbing human activities and 
transports, which also provokes (iii) modifications in the 
water streams creating new lakes susceptible to outburst, 
and can also (iv) hit existing water bodies and trigger 
displacement waves. Such mass movements and their 
secondary effects have caused hundreds of fatalities in 
the Norwegian history (Hermanns et al., 2012).  
While geological and paraglacial processes have been 
extensively studied to understand steep slope 
destabilizations in Norway, the possible influence of 
permafrost has been less emphasized. However, recent 
studies in various mountain ranges, especially in the 
European Alps, have pinpointed that permafrost 
degradation is a major factor of steep slope stability 
(Gruber & Haeberli, 2007). Many unstable steep slopes 
lie in a possible permafrost range in Norway and an 

estimation of its distribution is required as a first step to 
better understand its role in these destabilizations. A first 
map of rock wall permafrost distribution in Norway has 
been proposed by Steiger et al. (2015) based on general 
assumptions on the link between permafrost and air 
temperature. In this presentation, we present a 
preliminary estimation of permafrost distribution based 
on a statistical model fitted with 24 rock surface 
temperature (RST) times series and a preliminary 
estimation of permafrost distribution. 
 

Methods and preliminary results 

Rock surface temperature measurements 
During summers 2015, 2016 and 2017, 22 RST loggers 

were installed along a latitudinal profile from 60°50’N to 
69°46’N. They complete 4 loggers installed in 2010 in 
Jotunheimen (Hipp et al., 2014). Measurements points 
cover all aspects and range from 215 to 2320 m asl.  

 

Statistical modelling approach 
In fall 2017, the available time series yield 54 mean 

annual rock surface temperature (MARST) points 
available for statistical modelling. Possible predictors of 
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MARST are determined based on multi-collinearity tests 
and by analyzing their statistical significance. As 
evidenced in other mountain ranges, mean annual air 
temperature (MAAT) and the potential incoming solar 
radiation (PISR) are the most important predictors of 
MARST. The statistical model is then implemented in a 
GIS to map permafrost probability on a 10-m-resolution 
DEM (released by the Norwegian Mapping Authority). 

 

Permafrost probability mapping 
Permafrost is mapped based on the 1961-1990 MAAT 

data released by the Norwegian Meteorological Institute 
(SeNorge v2; Lussana et al., 2017), downscaled from 1 
km to 10 m resolution using a regional lapse rate. PISR 
is mapped using GIS tools and assuming an atmospheric 
transmissivity of 100%. MARST is then mapped using 
the parameters of the statistical model and the 
permafrost probability is expressed as a probability of 
the MARST to be ≤ 0°C. The permafrost probability is 
classified based on standard classification with isolated 
(0 to 10%), sporadic (10 to 50%), discontinuous (50 to 
90%) and continuous (>90%) permafrost (Fig. 1). 
 

Preliminary results 
Continuous permafrost (MARST ≤ to 0°C) is likely 

above 1200 m a.s.l. in North faces and above 1600 m 
a.s.l. in the South faces of the South-Western Norway. 
In Northern Norway, the lower limit of continuous 
permafrost rather lies at around 600 m in North faces 
and 900 m in South faces. This preliminary estimation 
already shows that many of the unstable steep slopes of 
Norway lie within the range of discontinuous-
continuous permafrost, such as the Mannen (1294 m 
asl.) rock slide (up to 30Mm3, depending on the 
scenario) in SW Norway (Fig.1). 

 

 

Figure 1. Example of the permafrost distribution map in the 
steep slopes of Romsdalen. The Mannen rock slide (red 
square) lies in the sporadic permafrost zone. 

Outlooks 

Using the 1961-1990 normal MAAT results in 
permafrost overestimation. The model will be also 
implemented with the MAAT of 1981-2010 to better 
represent current conditions.  
The resulting MARST map can be used to setup a 
transient numerical model such as those from Myhra et 
al. (2015). In the frame of this project, transient models 
of steep slope thermal regime are coupled with 
mechanical models to better assess the role of 
permafrost in steep slope destabilization.  
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Abstract 

Being one of the defining alpine features, rock glaciers are spread and studied in high mountains around the world, 
but the scale and level at which they are analyzed differs greatly across the continents. In the Balkan region, the research 
of the permafrost relates landform is at its beginnings, with a limited number of studies being conducted until now. We 
present an overview of the main characteristics of rock glaciers in the Balkan Peninsula based on their morphometric 
features and basic statistical analysis. Our results show a relation between the latitude of rock glaciers and their size and 
altitude, especially interesting being the fact that rock glaciers size tends to increase at lower latitudes. 

 

Keywords: rock glaciers; permafrost; morphometric characteristics; Late Glacial; Balkan Peninsula. 

 

 

Introduction 

Rock glaciers (RG) are rock-mantled ice bodies 
widespread in the alpine environment of the Balkan 
Peninsula and elsewhere. Because they transport both 
rock and ice down-valley due to the deformation of the 
ice within (Haeberli, 2000) they are characterized by a 
distinct surface microrelief of longitudinal or transversal 
ridges and furrows (Barsch, 1996). These features are 
morphological indicators for mountain permafrost 
occurrence and for periglacial conditions. In the current 
study, we present an overview of the rock glaciers from 
the Balkan Peninsula by analyzing their 
geomorphometric characteristics and their geographic 
location 

Until now the presence of rock glaciers has been 
inventoried, at a local scale, for the Rila (Gikov & 
Dimitrov, 2010), Pirin (Dimitrov & Gikov, 2011), 
Pindus (Hughes et al., 2003; Palmentola & 
Stamatopoulos, 2006) or Dinaric Mountains (Milivojević 
et al., 2008; Palmentola et al., 1995) and has just been 
suggested for the Parnassus mountain range (Pechoux, 
1970). 

 

Methodology and Results 

We analyzed 196 rock glaciers located in six different 
high mountains of the Peninsula (Table 1) spread over 
about three degrees of latitude. The morphometric 
parameters were extracted using ArcGIS from a 30m 
resolution DEM and the statistical analysis (correlations, 
t test) were performed using the software R. 

Out of the total number of RGs, 149 (76%) are 
tongue shaped and the rest are lobate. The tongue 
shaped are also located at higher altitudes (t=4.98, 
p<0.05) and have a greater area (t=5.05, p<0.05) than 
the lobate RGs. 

 

Table 1.  Rock glaciers in the Balkan Peninsula 

Mountains Coordinates Nr. of RG 

Mean elevation 
of the RG front 

(m) 

Prokletije 42°26′30″N 
19°48′45″E 

42 1992 

Rila 42°06′00″N 
23°33′00″E  

39 2348 

Korab 41°47′28″N 
20°32′52″E 

8 2233 

Pirin 41°45′49″N 
23°23′58″E  

83 2339 

Tymphi 39°58′54″N 
20°48′54″E 

8 1932 

Tzoumerka 39°29′00″N 
21°12′00″E 

16 1748 

Parnassus 38°32′09″N 
22°37′27″E 

1 1890 

 

 

The results show that 70% of rock glaciers have a 
northern aspect and they are spread at altitudes between 
1748-2447 m, with the highest rock glaciers situated in 
the Rila Mountains, Bulgaria and the lowest in 
Tzoumerka Mountains, Greece. The rock glaciers slope 

ranges from 9⁰ to 28⁰, with a mean of around 17⁰ for all 
the mountain ranges. 

The average area is 12.4ha, with the biggest RG being 
in the Prokletije mountains with an area of 89.7ha. 
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Conclusions 

The analysis of the rock glacier characteristics reveals 
the following conclusions: 

The Tzoumerka are the southernmost mountains with 
a significant number of rock glaciers and have the lowest 
most altitude at which they form. 

The results show that the size of the rock glaciers 
increases with the decrease of the latitude. 

This overview is a necessary first step in our propose 
to reconstruct the permafrost conditions from the Late 
Glacial and Holocene in the Balkan Peninsula. 
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Abstract 

In frame of the ATMOperm project, we conducted a series of Ground Penetrating Radar (GPR) surveys at Hoher 
Sonnblick Summit. The objective was to determine the internal structures and distribution of mountain permafrost and 
associated changes due to seasonal variations in temperature. To achieve this, 3D GPR surveys were repeated between 
2015 and 2017 at different times. Besides the processing of the raw data, modelling of electrical properties for the 
computation of synthetic radargrams was carried out to permit a better interpretation of the observed changes in GPR 
results. 

 

Keywords: Ground Penetrating Radar, synthetic modelling, monitoring 

 

 

Introduction 

Current permafrost research focuses on understanding 
the effect of atmospheric events, such as climate change 
in the degradation of alpine permafrost. 

To better understand subsurface processes, here we 
present geophysical imaging results for data collected at 
the Hoher Sonnblick Summit. This is located in the 
Austrian Central Alps, 3106 m above sea level, where a 
permanently installed monitoring array (Fig. 1) permits 
the collection of electrical resistivity tomography (ERT) 
being a standard method in permafrost investigations 
(Krautblatter et al., 2008). However, ERT measurements 
might be limited in winter due to the low current 
injections taking place in surfaces covered by snow and 
ice. To overcome such limitation, we performed 
monitoring measurements with GPR, a contactless 
method based on the propagation of electromagnetic 
waves, which has been successfully applied in previous 
studies in permafrost environments (Hauck & Kneisel, 
2008; Moorman et al, 2007). 

The final objective of our investigations is to obtain a 
3D subsurface model of the electrical properties at the 
Hoher Sonnblick Summit for an improved 
characterization of the active layer and lithological 

contacts and discontinuities (e.g., fractures). Aiming at 
improving the quantitative interpretation, the synthetic 
response was numerically modelled taking into account 
the resistivity distribution in the subsurface as derived 
from ERT monitoring data and information from 
supplementary geophysical surveys. 

 

 
 

Figure 1: Orientation of the GPR profiles defined by six 
long profiles (red), 13 transverse profiles (black) and ERT 
monitoring profile (green). 
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Field Work 

A total of eight GPR campaigns were organized 
between August 2015 and September 2017. In those 
campaigns GPR datasets were collected using a 
SIR 3000 unit in a common offset configuration, mainly 
with 200 and 400 MHz antennas. Results presented here 
refer to a campaign in winter 2017 collected along 6 long 
profiles and 13 perpendicular shorter profiles (Fig. 1) 
covering an area of ca. 25 x 100 m using a 200 MHz 
antenna. 

 

Results 

GPR raw data were analyzed using REFLEXW 
software, based on the application of standard filter 
routines and topographic correction. Results obtained 
for an exemplary dataset clearly reveal interfaces 
between materials with different electrical properties 
(Fig. 2). The first interpretation of the radargrams took 
into account amplitude information and the propagation 
velocity of the radar waves derived by hyperbola 
analysis. To validate such interpretation, we perform 
numerical modelling after assigning electrical values to 
the different materials based on GPR- and ERT-
measurements and those reported in literature (Hauck & 
Kneisel, 2008; Moorman et al, 2007). 

 

 

 
Figure 2: Radargram of borehole profile using a 200 MHz 

antenna (top) and corresponding interpreted model (bottom). 

 
Since the reflection of GPR signals is related to 

variations in both the electrical permittivity (ε) and 
conductivity (σ) of the medium, our modelling included 
variations in the contrasts between those parameters and 
the geometry of the interfaces. Hence, the analysis of 
different numerical models permits us to adjust the 
synthetic radargram to approximate the actual measured 
data (Fig. 3). Fractures were added representing the 
debris cover to reconstruct the patterns observed in the 
measured data. Moreover, further structural information 
in the models has been obtained through results from 
seismic P-wave velocity information and transient 
electromagnetic soundings. 

 

 
 

Figure 3. Comparison of synthetic (left) and measured 
(right) radargram representing the heterogeneous debris-
covered mountain environment at the Hoher Sonnblick. 

 

As expected due to the complexity of alpine 
permafrost soils, the models need to take into account 
the large number of discontinuities observed in the GPR 
data. Thus, careful data processing is required to permit 
the identification of the active layer and improve the 
quantitative meaning of the deviated electrical models. 
Future research will focus on the integration of borehole 
temperature data for the improved modelling of GPR. 
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Abstract 

Classical methods to monitor rock glacier’s dynamics rely on repeated in situ field campaigns to evaluate the evolution 
of the glacier surface. Methods such as photogrammetry (structure from motion) with drone or from a set of images 
allow to get a dense spatial resolution, up to the pixel size, but are limited in terms of time repeatability. On the other 
hand, continuous GPS measurement on the glacier surface can capture seasonal changes but with a poor spatial 
resolution. To get both spatial and time resolution we developed an optical stereoscopic time lapse device. The system, 
made with two fixed reflex cameras, placed at different viewpoints and taking several images per day, is able to acquire 
the 3D surface of the glacier over time and thus producing time series of spatial data at high resolution in space and 
time (4D). 

 

Keywords: Rock glacier kinematics; Surface displacement monitoring; Time-lapse stereo-photogrammetry. 

 

 

Introduction 

Rock glacier, mainly situated in dry mountains and 
area of discontinuous permafrost, are creeping mixtures 
of ice and debris (Haeberli, 1985). Due to the high 
thermal inertia of permafrost, the monitoring of rock 
glacier flow can highlight climatic trends. The Laurichard 
rock glacier, situated in the southern French Alps, has 
been studied for several decades, with the use of 
different methods : LiDAR surveys, repeated GPS 
surveys of marked blocks, geoelectric campaigns and 
continuous ground temperature measurements (Bodin et 
al, 2009). Regarding velocity surface monitoring, these 
methods lack of time repeatability and/or spatial 
resolution. On the other hand (Hadhri et al, 2017) have 
proposed a solution based on monoscopic time lapse 
imagery, to compute dense velocity surface field of slow 
moving surfaces, such as glacier, with high temporal 
resolution. We propose to extend this work by using a 
second camera to get velocity field in meters and not only 
in pixels coordinates and apply it in the Laurichard rock 
glacier context. 

 

Methods 

Study site 
The Laurichard rock glacier is situated at an altitude 

between 2400 and 2700-m asl, surrounded by high rock 

faces, and is 500-m long and between 80 and 200-m 
wide. The typical mean velocity is around 25-cm/year at 
the glacier roots and front, and can reach more than one 
meter on the median steepest part. 

 

 
Figure 1 Field installations on the Laurichard rock glacier: 
cameras, spheres, marked blocks, temperature sensors. 

 

Two Nikon D800 with a 85mm focal lens are situated 
300-m away from the glacier and the baseline between 
the camera is 200-m. Five spheres, with a diameters of 
35-cm are situated around the glacier and are used as 
fixed ground control points (one sphere located on the 
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tongue of the rock glacier). Figure 1 gives an overview 
of the field installations. 

 
Data processing 

The outdoor conditions are really challenging for 
photogrammetric measurements: fog, snow cover, cast 
shadows, illuminations changes, lens flare, can affect the 
quality of the output velocity vector field. That is why 
several images are taken per day to maximize the 
probability to have a pair of stereo images that can be 
further processed. The first step is to identify the best 
images of the day and discard the images that cannot be 
processed. 

Even though the cameras are fixed to solid rock, 
unwanted shifts of the images often occur, related to the 
thermally-controlled differential dilatation/retraction of 
the various parts of the device (camera itself, lens, 
case...). The second step is to register all the images such 
that fixed ground stays still in the images, this is done 
estimating an homography transformation from 
extracted corresponding points on stable areas of the 
scene. 

Then sparse correspondences between images taken at 
different dates are extracted to get velocity vector field 
in pixels. Figure 2 shows the extracted displacement 
between October 2013 and October 2016. 

To convert velocities from pixels to meters vectors, 
the cameras need to be calibrated. The calibration is 
done by identifying feature points in the images with 
known 3D coordinates, then a nonlinear optimization 
algorithm estimates the intrinsic and extrinsic parameters 
of the cameras (Hartley  and Zisserman 2003). 

From this calibration, it is possible to convert a 
velocity vector in pixels to a vector in meter if the vector 
can be identified in the two stereo pair of images 
(Hartley  and Zisserman 2003). 

Further processing can be done to improve the results, 
such as snow detection to restrict correspondences 
extraction in time to snow free area. 

 

 
Figure 2 Surface vector velocity field in pixels of the 
Laurichard rock glacier between September 2013 and 
September 2016. 
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Abstract 

Mean annual ground surface temperature (MAGST) for 2016-2017, including complete thawing and freezing periods, 
has been estimated with 30m resolution to determine the spatial distribution of permafrost presence over Sugnugur 
valley, northern Mongolia. The key findings were; i) a north-south surface temperature difference of 3-4°C and the 
relationship between surface and lower air temperature decreased as elevation increased; ii) smaller surface offsets 
existed on rock and bare ground surfaces relative to vegetated surface types, and consistent snow-induced freezing and 
distinct thawing n-factors were observed; iii) MAGST was estimated with a RMSE of ±1.4°C and r2 of 0.68 with greater 
errors on steep slopes; iv) wildfire severity affected the intensity of active layer lowering and altered the hydrological 
regime; v) micro-climate, topographic factors and surface characteristic influenced the presence of permafrost. These 
findings suggest that the stability of permafrost in this region is very vulnerable to global warming and fire-induced 
effects. 

 

Keywords: discontinuous permafrost, surface temperature, air temperature, potential radiation, wildfire   

 

 

Introduction 

The study area is located in a semi-arid Siberian 
discontinuous permafrost region with -1°C of mean 
annual air temperature (MAAT) and has rough 
topography. The seasonal relations between air (Ta) 
and surface (Ts) temperatures based on in situ 
measurements and empirically projected MAAT from 
potential solar radiation (PSR) were considered as the 
driving parameters for the estimation. The results 
indicate that the approximation of MAAT might be 
derived from PSR using least linear regression analyses 
(with R2=0.98) after several adjustments (Fig. 1). 
Relative consistent snow-insulated freezing n-factor nF 
of about 0.5 at different altitudes including mountain 
top was observed, while thawing n-factor nT notably 
varies, ranging from 0.8-1.2 depending on surface 
characteristics (Table 1). 

Table 1. The observed surface offset and n-factors 
Sites SO nF nT SD 

(cm) 
Surface 

characteristic 

Xoxoo 4 0.52 1.2 24 Short grassland 
Eislager 3.5 0.6 1.05 20 Poorly vegetated 
Bärental 4 0.53 1.16 25 Short grassland 
Mtn. top 1.5 0.52 0.8 NA Rock surface 

SO, nF, nT and SD denote surface offset, freezing n-factor, thawing 
n-factor and snow depth, respectively 

 
Figure 1. The distribution curves of daily mean PSR, 
observed and adjusted air temperatures at Bärental site on 10 
day running averages. Fourier transform (FT) and 30-day 
time lag adjustments were applied to remove time variances 

The vegetation and snow covers were observed using 
remote sensing images and during field campaigns. 
South-facing slopes were observed to be 3–4°C warmer 
than north-facing slopes on annual average and were 
mostly snow free due to high sublimation and 
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prevailing winds. No winter precipitation gradient has 
been observed and the depth of snow cover on north-
facing slopes and the valley bottom were similar except 
for the relative thin snow cover under dense forest. 
The winter freezing degree-days (FDD) in surface 
temperature were similar on both slopes, showing rapid 
decrease and increase on snow-free south-facing slopes 
compared to north-facing slopes and bottom of the 
valley with thick snow cover as well. In contrast, 
thawing degree-days (TDD) correlated to the impact of 
vegetation cover and ambient air temperature during 
summer months play a notable role in the spatial 
distribution of MAGST. The correlation coefficient 
between Ta and Ts decreased as elevation increased, 
which could be explained by extended snow cover.  
The MAGST is initially warmer than MAAT, with 
surface offsets ranging from +1.5°C on rock surface to 
+4°C on short grasslands. Surface temperature at 5cm 
depth and snow depth measurements at our permanent 
meteorological station (since 2012) in the lower part of 
the valley reveal that MAGST in 2016-2017 was about 
2°C warmer than the average value of previous years 
(Table 2).  

Table 2. Mean and max snow depth (cm) with air and surface 
temperatures (Ta and Ts, °C) and incoming solar radiation 
(ISR, Wm-2) in winters since 2012.  
 

 2012/13 2013/14 2014/15 2015/16 2016/17 

Mean 0.25 0.19 0.12 0.15 0.19 
Max 0.41 0.26 0.25 0.26 0.29 
Ts -12.3 -10.9 -12.3 -11 -9.8 
Ta -23.7 -19.7 -18.5 -21.2 -18.7 
ISR 78.8 88.8 83.5 79.6 86.9 

It was caused by the occurrence of hot and dry 
summer 2017 (not shown here) and relative thick snow 
cover during winter 2016/17, leading to warmer mean 
surface temperature.  
This may have led to 1-2°C warmer MAGST in the 
study region during the investigated period. The RMSE 
of the estimated MAGST (Fig. 3) was ±1.4°C, with 
greater anomaly on north-facing slopes due to low PSR 
allocation. Additionally, the impacts of wildfire in the 
active layer were discussed based on soil temperature 
and moisture data recorded in three boreholes under 
severely burned, partly burned and unburned forests. 
The preliminary analysis indicate that the recent 
wildfire has altered both the hydrological and 

temperature regimes (Fig. 2) of the active layer 
significantly, leading to increase in active layer thickness 
and potential permafrost degradation in this semi-arid 
climate. 
 

 
Figure 2. Temperature variabilities at 100cm depth in 
severely burned, partly burned and unburned forests. The 
fire intensity affects the magnitude of seasonal thaw depth. 

 

Figure 3. Estimated surface temperature in Sugnugur valley 
for 2016-2017. Red circles in the upper-left figure show the 
outliers with greater standard error. Black dots represent the 
locations of the validation site. 

The further investigations will focus on the 
relationship between air and surface temperatures on 
different slopes including various exposures and below 
forest canopy to improve the accuracy of the 
estimation.  
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Abstract 

Soil moisture is a key factor controlling the energy and mass exchange processes at the soil-atmosphere interface. In 
permanently frozen ground it strongly affects the thermal behavior of the ground by influencing its physical properties 
such as ice content, thermal conductivity and heat capacity. Using a unique combination of long-term borehole 
temperatures, meteorological data and geophysical datasets, we characterize the seasonal and inter-annual variability of 
soil moisture at three alpine permafrost sites. Seasonally, the evolution of soil moisture can be distinguished into three 
stages consistent with temperature and electrical resistivity.  

 

Keywords: Soil moisture; Mountain permafrost, Geophysics 

 

 

Introduction 

Soil moisture is a key factor influencing the energy and 
mass exchange processes at the soil-atmosphere 
interface. In frost-affected terrains, soil moisture is of 
particular relevance given its impact on the physical 
properties of the subsurface such as the thermal and 
hydraulic conductivity as well as the ice content, the heat 
capacity or the electrical conductivity. Several modelling 
studies confirmed the influence of soil moisture on the 
thermal regime of frozen ground (e.g. Boike et al., 2008; 
Hinkel et al., 2001; Scherler et al., 2010). However, 
measurement-based studies are lacking due to the 
scarcity of operational soil moisture monitoring stations 
at high elevation. 

In a first attempt to assess the role of water content 
on the thermal regime of the ground in mountainous 
terrains, a soil moisture monitoring network has been 
established in 2013 along an altitudinal gradient spanning 
from middle to high elevation in Switzerland 
(SOMOMOUNT network see Pellet & Hauck, 2017). 
Two stations have been installed in collaboration with 
the Swiss permafrost monitoring network PERMOS in 
the vicinity of well-established long-term permafrost 
monitoring sites: Schilthorn (Hilbich et al., 2011) and 
Stockhorn (Gruber et al., 2004). Similar datasets are also 
available in the Italian Alps at the Cime Bianche 
monitoring site (Pogliotti et al., 2015). 

Using this unique combination of data, this 
contribution aims at 1) quantifying and characterizing 
the seasonal and inter-annual variations of soil moisture 
in mountain permafrost terrain and 2) comparing these 

variations with measured in-situ ground temperatures, 
meteorological data and geophysical datasets.  

 

Table 1. Summary of all the data available at each site. 

 Schilthorn Cervinia Stockhorn 

Soil moisture 2007-2017 2007-2017 2014-2017 

Borehole temperature 1999-2017 2006-2017 2000-2017 

Meteorological data 1999-2017 2006-2017 2002-2017 

Geophysics (ERT) 1999-2017 2013-2017 2005-2017 

 

Methodology and Results 

The datasets available at Schilthorn, Stockhorn and 
Cervinia (see Tab.1) constitute state of the art 
measurements in mountain permafrost areas and have 
been used to analyze the thermal state and evolution of 
permafrost in several studies (e.g. Hilbich et al., 2011; 
PERMOS, 2016; Pogliotti et al., 2015). In addition, 
operational soil moisture measurements have been 
initiated at Schilthorn and Cervinia in 2007 and at 
Stockhorn in 2014. 

 Seasonally, liquid soil moisture (LSM) exhibits 
variations consistent with the measured temperatures 
and resistivity at comparable depth (Fig.1). Three typical 
stages can be identified: the frozen stage (lowest LSM 
and temperatures, smallest variability), the zero-curtain 
period (temperatures constant near the freezing point 
and marked LSM increase as well as resistivity decrease) 
and the unfrozen stage (high LSM and temperature 
variability controlled by meteorological forcing). This 
evolution is observed at the three field sites with 
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differences in onsets and duration of the stages due to 
site specific factors. 

In addition to being spatially highly variable, the LSM 
evolution is also temporally variable. Thus, the inter-
annual variation of LSM during the summer was 
analyzed and related to the meteorological conditions, 
ground temperature and resistivity. The two contrasting 
years 2014 (wet) and 2015 (warm-dry) have been 
especially analyzed to understand LSM behavior under 
very different atmospheric forcing. 

 
 

Figure 1. Temporal evolution of near surface liquid soil 
moisture (a), soil temperature (b) and soil resistivity (c) at 
Schilthorn. Air temperature, precipitation sum and snow 
depth are also displayed as well as the thermal state of the 
ground. (Figure adapted from Pellet & Hauck, 2017) 
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Abstract 

Semi-arid (27-32°S) Andean range possesses a wide variety of cryoforms, which are slightly assessed in terms of their 
impact relative to human access to water. 33°S and southwards, the ratio of covered/uncovered glaciers decreases. 
Glacierized sub-catchments of the Aconcagua basin, Juncal Norte (terminus at 3000m ASL) and Alto Del 
Plomo/Monos de Agua (terminus at 3800m ASL), have not been assessed in terms of their recent process dynamic. To 
approach this gap, sub-catchments were analyzed by remote and direct observations. Relict cryoforms (such as ice-
cored moraines) coexist with preserved ones as result of differential ablation and hence the onset of paraglacial 
dynamic. 

Keywords: Mountain frozen ground; glacier; ice-cored moraine; Andes. 

 

Introduction 

A knowledge gap where process spatial distribution is 
crucial to integrate catchment runoff (Pellicciotti et al., 
2014) in areas where permafrost types remain present in 
the most arid conditions (Garcia et al., 2017), difficult to 
assess because of tome varying relative contributions 
(Rodriguez et al., 2016). Differential landscape evolution 
between two deglacierizd areas might account on 
paraglacial transition processes therein. 

 

Methods 

Study area is Juncal-Norte Glacier (JNG, Fig. 1), 
calculated ELA at 4,500m ASL (Ayala et al., 2017), and 

Monos de Agua (Fig. 2) sub-catchments. Satellite 
imagery (Landsat 1-8) and field mapping were utilized to 
assess cryoforms. 

 

Results 

The present retreat at JNG does not resemble the 
paraglacial evolution at Monos de Agua (MAG). 
Nevertheless, in between them, isolated ice-bodies and 
covered-glaciers were attested (Fig.1 a & b). 
Ice-cored lateral moraines should persist in both settings 
while facing south/south-west. While moraine at JNG 
(Fig. 1.a) ranges from clasts to boulders, in MAG has 
lower sizes, and thermokarst lakes (Fig. 2) on surface.  

 
a 
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(Figure continues) 

 
Figure 1. Monos de Agua sub-catchment, 3000-3300m ASL. Altitude in (a) increasing eastwards. Glacier in lower-left corner is Juncal Norte. 

Zoom in (b) shows ice-containing elements in late warm season 2016. 

 

 
Figure 2. Monos de Agua sub-catchment, 3300-4000m ASL. Easternmost border (with Argentina) at 4000m ASL. Glaciar Alto del Plomo’s 

terminus falling westwards & Monos de Agua falling southwards. 

 

In the case of MAG a likely persistent kilometric ice 
cored lateral moraine, a process assumed to occur 
between 1979-1989 from L1 & L4 images. Coalescent, 
now paraglacial taluses on the south-facing lateral 
moraine (Fig. 2) are considered of protalus-rampart 
origin and non-embryonal rock-glaciers due their steep 
slope and southward exposition. Fig. 2 also shows in the 
lower-center a distinctive gelifluction form with color-
differentiated gullies running downslope over 1 mile. 

  

Conclusions 

Cryoforms between both catchments outline 
dominating factors of deglacierization processes and 
landscape transition at the central Chilean Andes.  

Although deglacierization obeys contemporary 
climate, comparison of sediments cover thicknesses and 
hydrological processes would allow determining main 
variables in the proglacial and later paraglacial process.  
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Abstract 

How fast do steep bedrock hillslopes in glacial landscapes erode? And how sensitive are erosion rates in these 
environments to temperature changes? These are fundamental questions related to past and present climate change, but 
they are difficult to answer. Here, we present erosion rate estimates from steep bedrock hillslopes above the Chhota 
Shigri Glacier, Indian Himalaya. Our estimates are based on the 10Be inventory of debris that is exposed in medial 
moraines. Results suggest rock wall retreat rates of ~0.6-1.3 mm yr-1. We find a relatively consistent pattern of 
increasing 10Be concentrations (decreasing erosion rates) downglacier, which cannot be explained by ice-surface 
residence alone. We use a numerical ice flow model that includes debris production and transport to assess potential 
explanations for the observed trend. Preliminary results yield a modeled glacier that reasonably reproduces observed 
patterns of debris exposure.  

 

Keywords: supraglacial debris, cosmogenic nuclides, erosion rates, frost cracking, debris-covered glaciers 

 

 

Introduction 

Debris-covered glaciers are widespread in the 
Himalaya and other steep mountain ranges. They testify 
to active erosion of ice-free bedrock hillslopes that 
tower above valley glaciers, sometimes more than a 
kilometer high. It is well known that supraglacial debris 
cover significantly reduces surface ablation rates and 
thereby influences glacial mass balances and runoff. 
However, the dynamic evolution of debris cover, along 
with climatic and topographic changes, is poorly 
understood. Here, we present ice-free hillslope erosion 
rates from the catchment of the Chhota Shigri Glacier, 
Indian Himalaya. We follow the approach of Ward and 
Anderson (2010), and use an ablation-dominated medial 
moraine as a sampler for 10Be-derived erosion rates of 
glacier valley walls. We combine our empirical, field-
based approach with a numerical model of frost-related 
sediment production and glacial debris transport to (1) 
assess patterns of ice-free hillslope erosion that are 
permissible with observed patterns of debris cover, and 
(2) explore the coupled response of glaciers and ice-free 
hillslopes to climatic changes. 

 

 

Study area 

The Chhota Shigri Glacier is located in the North 
Indian state of Himashal Pradesh, in a small basin that 
drains into the Chandra River. The northerly oriented 
glacier has a length of ~9 km, covers an area of 15.7 
km2, and ranges from ~4200 m to ~6100 m elevation. 

The medial moraine currently originates at the base of 
a bedrock ridge that protrudes above the surrounding 
ice. Its width increases from ~5 m near the junction of 
the two main branches of the glacier to several 10s of 
meters closer to the glacier terminus.  

 

Results 
10Be concentrations and erosion rates 

We collected five samples from the medial moraine of 
the Chhota Shigri Glacier between 4638 m and 4773 m 
elevation. The sample locations are separated by 
approximately 500 m along the glacier. All samples 
consist of an amalgamation of >1000 surface clasts with 
grain sizes between ~1 and ~30 mm, yielding samples of 
~5 kg weight. The clasts were randomly taken from 
surface patches of approximately 5 m by 5 m, which 
were centered on the medial moraine. Measured 10Be 
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concentrations increase downglacier from ~3×104 to 
~6×104 atoms (g quartz)-1 yielding hillslope erosion rates 
of ~1.3-0.6 mm yr-1.  

Numerical modeling 
We used the 10Be-derived hillslope erosion rates to 

define a debris supply rate of 1 mm yr-1 from ice-free 
bedrock hillslopes in the numerical ice and landscape 
evolution model iSOSIA (Egholm et al., 2011). Based on 
available mass balance and ice thickness data, the 
calibrated model reproduces the medial moraine of the 
Chhota Shogri Glacier quite well, although uncertainties 
exist due to the transient disequilibrium of the glacier, 
i.e., the current debris cover was fed into the glacier 
during the Little Ice Age (LIA), and thus under different 
boundary conditions. 

 

Discussion & Conclusions 

The accumulation of 10Be during debris residence on 
the ice surface can only account for a small fraction 
(<20%) of the downglacier increase. Other potential 
explanations include heterogeneous source areas with 
different average productions rates and/or erosion rates, 
and temporally variable erosion rates. We currently 
perform transient experiments during warming and 
cooling periods for testing models of frost-related and 
temperature-sensitive debris production, and for 
assessing the coupled sensitivity of hillslopes and glaciers 
to climate change.  
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Abstract 

As glaciers are expected to continue to retreat during the 21st century due to climate change, an important source of 
water will be diminishing, especially during the summer months. Hence, other sources of water, such as meltwater from 
permafrost, will become more important to the runoff regime and the total runoff. This study aims at modelling the 
melt of ground ice in permafrost bodies with regard to total runoff from a small hydrological basin. We compare the 
results of two different models for simulating the hydrologic behavior of Murtèl-Corvatsch rockglacier from 1991 to 
2100. One model is a physically based 1D heat and mass transfer model (COUP), the other a spatially distributed glacio-
hydrological model (GERM). We present the simulated runoff regimes of both models for the periods 1991-2020 and 
2061-2090. Significant differences of the contributions of the different reservoirs to runoff are identified and discussed. 
 

Keywords: rockglaciers, runoff, modelling, permafrost evolution. 

 

 

Introduction 

As glaciers are expected to retreat substantially during 
the 21st century due to a warming climate, an important 
source of water will be diminishing, especially during the 
summer months. In turn, water from other sources such 
as permafrost will become more important in the runoff 
regime. This water might serve as a valuable fresh water 
source for agricultural needs, hydropower production or 
direct human consumption in mountain areas. 
Therefore, it is of great interest to know the origin and 
the amount of runoff coming from rockglaciers and 
slopes underlain by permafrost. 

This study investigates the amount of fresh water 
available on a sustainable basis from such regions. In 
case of a disequilibrium of summer melt and winter 
refreezing there will be a constant or even accelerated 
loss of ice volume stored in permafrost and a peak in 
runoff. Two different models are used to gain insight 
into these processes. The models are applied to the well-
studied site of the Murtèl–Corvatsch rockglacier in the 
Upper Engadin, Switzerland. The ice-rich rockglacier 
reaches from 2850 to 2620 m a.s.l. and is 400 m long 
and 200 m wide, facing north-northwest. The Murtèl 
study site has been the subject of numerous studies 
including borehole logging, energy balance 
measurements, geophysical surveys and numerical 
modelling in the past (Mittaz et al., 2000, Vonder Mühll 

& Haeberli, 1990). It is also part of the PERMOS 
monitoring network (PERMOS, 2016). 

 

Methodology and Results 

Methods 
We compare the results of two different models for 

simulating the hydrological behavior of Murtèl-
Corvatsch rockglacier from 1991 to 2100. On the one 
hand, we use a physically based 1D heat and mass 
transfer model (Coup Model; Jansson & Karlberg, 2011), 
on the other hand a spatially distributed highly 
parameterized glacio-hydrological model (GERM; Huss 
et al., 2011). Both models account for the conductive and 
latent heat exchange between the atmosphere and the 
sub-surface and are able to resolve the mass balance of 
ground ice. We present the simulated runoff regimes of 
both models for the periods 1991-2020 and 2061-2090. 
The contributions of the different runoff components 
are presented for both models. The models are driven by 
climate scenario data (ENSEMBLES; MPI).    

 

Results 

The results of the models are shown in Figures 1 and 
2. In the case of GERM, the runoff components are 
derived directly from the different water reservoirs in the 
model. In COUP, the components have to be calculated 
from the model results of all model layers.  
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Comparing the water fluxes computed by the two 
models it can be noted that the total runoff according to 
COUP is significantly higher during spring for both the 
present and the future periods. The runoff regimes in 
the period 1991-2020 are characterized by a snowmelt-
induced peak a constant decrease until December. In the 
future period (2061-2090), a period of lower constant 
runoff is projected by both models lasting from July 
through to October. The contribution of permafrost 
storage change is significantly higher than in the present-
day situation in both models. Following GERM mass 
gain can be expected in spring and a continuous mass 
release in late summer and autumn. COUP projects ice 
mass losses in all months except in April and September.   

 

 
Figure 1. Mean monthly water fluxes in COUP for the time 
periods 1991 - 2020 and 2061 - 2090. 

 

Conclusions 

Although the model structures and complexities are 
quite different, similar annual runoff regimes are 
simulated for both the present-day situation and the 
future. An increase in the contribution of permafrost ice 
melt to runoff can be seen in both models.  

 

 
Figure 2. Mean monthly water fluxes in GERM for the time 
periods 1991 - 2020 and 2061 - 2090. 
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Abstract 

The work studies the distribution of periglacial landform, seasonal frozen ground and permafrost in the high 
mountain of the Monte Perdido massif, Ordesa-Monte Perdido National Park. The ground thermal regimen, BTS, and 
geomorphological mapping of periglacial landforms and processes permit to know the distribution and activity of the 
ice in the ground. In the Tucarrroya Cirque and Monte Perdido massif between 2500 and 2800 m the ground can 
remain free of ice whole year round. Between 2650 and 2780 are found seasonal frozen ground and landforms as 
gelifluction lobes and patterned ground, the most common periglacial feature in the studied area. Above 2760 
permafrost possible appear in the North slope alternating with seasonal frozen grounds, where frost mounds are 
present. Finally, above 2885 the permafrost probable is developed. 

Keywords: Mountain permafrost, seasonal frozen ground, periglacial, Pyrenees.  

 

 

Introduction 

The study area is in the Ordesa-Monte Perdido 
National park, in the Monte Perdido massif (3335 m) 
and the Tucarroya glacial cirque. It is a high valley placed 
between 2450 and 2800 m, a glacial area, where today 
exist the Monte Perdido glacier, of 37,7 Ha, the second 
one by extension of the Pyrenees, and moraine 
complexes of the Younger Dryas and the Little Ice Age. 
The main goal is to know the distribution of seasonal 
frozen grounds, mountain permafrost and current 
periglacial processes.  

Methods 

The method is based in four techniques. The mapping 
of periglacial shapes and processes at 1: 10,000 scale 
permits to know the presence and distribution of 
landforms and processes linked to ground ice. BTS 
measurements show the winter thermal conditions. 18 
data-loggers (i-buttons models DS1922L and DS1921G) 

installed in the study area during the period 2014-2016 
have permits us to know the ground thermal regime. 
The annual average ground temperature, the average 
winter ground temperature, the freeze index and the 
thaw index have been also calculated. Solar Radiation 
Rate have been modelled in whole study area.  

Results 

The geomorphological indicators of the possible 
presence of frozen grounds, permanent or seasonal, and 
the thermal indicators allow to establish an altitudinal 
zonation of seasonal frozen ground or permafrost 
(Figure 1). Landforms associated with permafrost are 
very scarce and reduced in both surface and altitudinal 
extension. There are no rocky glaciers or protalud lobes, 
as they do exist in other cirques in the Pyrenees at the 
same altitudes. The presence of frozen bodies of metric 
to decametric sizes, gelifluction lobes and frost mounds, 
have been detected above 2770 m, and up to 3020, 
always in North slopes, indicating the possible existence 
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of permafrost. These altitudes and orientations are 
adjusted to those obtained from the thermal regime. 
BTS measures denote possible permafrost above 2765 
m. In Tucarroya, three types of thermal regimes have 
been detected, showing the variation of temperatures 
and the possible presence of frozen ground.  

1. Ground thermal regimes linked to atmospheric 
temperature. The ground remains free of ice whole year 
round, or can be developed seasonal frozen grounds.  

2. Ground thermal regimes linked to the snow cover. 
It clearly indicates the absence of seasonal frozen 
grounds and permafrost in a wide altitudinal range 
between 2585 and 2970 m.  

3. Thermal regimes with frozen grounds, where the 

ground temperature remains below 0⁰C, between 2650 
and 3020 m. This regime denotes the existence of 
seasonal frozen grounds or permafrost. From 2980 m 
the ground thermal conditions indicate likely permafrost, 
interrupted in walls and hills, where topoclimatic 
conditions prevent their presence. The thermal 
conditions for the mountain permafrost development, 
sporadic or discontinuous, show up from 2760 m in 
Tucarroya and surroundings of Monte Perdido. 

In the studied area, three geomorphological 
environments have been mapped: without ice in the 
ground; seasonal frozen grounds; and possible or likely 
permafrost. The presence of permafrost in Tucarroya is 
determined by the shading factors and, to a lesser 
degree, the altitude, so that it develops mainly on the 
northern slope. The largest extension of frozen grounds 
is represented by the seasonal frozen grounds, 
characterized by their annual freezing and thawing. They 
are kept frozen between 1 and more than 4 months and 
constitute the most effective geomorphological action. 
Gelifraction and gelifluction processes and patterned 
grounds are linked to the seasonal frozen grounds and 
scattered between 2650 and 3000 m.  Patterned grounds 
are the most widespread periglacial landforms, join the 
gelfluction lobes, the last one located mainly at low 
altitudes. Between 2650 and 2780 are found seasonal 
frozen ground and landforms as gelifluction lobes and 
patterned ground, the most common periglacial feature 
in the studied area. Above 2760 permafrost possible 
appear in the North slope alternating with seasonal 
frozen grounds, where frost mounds are present, and 
above 2885 m the permafrost probable is developed. 
Finally, there are ice-free areas up to 2800 m, from this 
altitude the ice is always present in the ground. 

  

Figure 1. Indicators of frozen ground distribution in the Tucarroya and Monte Perdido. 

993



                                                                                           

 

Permafrost probability model for debris surfaces in the Central Andes  
(29º to 33º SL, Argentina). 

 

Carla Tapia Baldis1 
Dario Trombotto Liaudat1 

Christian Halla2 

 
1Ianigla (Argentine Institute of Snow Research, Glaciology and Environmental Sciences), CCT Conicet, Mendoza, Argentina,  

ctapia@mendoza-conicet.gob.ar 

 2Department of Geography, University of Bonn, Germany 

 

Abstract 

A regional-extension permafrost distribution model was achieved, including locally adjusted data. It discriminates 
between permafrost in debris or loose sediments from rock permafrost and ice bodies. The final model is a 
combination of two separate occurrence probability models: a) mean annual air temperature-terrain ruggedness model 
and, b) mean annual air temperature-potential incoming solar radiation model. Possible permafrost, in coarse debris, is 
expected between 4200 to 5700 m asl (MAAT from -3º to -18ºC) and covers a surface of aprox. 1200 km2 in the 
Andes. 

 

Keywords: Central Andes, mountain permafrost, probability model, debris surfaces.  

 

Introduction 

In the Central Andes of Argentina (28º to 33º SL/71º 
to 69º WL) different permafrost occurrence models 
were applied in the last years but only over reduced 
areas.. On the other hand, Gruber’s PZI global model 
(2012), locally displays biased data and due to its coarse 
resolution. Our approach aims to obtain a regional 
permafrost distribution model, including locally adjusted 
data that discriminates between permafrost below debris 
or loose sediments from rock permafrost and surface 
ice.  

 

Study area 

The study area comprises high altitude mountain 
ranges (Mercedario peak: 6770 masl), low precipitation 
rates (ca. 200-300 mm/yr from 30º to 33º SL and aprox. 
100-150 mm/yr from 28º to 30º SL) with high solar 
radiation rates. Precipitation occurs mostly during the 
austral cold-season and the snow layer does not remain 
yearly outside protected niches. From a 
geomorphological point of view, Andean landscape is 
the result of different glacial, periglacial, paraglacial, 
alluvial and fluvial systems. Quaternary glacial stages 
modeled the landscape however; periglacial features 
dominate over the former ones today. The periglacial 
environment is expected above 3500 to 3800 m asl, 
while both active and inactive rock glaciers are located 

approximately the same limit. At 3500 m asl, mean 
annual air temperature (MAAT) is about 1.3ºC.  

 

Methodology 

An empiric-static model was used to estimate regional 
mountain permafrost distribution, using a logistic 
regression method. A similar approach was previously 
used by Brenning and Trombotto (2006) and Azócar et 
al.  (2017). Predictive variables include mean annual air 
temperature (MAAT, ºC), terrain ruggedness index 
(TRI) and potential incoming solar radiation (PISR, 
W/m2). The final model is a combination of two 
separate occurrence probability models: a) MAAT-TRI 
model and, b) MAAT-PISR model. As both models are 
independent, wholesome probability is equal to Model 
“A” Probability * Model “B” Probability.  

The MAAT was previously modeled using the period 
from 1979 to 2010 gridded data from NCEP-CSFR 
reanalysis series, compared  to the available, yet scarce, 
data from meteorological stations. As heat-transfer 
processes differ from coarse or blocky surfaces 
compared to cohesive rock outcrops, both should be 
discriminated as suggested by Boeckli et al. (2012). TRI 
values, obtained using the homonymous algorithm in 
SAGA GIS® with an ASTER-GDEM base are suitable 
for this task. PISR was calculated in SAGA GIS® using 
a time-lapse of 1 hour each 5 days during one year; 
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yearly values were then averaged for the period 1979-
2010  

The complete geomorphological characterization of 
the Bramadero river basin, chosen as calibration area, 
and the geomorphometric data from every single kind of 
landform (2344 units over 150 km2), were used to set the 
permafrost predictive categories. The first category 
(presence) includes geoforms that certainly indicate 
permafrost, such us; active rock glaciers, inactive rock 
glaciers, protalus ramparts, cryoplanation surfaces and 
perennial snow patches. The second category (absence) 
includes geoforms without permafrost (relict or fossil 
rock glaciers, bedrock, glacial abrasion surfaces, 
debris/mud flows and Andean peatlands). It includes as 
well geoforms where the presence of permafrost could 
not be certainly assessed such us,  frozen and unfrozen 
talus slopes, glaciers and covered glaciers, moraines and 
morainic complexes, drift deposits, debris/snow 
avalanches, rock avalanches and rock slides and 
thermokarst depressions.  

 

Results 

MAAT-TRI model correctly displays the differences 
between coarse debris surfaces and bedrock while the 
MAAT-PISR model reflects more precisely temperature 
ranges for permafrost occurrence in the area, even 
though it overestimates its extension. Combining both 
models, realistic results in terms of permafrost 
distribution-patterns and temperature trends were 
achieved. Statistics of each model are displayed in Table 
1. Results were cross-validated with the Argentine rock 
glacier inventory and with field work inspections.  
 

Table 1. Logistic regression statics for MAAT-PISR and 
MAAT-TRI models. 

 MAAT-PIRS model MAAT-TRI model 

Observations 7463 7463 

-2 Log 9485 7389 

R2 (Cox and 
Schnell) 

0.80 0.85 

R2 (Nagelkerke) 0.85 0.9 

AIK 9491 7395 

AUROC 0.68 0.84 

 

  Possible permafrost, in coarse debris, is expected 
between 4200 to 5700 m asl (MAAT from -3º to -18ºC) 
and covers a surface of approx. 1200 km2 in the Andes. 
Likely permafrost is expected at 3400 to 4200 m asl 
(MAAT from 1.5º to -8ºC) and cover a surface of ca. 
6150 km2. Besides, the Precordillera, displays 35 km2 of 
likely permafrost.  
 

 

Conclusions 

   The present probability model predict permafrost 
occurrence in debris surfaces for the study area, with 
good correlation with former rock glaciers inventories 
and professional expertise. However, it does not predict 
ice ground content or permafrost thermal state.  
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Abstract 

Long-term data series of ground temperatures in high elevation cold-arid regions are important to improve 
understanding of seasonally frozen ground and permafrost. In 2016, the National Institute of Hydrology (NIH), 
Roorkee, established ground temperature monitoring network in the cold-arid trans-Himalayan region of Ladakh. This 
network consists of 26 ground temperature (sub-surface) data loggers placed at a depth of 10 cm at elevations of 4700–
5600 m a.s.l. recording data every 20 minutes. For installation of data loggers, the selection of plots was done with focus 
to cover the influence of topographic variables such as slope, aspect and elevation, and finally the ground cover types. 
In September 2017, one year of data from 24 loggers was retrieved. The database generated will provide an 
understanding of the near-surface ground thermal regime and potential permafrost occurrence. In this study, first 
results from the measurement campaign are presented. 

Keywords: cold-arid region; data loggers; frozen ground; Himalayas; Ladakh 

 

Introduction 

Permafrost is a rarely studied (but likely important) 
component of high elevation cold-arid mountain 
systems. An initial assessment estimates the permafrost 
area in the Hindu Kush Himalaya (HKH) region to be 1 
±0.5 million km2 (Gruber et al., 2017). A remote-sensing 
study of rock glaciers suggest their occurrence in the 
region at an elevation of 3500–5500 m a.s.l. (Schmid et 
al., 2015). Allen et al., (2016) made a spatial simulation of 
permafrost in the Kullu district of Himachal Pradesh, 
India. To better understanding ground thermal regimes, 
permafrost distribution, and their changes, long-term 
ground-temperature measurements can prove cost 
effective. So far, however, such data is not available in 
the Indian Himalayas. We started the first measurement 
campaign by installing miniature temperature data 
(MTD) loggers. Their data can provide information 
about the duration of snow-cover, start of snow melt, 
zero-curtain period, mean annual ground temperatures 
(MAGT), and period of ground freezing and thawing, 
etc. (Hoelzle et al., 2003). These results provide a basis 
for monitoring of change over time, as well as for 
further efforts to simulate (e.g., Fiddes et al., 2015) and 
map permafrost distribution and characteristics. The aim 
of this study is to investigate ground temperature, 
seasonal freezing/thawing, and the presence of 
permafrost in the upper Ganglass catchment. 

Methods 

Logger installation 

In August 2016, we installed 26 MTDs (24 M-Log5W 
simple in soil/debris and 2 M-Log5W cable in bedrock, 
manufactured by GeoPrecision) at 10 cm depth in ten 
different plots as distinguished by ground cover and 
topography. These were at elevations of 4700–5600 m in 
the upper Ganglass catchment (34.25–34.29°N 77.55–
77.65°E) Leh, Ladakh. The data is available from 
September 2016 to August 2017. 

Data analysis 

The variability of MAGT is investigated at two scales 
by following the approach of Gubler et al. (2011): 

(a) The coarse scale in which we analyze the inter-plot 
variability of the mean MAGT (µp), which in plot p is 
defined as the mean of the mean of each time series 
within that plot: 

 
Where np is the number of loggers inside that plot and 

µp is the MAGT of each logger within the plot. 

(b) Fine scale, in which we analyse the intra-plot 
variability of MAGT (xp) and is defined by the range of 
MAGT inside that plot: 
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The length of zero-curtain period was estimated by 

following the procedure of Schmid et al. (2012). 

 

Results 

The instantaneous ground temperatures recorded by 
all soil/debris loggers during study period are between 
20.2 to -22.7°C recorded at an elevation of 4700 and 
5600 m a.s.l. respectively. The ground temperatures of 
the two bedrock loggers at an elevation of 5075 m a.s.l. 
vary between 29.2 and -21.2°C. The average MAGT for 
all the sites during the study period was -3.03°C. The 
typical ground temperature data recorded by a logger 
located in a fine material stripe is shown in Fig. 1. 

 
Figure 1. Typical ground temperature data recorded by a 
miniature data logger from one of the sites in upper Ganglass 
catchment, Leh during the period Sep-2016 to Aug-2017. 

    The inter-plot range of MAGT is 10.5ºC, ranging 
from -8.4 to 2.1°C, whereas the intra-plot variability 
ranges from 0.04 to 3.4°C. The MAGT data recorded 
were compared with slope, aspect and elevation (not 
shown). The relationship of MAGT was strong with 
elevation followed by slope and aspect. The elevation 
displayed strongest correlation with MAGT (R2 = 0.78). 
The slope angle exhibits the second highest correlation 
(R2 = 0.70). Slope aspect exhibits the weakest correlation 
with MAGT (R2 = 0.13). Future work will analyse the 
influence of solar radiation. 
     The mean annual air temperature (MAAT) at all the 
logger sites ranges from -8.9 to -2.6°C with average 
MAAT of -5.7°C. The surface offset estimated at all the 
sites is between -1.1 to 5.1°C, with most sites having 
values near 2.7°C. 
    At all the logger sites, the frozen period varies 
between 131 to 217 days during the study period. The 
snow cover melt-out dates for all the loggers vary from 
12th May 2017 to 8th Aug 2017. 

 

Conclusions 

From the MTD data, 21 out of 24 loggers have 
MAGT below 0°C. The elevation of the highest logger 

with positive MAGT is 4727 m a.s.l. and the elevation of 
the lowest logger with negative MAGT is 4934 m a.s.l. 
However, there is an exception with MAGT of 0.01°C 
recorded at 5075 m a.s.l. by one of the loggers installed 
in bedrock. Even if there are some inter-annual 
fluctuations, the ground temperatures observed are a 
reliable indication of having permafrost in this 
catchment. Hence, these sites will be our focus to 
further investigate the presence and characteristics of 
Himalayan permafrost. 
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Abstract 

In an Alpine permafrost setting the coarse blocky terrain (talus slopes, rock glaciers etc.) is often very porous. The 
high permeability of such landforms allows air to circulate within the soil, which influences ground temperature and 
therefore permafrost conditions. Recently, a numerical model approach realistically simulated this internal air 
circulation, which takes place under free convection conditions as result of density differences between warm and cold 
air with no additional forcing. The resulting seasonally reversing (chimney-type-) circulation leads to a substantial 
cooling in the lower part of a talus slope. The present study shows that the type of convection and therefore the 
influence on the ground thermal regime strongly depends on the slope angle and the permeability.    

Keywords: Mountain permafrost; convection; talus slope; numerical model; heat transfer  

 

Introduction 

Thermal modelling is important for a better 
understanding of the ground thermal regime in Alpine 
permafrost. The presented modelling approach makes 
use of common concepts in engineering sciences (FE-
modelling) to represent and quantify convective heat 
transfer in air in coarse permafrost substrate. Many 
observation-based studies addressed the effect of 
convective heat transfer in air (e.g., Delaloye et al., 2003). 
Modelling approaches are still rare and often limited to 
one dimension (Scherler et al., 2014; Luethi et al., 2017), 
which neglects lateral heat transfer. Previous results 
from a 2-D model showed that convective heat transfer 
leads to a substantial cooling in the lower part of a talus 
slope (Wicky & Hauck, 2017). We now extend this 
modelling approach to a parametric sensitivity study on 
different slope angles and permeabilities. 

 

Model 

The model consists of a numerical domain 
representing a schematical talus slope divided in two 
subdomains, one for bedrock and another one for 
porous substrate (Fig. 1). The lower thermal boundary 
condition is set to 0.6°C (borehole observation) and the 
upper boundary is the median from a ground surface 
temperature (GST) logger time series at Lapires talus 
slope in Valais Alps, Switzerland (Permos, 2016). Slope 
angle varies from 0° – 40° and permeability from 1e-7 to 
8.89e-5 m-1 (Goering & Kumar, 1996; Herz, 2006). The 
model solves for heat transfer accounting for convection 
and for air circulation (Darcy’s law with Boussinesq 

approx.) and is set up within the software package 
Comsol Multiphysics. 

 

Figure 1. Different geometries used to model different 
slope angles.  

 

Results 

The air velocity within the porous domain increases with 
increase of slope angle and permeability. Ground 
temperature (GT) shows a more complex behavior. The 
different behaviors are explained by different circulation 
patterns. Depending on the parameter set, three 
different circulation patterns may take place: 
Multicellular vertical convection, lateral advection cells 
and unidirectional downflow (Fig. 2).  These circulation 
patterns have an influence on the GT: Seasonally 
reversing lateral advection (chimney-type circulation) 
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leads to a pronounced cooling in the lower part of the 
domain, multicellular convection leads to uniformly 
colder GT and unidirectional downflow mainly leads to 
a fast propagation of the surface boundary temperature 
into the ground. Lateral advection leads to the coldest 
GT, multicellular convection to a uniform cooling, 
whereas unidirectional downflow results in warmer GT 
compared to a setting without convective heat transfer 
(conduction only). 

 

Figure 2. Sketch of different circulation patterns relative to 
slope angle and permeability. 

 

Conclusion 

We modelled successfully convective circulation 
within porous permafrost substrate and we are able to 
show the influence of slope angle and permeability on 
the circulation pattern and thus the ground thermal 
regime. Our results help to explain isolated permafrost 
occurrences and thermal anomalies within continuous 
permafrost. The improved process understanding may 
be integrated in permafrost mapping or long-term 
permafrost modelling projects. 
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Permafrost hydrology seeks to understand the flux and storage of water and energy in earth systems where 
temperatures are at or below 0°C for at least two consecutive years. The supra-permafrost layer includes the 
active layer, a zone that freezes and thaws annually, and may also include a perennially thawed (i.e. talik) 
layer. By impounding and re-directing surface and subsurface water, permafrost influences both the nature 
of hydrological flowpaths and the partitioning of hydrological input into runoff and storage. Permafrost 
also promotes high moisture contents in the overlying layers by limiting infiltration, and by providing 
structural support to the overlying terrain, permafrost strongly influences the nature of the supported 
ecosystems, including their hydrological characteristics. Most hydrological processes and pathways occur 
above the permafrost, both within the supra-permafrost layer, and above the ground surface. Permafrost 
thaw and the resulting ground surface subsidence and ecosystem change has the potential to alter 
hydrological processes from local to regional scales. Understanding the interdependence of permafrost, 
hydrology and ecosystems is critical to understanding not just the flux and storage of water in permafrost 
terrains, but also how such systems might change in response to climate and anthropogenic disturbance. 
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Abstract 

Water chemistry and isotope analysis, together with surface runoff and groundwater level measurements, were 
conducted in a small watershed containing rock glaciers in the Central Andes of South America. Preliminary results 
indicated that the temporal and spatial differences in the water chemistry and isotopic signatures are likely related to the 
thaw front penetrating the active layer, and that there is no discernible contribution from rock glacier ground ice melt to 
the runoff. However, the results currently available are preliminary and additional data from this ongoing study are 
required to confirm these initial findings.  

 

Keywords: Rock Glacier; Runoff; Water Chemistry 

 

 

Introduction 

The hydrology of mountain systems in the arid Central 
Andes of South America is of great interest to the 
scientific community, but also project developers, 
regulators, NGOs and local stakeholders, because of the 
need for fresh, clean water for industrial, domestic and 
agricultural use in the region (Viviroli & Weingartner, 
2004; Viviroli et al., 2007; Arenson & Jakob, 2010).  Past 
research studies on mountain hydrology primarily 
focused on headwater catchments dominated by 
snowmelt runoff and glaciated terrain (Duguay et al., 
2015; Cowie et al., 2017).  However, our understanding 
of the contributions from and the role of ground ice in 
mountain permafrost terrain, and specifically from rock 
glaciers, to the hydrology of these mountain regions is 
less well known and a quantitative accounting of the 
hydrologic role of rock glaciers remains mainly 
unresolved (Duguay et al., 2015; Arenson & Jakob, 
2010).  

The majority of currently available rock glacier 
research focuses on their dynamics and morphology 
(Barsch, 1996; Williams et al., 2006; Arenson et al., 2016).  
One reason for this focus is the difficulty in collecting 
hydrologic and geochemical information about rock 
glaciers due to their location and structure.  The higher 
percentage of rocks in rock glaciers compared to ice in 

glaciers presents extra difficulties in collecting ground ice 
samples through boreholes, and the logistics of 
collecting melting ground ice water in high alpine 
regions are challenging (Williams et al., 2006; Leopold et 
al., 2011; Thies et al., 2013). 

Thermal and morphologic properties of rock glaciers 
are significantly different than those of glaciers (Barsch 
1996), which results in radically different hydrologic 
responses.  For example, rock glaciers are slower to 
respond to long-term (climate) and seasonal changes due 
to the thermal protection of the thick and coarse-grained 
active layer (Duguay et al., 2015).  In addition, the 
morphology and dynamics of rock glaciers do not 
depend on annual mass balances driven by accumulation 
and ablation, as is the case for glaciers. 

We present preliminary results of the first year of 
analyzing water chemistry and isotopes as indicators for 
the origin of surface water collected within a micro-
watershed containing rock glaciers. 

 

Preliminary Results 

Lower proportion of sodium and higher proportion of 
sulfate were measured at the bottom of the watershed 
containing the rock glacier compared to nearby stations, 
producing a unique geochemical signature.  These 
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geochemical differences are caused by interactions of 
water with the local geology.   

Stable naturally occurring water isotopes, δ18O and 
δD, are used to identify the contributions of source 
waters to the hydrologic system, which is the results of a 
mixture of groundwater, surface water, snow and ground 
ice melt.  The isotopic signature of the runoff directly 
downstream of the rock glacier (Station A5 (squares) in 
Figure 1) shifts from a uniquely enriched signal in 
February towards a depleted signal in December relative 
to other waters in the watershed.  December is the 
beginning of summer.  The enrichment in the samples in 
the late melting period may indicate the presence of 
meltwater coming from the seasonally frozen ground 
within the active layer from higher bounds of the 
watershed, where the freezing and thawing cycles are 
stronger and as such the water´s isotopic signature gets 
enriched as more phase changes occur.   

 
Figure 1. Isotopic composition of samples in the micro-watershed 

measured at various times.  Samples from July 2016 are snow 

samples.  

 

 

Preliminary Conclusions 

Water chemistry and isotope analysis, together with 
surface runoff and ground water level measurements 
show that there are differences in the origin of the water 
in the watershed containing a rock glacier compared to 
runoff from non-rock glacier containing areas.  The 
differences are, however, most noted during the summer 
when the thaw front penetrates the active layer releasing 
seasonally frozen water.  Towards the end of the 
summer, when the thaw front reaches the permafrost 
table (~April), no significant differences were noted, 
which would be indicative of an absence in contribution 
of rock glacier ground ice melt to the runoff. 

The results presented herein are preliminary and are 
currently being complemented with additional sampling 
and analysis to help support the aforementioned, initial 
conclusion. 
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Abstract 
That the Arctic is changing is no longer in question. How much it will change and how that change is propagated 

through geomorphic systems are important questions as surface air temperatures and precipitation patterns continue to 
change in the foreseeable future. In the first long-term High Arctic sediment investigation we demonstrate the response 
of a fluvial system to an episode of permafrost disturbance.  

 
Keywords: High Arctic, Permafrost, Geomorphic Change, Suspended Sediment Transfer, Connectivity, Cape 
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Introduction 

Enhanced climatic warming in the High Arctic has led 
to an increase in the occurrence of landscape 
disturbances in recent decades. Landscape disturbances 
that connect with channel networks may have a 
substantial impact on suspended sediment transfer 
dynamics. However, the impact and recovery of 
disturbance on the fluvial geomorphic system is poorly 
understood due to a dearth of long-term monitoring 
sites in these settings. Similarly, the linkages between 
climatic drivers, discharge generation and suspended 
sediment transfer remains poorly understood for much 
of the Arctic because of this lack of available data. 

Long-term records of suspended sediment transfer are 
important for understanding how landscapes are 
responding to enhanced climatic warming and 
permafrost change. This is because suspended sediment 
transfer is a sensitive indicator of landscape change, 
since it is broadly supply controlled. Channel suspended 
sediment flux has been monitored in paired watersheds 
at the Cape Bounty Arctic Watershed Observatory 
(CBAWO), Melville Island, Nunavut (Figure 1) since 
2003 (excluding the years 2011, 2013, and 2015 due to 
logistical constraints) and represents the longest High 
Arctic record in existence. In 2007, both watersheds 
were impacted by extensive permafrost disturbances on 
slopes and along the channels. Disturbances on slopes 
resulted in the formation of new slope tributary streams 
and significantly increased slope erosion. As a result, our 
records provide us with a unique dataset that allow us to 

investigate the long-term geomorphic responses to 
landscape disturbances. The objectives of this research 
was to (i) identify the main controls on discharge 
generation and suspended sediment transfer, (ii) 
investigate the long-term geomorphic responses to 
landscape disturbances, and (iii) to consider the stability 
and evolution of High Arctic landscapes in a 
transitioning climate.  

Our long-term results indicate prominent decoupling 
between climatic drivers and geomorphic energy in the 
fluvial system. Annually, discharge generation and 
suspended sediment transfer are not a function of 
summer climate, but driven by snow availability for melt 
and by geomorphic controls. Short-term geomorphic 
disturbances, coupled with hydroclimatic change, should 
increase the intensity of downstream sediment flux. 
However, our results show a significant decrease in 
downstream sediment flux post-2007 landscape 
disturbances. These results suggest that short-term 
geomorphological disturbances compete with 
hydroclimatic change in these watersheds. We 
hypothesize that this is also largely a result of weak 
landscape connectivity, and that fluvio-geomorphic 
connectivity is the tipping point to Arctic landscape 
change. 

 

1004



                                                                                           

 

An experimental study of  permafrost restoration under the seismic line in 
the wetland-dominated zone of  discontinuous permafrost, Northwest 

Territories, Canada 

Michael Braverman 1,2  

 William Quinton1 
1Cold Regions Research Centre, Wilfrid Laurier University, Waterloo, ON 

2GHD Canada, Waterloo, ON 
 

Abstract 

Thermosyphons are closed-system heat extraction devices. They extract heat from the ground, contributing to cooling 
of frozen ground and maintaining temperature below zero and as such are useful for preserving permafrost. Two types 
of thermosyphons are used: passive and hybrid systems. Passive one does not require any external power to operate. 
The hybrid installation combines the passive system with a refrigeration compressor so that negative soil temperatures 
are maintained during summer.  The most common type of thermosyphon uses a carbon dioxide filled vessel under a 
pressure varying from about 2100 to 4800 kPa. Thermosyphon technology is successfully used for stabilizing building 
foundations, dams and pipelines. While passive thermosyphons do not require extensive maintenance they do require 
specially trained personal for installation. Also the high cost of thermosyphons limit their extensive use  below linear 
infrastructure. Liquid based thermosyphons were developed and tested as an inexpensive alternative to carbon dioxide 
system. This paper presents and discussed the technical aspects of liquid-filled thermosyphons and demonstrates their 
application in a region of degrading permafrost at Scotty creek, NW, Canada.  

 

Keywords: Seismic line, permafrost, thermosyphons.  
 

Introduction 

Surface disturbance of ice rich soils in permafrost 
regions results in permafrost degradation, reduction of 
ground bearing capacity and slope stability problems. 
Preventing permafrost thaw is a serious concern for the 
construction industry. One of the most popular methods 
of maintaining permafrost in its natural state is the use 
of thermosyphons. Thermosyphons have been used for 
stabilizing foundations in continuous and discontinuous 
permafrost areas since 1960 Richardson, (1979). There 
are two types of thermosyphons: passive and hybrid 
Johnston, (1981). Passive thermosyphons contain no 
moving parts. These sealed pipes are usually filled with 
carbon dioxide at a high pressure of 2-5 MPa. Pipe 
pressure should be adjusted during installation to ensure 
that carbon dioxide located below ground is maintained 
in liquid form. Vaporization of the liquid carbon dioxide 
results in a heat transfer from the lower part, the 
evaporator, of the thermosyphon to the upper part, the 
condenser, where it condenses in winter time and 
trickles back down to the evaporator. Passive 
thermosyphons work only in the winter time and remain 
dormant while the air temperature is higher than the 
ground temperature. Hybrid thermosyphons are 
designed to keep the ground frozen in the summer as 
well as the winter time, but this process involves an 
active refrigeration system.. While ground freezing with 

thermosyphons can be considered as a “last line of 
defence” when any other methods for foundation 
stabilization are not available or are not feasible due to 
geotechnical conditions or high costs, this technology is 
nonetheless very expensive. According to the 
Government of the Northwest Territories, Department 
of Transportation, climate change may affect the quality 
of Highway 3, the main highway of the NWT, which is 
already under extensive maintenance every summer. 
However, thermosyphon technology is not applied in 
this case because of associated costs, among other 
factors. The complex installation process of 
thermosyphons is another factor which limits their use. 
Heuer, (1979) noted that installation of heat pipes affects 
construction timing, as it requires special knowledge and 
skills, which are often not available within general 
drilling contractor crews.  
Thermosyphons are an effective, but expensive 
technology for the prevention of permafrost thaw. The 
cost of this technology limits its application under linear 
structures such as roads. In some cases, it is more 
prudent to invest in road maintenance, rather than the 
prevention of permafrost thaw. The proposed 
thermosyphon system can easily overcome the above 
mentioned problems due to the simplicity of its design 
and its low cost. This system does not require any 
special training or licencing for its operation, although 
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the need for some maintenance may limit use in remote,  
regions.  
 

Site location  

The Scotty Creek basin is located approximately 50 km 
SE of Fort Simpson, NT. (Figure 1) 
The average annual temperature in the region is -3.20 C. 
(1964-2013). The average temperatures for July and 
January are 17.10 C and -25.90 C, respectively. This area 
belongs to the continental climate zone and is situated in 
the region of discontinuous permafrost. The soil layer of 
interest is 100% saturated peat with a porosity of ~ 80%. 
The testing of performance was done during the winter 
of 2016-2017. The test site was equipped with 
temperature monitoring stations in August 2014. 

 

Description and Principals of Operation 

Liquid based thermosyphons were developed and tested as 
an inexpensive alternative to carbon dioxide system. 
The proposed thermosyphon consists of two coaxial 
pipes. The external is aluminum pipe and had a length of 
3 m and a diameter of 75 mm. The maximum snow 
thickness for the experiment was ~50 cm. Thus, only 50 
cm of the thermosyphon was exposed to open air. The 
thermosyphon was equipped with a low power 
consumption (0.8 W) submersible pump to circulate the 
coolant. The outflow from the submersible pump was 
directed through 12.5 mm internal pipe to the bottom of 
the thermosyphon. The operational rate of the pump 
was between 40 and 120 L hr-1, depending on the 
performance of the solar panel. The power line was 
equipped with a mechanical thermal switch, which 
connected the power supply to the pump when air 
temperatures dropped below zero.  Four thermistors 
were placed around the thermosyphon at various 
distances and depths. An additional thermistor was 
placed close to the bottom of the thermosyphon at a 
depth of 199 cm. Figure 1 demonstrates test results for 
Case B. 
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Figure 1. Temperature distribution around 

thermosyphon #5 recorded by thermistors # 5,6 and 7 

 
As shown in Figure 1, the soil in close proximity of the 
thermosyphon was frozen to an average temperature of 
~ -30C. Radius of freezing reached ~ 20 cm with 
average temperature ~-0.5oC.  

Conclusions 

This paper presents the results of an experimental study 
of liquid filled thermosyphons with forced circulation. 
With recent developments in energy-conserving 
technologies and renewable energy sources, the system 
presented here is an economically feasible alternative to 
traditional two phase passive thermosyphons. According 
to data obtained from the field experiment, the 
proposed thermosyphon can transfer sufficient thermal 
energy to freeze the saturated peat layer within a 
diameter of at least 50 cm around, even with a relatively 
short above-ground section. The low power 
consumption submersible pump can maintain a below 
0oC temperature in the frozen layer throughout the cold 
season, while operating exclusively on a renewable 
energy source, such as a solar panel or a small wind 
turbine generator. 
Data obtained from field experiments shows that even 
with a relatively short above-ground section, which is 
exposed to cold air, the proposed thermosyphon can 
transfer sufficient thermal energy to freeze the saturated 
peat layer at a diameter of at least 0.4 m around a 3 inch 
thermosyphon. It should be noted that only one 
thermosyphon was tested in this experiment. A cluster 
of thermosyphons can be expected to yield much better 
result. 
 
The content of this paper has patent pending status 
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Abstract 

Alpine glaciers are predicted to significantly decrease their water contribution to European Alps ecohydrology, while 
rock glaciers may become increasingly important due to their slower ice loss. Different alpine stream habitat types can 
be distinguished according to water source. However, despite the large amount of literature available for glacier-, 
groundwater- and snowmelt/precipitation-fed habitats, very little is known on rockglacier-fed streams. We describe the 
habitat parameters of two rockglacier outflows during summer 2017, compared to streams with different water origin 
(two groundwater-fed, two glacier-fed, one mixed origin) in the upper Solda Valley (Eastern Italian Alps). The Solda 
rockglacier stream is characterized by high channel stability, low turbidity, high electrical conductivities and high Ca, 
Mg, PO4, Sr, As and Ba concentrations. The water chemistry of the Zay rock-glacial stream resembles the stream of 
mixed origin. Results suggest a potential hydroecological role of rockglacier-fed streams in the context of Alpine 
deglaciation. 

 

Keywords: Deglaciation, rock glacial streams, Alpine hydroecology, habitat conditions 

 

Introduction 

Rockglaciers are one of the most evident forms of 
permafrost in mountain areas such as in the European 
Alps, where they often feed streams or lakes (e.g Mair et 
al., 2015). Since deglaciation proceeds at quicker rates 
for glaciers than for permafrost (Haeberli et al., 2016), 
valley glaciers are expected to lose their key role of 
hydrological drivers in Alpine catchments over the next 
decades. Rock glacier outflows might become 
increasingly important in deglaciating Alpine areas, 
especially in the forecasted enhanced precipitation 
stochasticity (Milner et al., 2009) and earlier summer 
snowmelt (Stewart, 2009). Water origin is fundamental 
for shaping the hydroecology of Alpine streams, since it 
determines the geomorphological, physical and chemical 
conditions that influence biotic communities (Ward, 
1994; Brown et al., 2003). Even if little studied so far, 
rockglacier-fed streams are characterized by distinctive 
habitat conditions (Mair et al., 2015; Colombo et al., 
2017), and thus they can potentially host peculiar biotic 
communities. 

 

Research aims and methods 

This study aims at identifying key habitat 
characteristics of rock glacial streams. The study area is 
located in the Solda valley (Ortles-Cevedale massif, 
Italian Alps), with sampling stataions in the upper Solda 
and Zay subcatchments (2105-2833 m a.s.l.) draining 
metamorphic gneiss bedrocks (Province of Bolzano, 
2017). We compared the physical and chemical features 
(Table 1) of 7 streams with different water source (2 fed 
by rockglacier, 2 by groundwater, 2 by glacier, 1 with 
mixed source), sampled in June, August, and September 
2017.  

 

Table 1. List of habitat variables used in the analysis 

Habitat feature Variables 

Water origin 2H, 18O stable isotopes 

Channel instability Pfankuch index (Bottom component)  

Physical parameters Turbidity, Temperature 

Anions and cations 
Electrical conductivity, Ca, Mg, SO4, 

SiO2 

Nutrients NO3, PO4, DOC 

Trace elements Al, As, Ba, Pb, Cd, Fe, Mn, Sr, U, Zn 
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Water origin was verified by analyzing 2H and 18O 
in stream waters using mixing models with snowmelt, 
precipitation, and glacier ice melt as potential end-
members. A Principal Component Analysis (PCA) was 
applied to the environmental variables of all samples 
collected in summer 2017. The same method was 
applied only to trace elements. 

 

Results and discussion 

Temperature profiles (measured with dataloggers) 
showed only very small diel oscillations for both rock 
glacial streams, compared to the other stream types.   

The Solda rock glacial stream (SRG) was separated 
from all the other stations (Fig. 1) based on its clear 
waters (NTU<3), low temperatures (<1.2°C), stable 
channel (PFAN=19), higher electrical conductivity (376-

630 μS cm-1) and Ca (47.5-73.5 mg L-1), Mg (12.5-15 mg 

L-1), PO4 (3.8-5 μg L-1) and SO4 (107.3-170 mg L-1) 
concentrations, which increased over summer. The Zay 
rock glacial stream (ZRG) resembles the mixed origin 
station (Fig. 1). This is likely due to the infiltration of 
glacial waters into the upstream rock glacier margin 
(personal observation), thus smoothing the permafrost 
signal. Glacier-fed streams are characterized by high 
seasonality, with higher turbidity (NTU=43-132) and 

lower conductivity (EC=9-72 μS cm-1) in June and 

August than in September (EC=79-270 μS cm-1, 
NTU=32-60), when flow was almost exclusively 
subglacial, due to the low air temperatures. 

 

Figure 1. PCA biplot of habitat variables of the streams 
sampled in summer 2017. 

 

Temperature profiles along with results for trace 

elements, and 2H and 18O isotopes, currently under 
analysis, will be shown in the presentation. 

 

Conclusions 

Our results show that rockglacial streams, in 
agreement with information in literature, represent 
peculiar habitats, according to a set of physical and 
chemical parameters. However, the similarity of Zay 
rock glacial stream with non-glacial streams underscores 
that hydrological complexity must be taken in 
consideration when assessing the hydroecological 
peculiarity of rock glacier fed headwaters. These results 
confirm that rockglacier fed streams deserve more 
attention in relations to effects of global warming on 
Alpine hydrology. 
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Abstract 

Conceptual models of alpine watersheds underlain with permafrost have developed over the last 50 years based on 
careful field measurements and observations. Furthermore, the importance of permafrost soils in catchment 
biogeochemistry has more recently received scrutiny. In recent years, new water quality sensors (fluorometers, multi-
parameter sondes) provide an opportunity to both test and enhance our understanding of coupled water and 
biogeochemical cycling in headwater systems. In this paper, multi-year multi-parameter high frequency data sets from 
the Wolf Creek Research Basin, Yukon, Canada, will be utilized to assess the influence of active layer development, 
permafrost and seasonality on runoff generation processes and catchment connectivity. We utilize 15-minute salinity 
and coloured dissolved organic matter (CDOM) measurements to generate seasonal and event-based hysteresis loops 
with discharge. The magnitude and direction of these loops reflects flow pathways and wetness-induced catchment 
connectivity.  

  

Keywords: Hydrology; alpine environments; discontinuous permafrost; runoff generation; high-frequency data. 

 

 

Introduction 

The influence of permafrost, active layer development 
and frozen ground on runoff hydrology has been well 
characterized with decades of research (Woo, 2012). 
Permafrost acts as an aquitard, whereas the seasonal 
development of the active layer is an important control 
on runoff pathways (Carey & Woo, 2001). As the active 
layer develops, relatively deeper and slower runoff 
pathways predominate, affecting both the rate and 
volume of runoff along with stream chemical signatures. 
In areas with discontinuous permafrost, there is 
considerable variability in hydrological processes due to 
the partitioning between relatively rapid near-surface 
runoff processes and deeper drainage.  

Over the past decade, there has been an advancement 
of in-stream instrumentation that allow high-frequency 
measure of water quality parameters (e.g. temperature, 
salinity, pH, coloured dissolved organic matter 
(CDOM)). Considering that stream chemistry in 
headwater alpine watersheds is largely a reflection of 
terrestrial hydrological processes and water-soil-rock 
interaction, an opportunity exists to advance our 
understanding of these systems through new data.  

The objective of this paper is to utilize high frequency 
(15-minute) discharge (Q), salinity (SpC) and CDOM 
data to assess whether water quality information can 

provide additional insights into runoff generation 
processes. This will be completed by examining 
hysteresis in Q-SpC and Q-CDOM at seasonal and 
event time scales.    

Study Site and Methods 

Study site 
Granger Basin (60o31’N, 135o18’W) is a 7.6 km2 

headwater catchment located within the long-term Wolf 
Creek Research Basin, Yukon Territory, Canada. 
Granger Basin ranges in elevation from 1,310 to 2,250 
masl and has a continental subarctic climate with mean 
annual precipitation ~400 mm (40% snow) and a mean 
annual temperature of -3oC. The geology is primarily 
sedimentary overlain by a glacial till and ~70% of the 
basin is underlain with permafrost (Lewkowicz & Ednie, 
2004), with low-elevation southerly exposures 
permafrost-free. Vegetation consists of low-lying 
grasses, herbs and shrubs such as dwarf birch and willow 
(McCartney et al., 2006).  

Field methods 
For this paper, 15-minute data from 2016 is analyzed 

throughout the ice-free season. Discharge was calculated 
using a stage-discharge relationship. Salinity was 
measured using a Hobo U24 conductivity logger and 
corrected for temperature. CDOM was collected using a 
Turner C3 submersible fluorimeter. 
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  Analysis  
The HydRun toolkit (Tang & Carey, 2017) was used 

to extract rainfall-runoff events from the annual 
hydrograph and match them with the salinity and 
CDOM data. Hysteresis indices were calculated after 
Lloyd et al. (2016).  

Results 

Seasonal patterns in 2016 
Discharge began in early May in response to 

snowmelt, with two main temperature-driven events, 
and peaked in mid-June following a large rain event 
when the active layer was relatively shallow. There is a 
general seasonal recession with precipitation event 
responses and an increase in flows beginning in late 
August when conditions were very wet (Figure 1). SpC 
in general declined when flows increased, yet as the 
season progressed, there is an overall decline in SpC for 
any given Q (Figure 2). CDOM was greatest in early 
spring and declined throughout the season, yet increased 
when flows rose in response to precipitation. There were 
periods when both SpC and CDOM were not measured 
because of instrument problems.   

Figure 1. Runoff, specific conductance and CDOM for 
Granger Basin, 2016 

 
Figure 2. Runoff versus specific conductance at 15 minute 

intervals for Granger Basin in 2016.  

 
Figure 3. Runoff versus CDOM (relative fluorescence units) 

at 15 minute intervals for Granger Basin in 2016. 

 
Event delineation and hysteresis Loops 

The HydRun toolkit extracted 16 distinct runoff 
events in 2016 that had Q-SpC pairs. Of the Q-SpC 
events, 12 were clockwise (CW), 3 were counter-

clockwise (CCW) and 1 was unresolvable. For the Q-
CDOM events, 4 were CW, 10 were CCW and 2 were 
unresolvable. There were no distinct seasonal patterns to 
the direction and the openness of the loops.  

Discussion 

High frequency water quality data provides new 
insight into runoff generation processes in Granger 
Basin. There is a strong seasonal increase in conductivity 
for given flows superimposed on the high-frequency 
hysteresis (Figure 2). This seasonal increase in SpC is a 
result of deeper runoff pathways later in the season as 
the active layer thickens connecting to the stream and 
greater opportunity for water-soil contact. The general 
clockwise hysteresis for Q-SpC curves indicates lower 
salinity on the falling limb of the hydrograph and some 
dilution, however is it more likely that this reflects water 
reporting from more dilute near-surface horizons later in 
the event. Q-CDOM shows a strong seasonal clockwise 
pattern with distinct CCW event patterns. As a proxy for 
dissolved organic matter, this represents a general 
flushing throughout the year. However, on event time 
scales, CDOM CCW loops indicate a rise after the peak 
Q, which at event scales does not suggest a flushing but 
a mobilization mechanism. It is important to note that 
the loops for Q-CDOM are less well defined that the Q-
SpC loops highlighting the complexity of DOM 
dynamics.       
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Abstract 

In northern regions such as Nunavik, Québec, Canada, the impacts of climate change are already apparent. However, 
the impacts of climate warming and permafrost degradation on groundwater dynamics and quality are still not well 
understood. This study aims to improve our understanding of hydrogeological interactions in degrading permafrost 
environments using hydrogeochemical characterization of groundwater. A small 2-km2 catchment in a discontinuous 
permafrost zone close to the Inuit community of Umiujaq, on the eastern shore of Hudson Bay in northern Québec, 
Canada, was studied using hydrogeochemical tracers. Major ions, water stable isotopes, dissolved and particulate 
carbon, their stable carbon isotopes, and dating tracers were analyzed in order to characterize groundwater in this 
changing environment. The results have provided a better understanding of groundwater origin, evolution and 
residence time in the catchment. Linking this hydrogeochemical characterization to numerical modelling of 
groundwater flow and heat transfer at the watershed and permafrost mound scales is improving our knowledge on 
hydrogeological interactions in degrading permafrost environments.  

 

Keywords: Groundwater hydrogeochemistry; permafrost; climate change; cold regions hydrogeology. 

 

 

Introduction 

One consequence of global warming already being felt 
in northern Québec (Canada) is permafrost degradation. 
Although its influence on groundwater resources is still 
largely unknown, it will probably lead to increased 
groundwater recharge and changing flow dynamics 
(Michel & Van Everdingen, 1994; Quinton & Baltzer 
2013). This study aims to improve knowledge on 
changing hydrogeological conditions in degrading 
permafrost environments using hydrogeochemical 
characterization of groundwater. 

 

Study site  

This study is being conducted in a small 2-km2 
watershed, located close to Umiujaq, on the eastern 
shore of Hudson Bay in northern Québec, Canada, in 
the discontinuous permafrost zone. 

Two aquifers are currently being investigated using 
monitoring wells: 1) an unconfined shallow sandy 

aquifer located in the upper part of the watershed, and 
2) a deeper confined aquifer in sands and gravels located 
below silty sediments invaded in part by permafrost (Fig. 
1) (Lemieux et al., 2016).  

 

Results and Interpretation 

Groundwater, precipitation, stream and surface water 
as well as ice-rich permafrost were sampled during field 
investigations from 2013 to 2016 and were analyzed for 
major ions, water and carbon stable isotopes, carbon 
phases and tritium.  

Results indicate that groundwater has a Ca-HCO3 
composition with a low total dissolved solids content, 
typical for young and poorly-evolved water, and tritium 
values are close to 8.5 TU. Groundwater evolution can 
be explained by short residence times (evidence of 
modern recharge with tritium data), slow reaction rates 
due to the cold environment as well as low levels of 
dissolved CO2  (low organic soils with PCO2= 10-2.5 atm 
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(Clark & Fritz, 1997)). Dissolved inorganic carbon 
(DIC)Dissolved organic carbon concentrations are very 
low in groundwater and have a δ13C signature typical of 
C3-type vegetation. 

Stream chemical composition is influenced by 
groundwater exfiltration at the base of permafrost 
mounds in the lower part of the watershed. DIC and its 
δ13C signature provide evidence of CO2 degassing along 
the stream. 

Ice lenses in permafrost have a water stable isotope 
composition close to modern precipitation and 
groundwater. This could indicate that the groundwater 
feeding the ground ice formation during permafrost 
aggradation was similar to modern groundwater and/or 
that permafrost warming-cooling cycles have drawn 
modern water into the permafrost mounds. 

 

Conclusions 

This study has allowed delineating groundwater 
evolution in a catchment containing discontinuous 
permafrost in Nunavik, Québec, Canada. Using various 
hydrogeochemical tracers, groundwater appears to be 
young and relatively poorly evolved. Tracers also 
highlight that the stream is fed by groundwater discharge 
at the base of permafrost mounds. Isotopic signatures of 
ice-rich permafrost lenses down to five meters deep are 
close to modern groundwater, which suggests influence 
of modern water. Linking this hydrogeochemical 
characterization to groundwater and thermal modelling 

can help to improve our knowledge on hydrogeological 
interactions in degrading permafrost environments 
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Figure 1: Cross-section of the study site showing the sampling sites, deep and shallow aquifers, the Quaternary sediments and the geology 
(Lemieux et al., 2016)
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Abstract 

It is unclear whether snow water equivalent (SWE) in the Northwest Territories of Canada has changed in the past 
several decades in response to climate warming. This is in part due to the paucity of continuous, long-term snow water 
equivalent (SWE) datasets in the region. Further, there appear to be inconsistent long-term precipitation trends, 
depending on the use of adjusted SWE data, non-adjusted SWE data, or snowpack accumulation data. Accurate 
snowfall and snow cover data are important for parameterizing hydrological and permafrost distribution models. It is 
suggested that errors in snow depth calculations are artificially inflating adjusted SWE values, such as shown here for 
Fort Simpson, NWT - one of the few long-term climate stations in the territory. On the ground historical (1980 – 
present) snow survey data are used to demonstrate the spatial distribution of SWE across the NWT.  
 

Keywords: Snow, SWE, Permafrost 

 

Introduction 

 Climate warming in northwestern Canada is 
occurring at one of the fastest rates on Earth. There is 
significant uncertainty as to how climate warming may 
affect snow accumulation, redistribution and melt 
patterns in this region (Shi et al., 2015). Quantifying total 
end-of-winter snow-water equivalent (SWE) is important  
for anticipating spring water level conditions and annual 
water balance computations in this area dominated by 
nival regime hydrology   Understanding how (and if) 
snowfall is changing is also necessary to parameterize 
hydrological models to predict future streamflow under 
different warming scenarios. Furthermore, given that 
snowfall is an effective insulator of permafrost, 
understanding and predicting the timing and magnitude 
of snow accumulation is essential to anticipate future 
permafrost conditions. In the Northwest Territories 
(NWT), there is a lack of long term, spatially distributed 
snow measurements.  As a result, there is often a 
reliance on adjusted and/or gridded data when trying to 
forecast future conditions. Widely used adjusted datasets 
may show poor agreement with ground-based 
measurements (i.e. snow surveys), in part arising from 
the small number of measurement stations. The 
objectives of this study are to: 1) synthesize and assess 
various sources of snowfall data and trends from across 
the NWT; and 2) to compare the findings to a 
comprehensive analysis of end-of-season SWE based on 
historic ground survey data. 

Methodology 

Where available, the Environment and Climate 
Change Canada (ECCC) Adjusted and Homogenized 
SWE datasets (Mekis and Vincent, 2011) were compared 
to gauged precipitation data and ground-based snow 
measurements across the NWT to assess if this dataset is 
a valid representation of field conditions. These trends 
were also compared against trends from GlobSnow, a 
satellite-based daily SWE product from which end-of-
season SWE was derived. 

To facilitate trend analysis of long-term datasets, the 
ECCC adjusted SWE data is calculated by:  

SWE = D x ρfresh x ρswe 

where: SWE (m); D is snow depth (m); ρfresh is the 
assumed density of fresh snow (100 kg m-3); and ρswe is 
the spatially-variable SWE adjustment factor. This 
calculation is dependent on snow depth data and uses a 
constant snow density. However, beginning in the mid-
1960s, weighing precipitation gauges were implemented 
at ECCC climate stations, providing a direct measure of 
SWE. Here, we use the non-parametric Mann-Kendall 
test to compare the Adjusted SWE dataset against 
gauged SWE data in the NWT. 

This study also analyses long-term, historical on the 
ground snow survey data collected by academic and 
government institutions. Typically, the snow survey data 
were obtained by measuring snow depth with a wooden 
ruler and/or a depth-integrated snow density using a 
snow tube and calibrated SWE scale.  
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Results 

The data presented here are from Fort Simpson, 
NWT, located on the southern edge of discontinuous 
permafrost. Fort Simpson climate records span over 100 
years (1898 – present). Over the available 114year 
record, the adjusted dataset indicates that SWE is 
significantly increasing (p < 0.001) at a rate of 12 
mm/decade, however the non-adjusted dataset increases 
at a significant (p = 0.03) rate of only 3.5 mm/decade 
(Figure 1).  

 

 
Figure 1. Differences between annual SWE measured near 

Fort Simpson, NWT. 

 

The station was re-located in 1964, after which the 
adjusted dataset shows significant increases (p < 0.001) 
of 17.9 mm/decade, whereas the non-adjusted dataset 
decreases at a non-significant (p = 0.356) rate of 0.5 
mm/decade. The GlobSnow dataset (1980 – present) 
displays similar trends to the non-adjusted data and also 
has a small, non-significant (p = 0.339) decreasing trend 
of 2.7 mm/decade (Fig 1).  

Recent annual SWE values in the adjusted dataset 
have also been much higher than those measured on the 
ground. For example, during a high snowfall year in 
2008, total adjusted SWE was 342 mm, whereas non-
adjusted SWE was 186 mm, GlobSnow SWE was 171 
mm and SWE measured on the ground at Scotty Creek 
was 176 mm.  

It is suggested that the large differences in SWE are 
the result of errors in depth measurements originating 
after 1995. Prior to 1995, the depth measurements and 
non-adjusted SWE measurements  approximated the 
10:1 ratio, where 10 mm of fresh snow equals 
approximately 1 mm of SWE. However, after 1995, the 
relationship is no longer clear (Fig 2) and snow depths 
appear to be exaggerated.  It is proposed that this is 
likely due to the change to an automated snow depth 
instrument (i.e. SR50, Campbell Scientific) that is not 

recording accurate data. A similar trend was found at the 
Hay River climate station, where a strong increasing 
trend in SWE was observed in the adjusted dataset, 
without a concomitant increase in the non-adjusted or 
GlobSnow datasets. Ongoing work will be conducted to 
analyze trends at other stations in the NWT, as well as to 
use on the ground snow survey data to compile a 
comprehensive data set for SWE across the territory. 

 

 
Figure 2. Comparison of snow depth (cm) and SWE (mm) 

at Fort Simpson A climate station. 

 
 

Conclusions 

It appears that the adjusted and homogenized SWE 
data for some climate stations in the NWT suggest 
increasing trends that are not corroborated with on the 
ground observations. It is important to accurately 
characterize these trends to:  

1) Predict how spring runoff events will change 
under different warming scenarios 

2) Calculate over-winter energy loss from permafrost 
systems, given that snow is a very effective 
insulator. 
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Abstract 

Understanding the link between soil physical properties (incl. fraction of soil constituents, bedrock depth, permafrost 
characteristics), thermal behavior, hydrological conditions and landscape properties is particularly challenging yet is 
critical for predicting the storage and flux of water, carbon and nutrient in a changing climate in the Arctic permafrost 
environment. In this study we investigate the characteristics of and controls on deep permafrost processes in a 
watershed on the Seward Peninsula AK. A variety of ground-based and aerial measurements are integrated together to 
identify the various subsurface hydro-thermal behavior in the watershed and to evaluate the multi-dimensional 
relationships between subsurface and surface properties. The various datasets allow us to distinguish shallow 
permafrost from deep permafrost with overlying talik. In addition, several interactions are identified between the 
subsurface permafrost/soil characteristics, the topography and the snow thickness and plant distribution. We use 
numerical models to reproduce some of the identified behavior.   
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Introduction  

Improving understanding of Arctic ecosystem 
functioning and parameterization of process-rich hydro-
biogeochemical models require advances in quantifying 
ecosystem properties, from the bedrock to the top of the 
canopy (Jorgenson et al., 2010). In Arctic regions having 
significant subsurface heterogeneity, understanding the 
link between soil physical properties (incl. fraction of 
soil constituents, bedrock depth, permafrost 
characteristics), thermal behavior, hydrological 
conditions and landscape properties is particularly 
challenging yet is critical for predicting the storage and 
flux of water, carbon and nutrient in a changing climate. 
In this study we investigate the distribution of various 
hydro-thermal behavior in an Arctic watershed with 
discontinuous permafrost, and we investigate the 
relationships between the subsurface soil properties and 
the landscape structure.  

 

Field Site and Data 

This study, which is part of the Next Generation 
Ecosystem Experiment (NGEE-Arctic), takes place in a 

watershed between Nome and Teller AK on the Seward 
Peninsula. The watershed is characterized by an 
elevation gradient, shallow bedrock, and discontinuous 
permafrost. At this site, the top of permafrost cannot be 
easily identified with a tile probe (due to rocky soil 
and/or large thaw layer thickness). As such, we 
developed a technique using vertically resolved 
thermistor probes to directly sense the temperature 
regime at multiple depths and locations (Fig. 1). These 
measurements complement electrical resistivity 
tomography imaging, seismic refraction and point-scale 
data for identification of the various thermal behavior 
and soil characteristics. In addition, we used a 
Unmanned Aerial Vehicle (UAV)-based aerial imaging 
platform to measure surface properties including a 
digital surface model (DSM), the plant distribution and 
vigor, and the estimation of snow thickness (e.g., 
Wainwright et al., 2017). The surveys are performed at a 
150 x 300 m scale to understand the interactions 
between a shallow permafrost zone and surrounding 
deeper permafrost, as well as along long 2 km long 
transects from the bottom to the top of the watershed to 
understand watershed-scale permafrost and hydrological 
characteristics. Finally, we also initiated the monitoring 
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of the co-variability between surface and subsurface 
properties along a 130 m long transect using a coincident 
above/below ground monitoring strategy following the 
approach developed earlier at another Arctic site 
(Dafflon et al., 2017). 

 

 

 
Figure 1. (top) Electrical Resistivity Tomography (ERT) and 

UAV-inferred mosaic and digital surface elevation model. 
(bottom) Zoom in of shallow ERT and vertically resolved 
temperature profiles. Presence of unfrozen channels observed 
from ERT is confirmed by higher soil temperature values. 

 

 

Method 

A statistical data analysis is performed to understand 
the multi-dimensional relationships between the various 
subsurface and surface properties. In particular, we 
evaluate linkages between the soil physical-thermal 
properties and the surface hydrological conditions, 
geomorphic characteristics, snow thickness and 
vegetation distribution. The data integration and analysis 
is supported by numerical approaches that simulate 
hydrological and thermal processes. Various scenarios 
are simulated to evaluate and explain various 
hydrological-thermal behavior observed in the field data. 

 

Results and Discussion 

Results show significant spatial co-variability between 
permafrost characteristics, vegetation, and 
geomorphology (ie, between above-, at- and below-
ground characteristics). The permafrost distribution 
influences the distribution of shallow soil moisture and 
the geometry of surface and subsurface drainage paths. 
The transition zones between shallow and deeper or no 
permafrost zones show sharp changes in thermal 
behavior involving very distinct trends in vertically 
resolved soil temperature profiles and strong lateral 

variations over a few meters. We observe association 
between various thermal behaviors and hydrological 
conditions, as well as soil properties and vegetation 
types. Potential preferential flow paths in the subsurface 
have also been identified.  

Further, winter subsurface thermal behaviors show the 
presence of taliks at several locations and potentially 
year-round flow and transport with highest accumulation 
of unfrozen water at the bottom of hillslope. Numerical 
models parameterized based on the field data enable us 
to investigate various conceptual model and improve the 
understanding of the present and future of such system.  

Overall, this study illuminates the watershed structure 
and the interactions between various subsurface and 
landscape properties in a representative Arctic watershed 
with discontinuous permafrost. These interactions are of 
significant interest, as they are critical for understanding 
the evolution of the landscape and the permafrost 
distribution. The obtained information is expected to be 
useful for improving predictions of Arctic ecosystem 
feedbacks to climate.  
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Abstract 

Permafrost thaw is modelled in peatlands in the discontinuous permafrost region in northern Canada using a 1-D 
thermodynamic model of annual freeze-thaw cycles. The effects of thermal conductivity, soil moisture, advection, and 
snow cover are considered when modelling overwinter re-freeze depths. Conditions are identified under which 
insufficient energy is removed from the system to re-freeze the soil column entirely, forming a confined talik between 
the active layer and the permafrost table. These conditions are found to be very similar to measured soil conditions at 
Scotty Creek, NWT. The modelled data is compared to field measurements, and is used to determine the relative 
contribution of various factors to permafrost thaw, as well as quantifying anticipated thaw rates in different parts of the 
landscape. The model is easily extended to mineral soil systems to make predictions elsewhere.  
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Introduction 

Rapid climate warming in northern Canada is resulting 
in permafrost loss (Payette et al., 2014). At the southern 
limit of permafrost, thaw is observed in peatlands as a 
loss in extent of permafrost-supported peat plateau 
(Quinton et al., 2011). The precursor to loss of 
permafrost is proposed to be linked to the formation of 
confined taliks. Sub-active layer taliks form when the net 
ground heat flux is positive, i.e. more energy is gained by 
the soil during the summer than can be lost through the 
winter. Under these conditions, the entire soil column is 
unable to refreeze, and a thawed region is left between 
the base of the active layer and the top of the frozen 
permafrost table (Connon et al., 2018). The presence of 
this talik affects the hydrology of the system, especially 
over winter when the system was historically quiescent. 
More importantly in this context, the formation of taliks 
is thought to be a tipping point in permafrost thaw. 

 

Methodology 

A one-dimensional thermodynamic model of active 
layer evolution in saturated porous media including 
conductive, sensible, and latent heat has been developed. 
This model is used to simulate soil columns initially with 
and without a confined talik. Annual freeze-thaw cycles 
are applied to these hypothetical soil columns for several 
possible climate scenarios, and soil conditions, to 
determine the evolution of the soil columns with and 

without a talik. Results are compared to representative 
talik characterization data collected form the Scotty 
Creek Research Station (SCRS), located in discontinuous 
permafrost peatlands of the southern Northwest 
Territories, Canada.  

 
Fig. 1: Measured and modelled soil temperature 
 

Results 

Simulated soil temperatures determined by a 
representative boundary heat flux at the surface are 
compared to field data collected at SCRS. The stable 
ground heat flux condition is generally consistent with 
observed soil temperatures, but deviates in the winter 
months. A comparison of modelled and measured soil 
temperatures at a depth of 20cm is shown in Fig. 1. The 
summer soil temperature is relatively well represented, 
however the timing of thaw progression through the soil 
profile as well as the over-winter temperature are not, 
resulting in an over-estimation of refreeze depths. This 
is expected since hypothetical net ground heat flux was 
used to force the simulation instead of measured data.  
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Figure 2: Talik formation under observed ground heat flux  
 

Thermal conductivity, unsaturated soil and changes in 
snow cover are investigated as factors influencing depth 
of thaw and refreeze, and are compared to field data for 
various years and soil columns. Model results are 
sufficiently close to field data to act as a proxy of the 
system for sensitivity analysis and hypothesis evaluation. 
Conditions consistent with recently observed soil 
temperature data result in talik formation in areas with a 
sparse canopy (Fig. 2). Under soil heat flux conditions 
consistent with stable permafrost, a system including a 
talik does not necessarily recover, in fact slight 
degradation of permafrost can be observed at the base 
of the soil profile. 

Taliks have many impacts on the hydrology, 
thermodynamics, ecology and topography of the 
landscape. Taliks can from a conduit for water when 
they connect adjacent wetland features. This increases 
the hydrologic connectivity of the landscape, resulting in 
smaller non-contributing or isolated areas, higher basin 
outflow (Fig. 3), and increased winter baseflows.  

 
 Fig. 3: Increase in streamflow due to increased hydrologic 

connectivity resulting from permafrost thaw 
 

Water moving through confined talik pathways carries 
heat energy with it, driving advective thaw, here treated 
as a heat flux only in the liquid water region. Advective 
thaw can drastically accelerate permafrost degradation 
rates, as shown in Fig. 4. These results are used to 
explain the observed accelerated thaw in filed sites with 
taliks. 
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Fig. 4: Accelerated thaw due to advection in connected talik 
 

Taliks are observed in different locations in the field, 
and serve different functions in each of these locations, 
as determined by pressure and temperature gradients. 
Slow-evolving isolated taliks likely act mainly as storage 
features, and are not subject to advection-driven thaw. 
Taliks connecting adjacent features can convey water 
and heat year-round, and may exhibit accelerated thaw. 
Taliks have been found along the borders of wetland 
features. Taliks bordering fens can store water 
throughout the winter, increasing in pressure until thaw 
occurs, when they drain into the adjacent fen over the 
course of the summer. Taliks bordering bogs exhibit a 
gradient reversal over winter, indicating a transition from 
contributing to receiving storage feature.  

Thaw rates adjacent to bogs and fens are estimated 
from the thermodynamic thaw model using field data. It 
is found that taliks adjacent to fens are expanding more 
quickly than those adjacent to bogs. This is validated 
using historic and current aerial imagery of permafrost 
extent. Thaw rate data will be used to predict landscape 
evolution in the discontinuous permafrost peatlands 
system in future research.  
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Abstract 

The present study used a multi-tracer approach (water stable isotopes, electrical conductivity (EC), and major, minor, 
and trace elements) to identify the impact of rock glacier outflow on water quality. Springs and streams/creeks fed by 
rock-glaciers were selected in the Upper Sulden and Zay catchment, South Tyrol (Eastern Italian Alps). Preliminary 
results indicate that all waters sampled in the study area derived from Atlantic water vapour as water source. Melt waters 

emerging from rock glaciers showed typical ice melt isotopic signatures (²H: -91 to -105‰) and relatively high EC (380 
to 611µS cm-1). Preliminary results indicate that EC, Sr, and As concentrations could be used to differentiate rock 
glacier melt waters from stream waters. 

 

Keywords: permafrost thawing; water stable isotopes; heavy metals; ecological communities; alpine rivers; glacierized 
catchment 

 

Introduction 

Current warming in high mountains leads to increased 
melting of snow, glacier ice and permafrost. In particular 
rock glaciers, as a common form of mountain 
permafrost, may release contaminants such as heavy 
metals into the stream during summer (Thies et al., 
2007). Permafrost thawing may have strong impacts on 
both water quantity and quality of fresh water resources, 
with potential consequences on alpine stream ecology. 
However, only few rock glacier studies using multi-tracer 
approaches were carried out in the Alps. At the regional 
scale (South Tyrol, Eastern Italian Alps), high 
concentrations of Ni were found in meltwater from the 
Lazaun rock glacier in the southern Ötztal Alps (Krainer 
et al., 2015; Mair et al., 2011) or lake water in contact with 
Rasass rock glacier in Vinschgau valley (Thies et al., 
2007). These observations call for characterizing rock 
glacier outflows by means of hydrochemical 
characteristics. For example, Carturan et al. (2016) used 
spring water temperature as significant indicator to 
identify permafrost distribution. 

 

Material and methods 

Study area 
The present study was located in the glacierized 

Sulden catchment (130 km²) in South Tyrol (Italy). The 

site ranges in elevation between 1110 and 3905 m a.s.l. 
and has a glacier extent of about 17.7 km² (14 % of the 
catchment). Geologically, the study area belongs to the 
Ortler-Campo-Cristalin (Mair et al., 2007). Permafrost 
and rock glaciers are most probably present in this 
region at elevations higher than 2600–2800m a.s.l. 
(Boeckli et al., 2012). Two active rock glaciers feeding 
two springs at 2600 m a.s.l. (0.09 km²) were selected in 
the Upper Sulden in 2015 and one rock glacier at 2718 
m a.s.l. (0.08 km²) were chosen in the Upper Zay 
catchment in 2017, an eastern sub-catchment within the 
main Sulden stream Valley. Meteorological data were 
measured by an Automatic Weather Station at 2825 m 
a.s.l. of the Hydrographic Office (Autonomous Province 
of Bozen-Bolzano). 

Water sampling 
Initially, we carried out a monthly sampling of two 

springs and one stream station as reference draining the 
rock glaciers in the Upper Sulden catchment from July 
to October 2015 (Engel et al., 2017a). We resumed the 
study from June to September 2017 and added the two 
springs and one stream stations in the Zay sub-
catchment. In addition, we sampled potential runoff 
components such as snowmelt, glacier melt, and 
precipitation. While all types of melt waters were 
sampled as grab samples of dripping meltwater from 
snow patches and the glacier surface, precipitation was 

1020



5TH EUROPEAN CONFERENCE ON PERMAFROST 

taken from bulk collectors placed in proximity to the 
rock glaciers. 

Water analysis 
Electrical conductivity and water temperature were 

measured by a portable conductivity meter WTW 3410 
(WTW GmbH, Germany) with a precision of +/- 0.1 μS 
cm-1 (nonlinearly corrected by temperature 
compensation at 25 °C). Isotopic analysis was conducted 
by laser spectroscopy (L2130-i, Picarro Inc., USA) at the 
Free University of Bozen-Bolzano. Major, minor, and 
trace elements were analyzed by Inductively Coupled 
Plasma Mass Spectroscopy (ICP-MS ICAP-Q, Thermo 
Fischer) at EcoResearch l.t.d. (Bozen). 

Results: tracer-based melt water 
characterization 

Results from 2015 show that water from the two 
springs and the stream in the Upper Sulden catchment 
fell along the global meteoric water line, indicating 
Atlantic water vapor as water source. Melt water from 
rock glaciers showed typical ice melt isotopic signatures 

(²H: -91 to -105‰) and relatively high EC (380 to 
611µS cm-1). Preliminary results indicate that EC, Sr, As 
and K concentration could be used to discriminate rock 
glacier melt waters from stream waters for the Sulden 
sub-catchments in 2015. The important role of EC, Sr, 
and As as indicators was confirmed in 2017 for spring 
waters from both sub-catchments. Notably, As 
concentrations exceeded thresholds for drinking water 
both in the Sulden and Zay springs from summer to 
autumn. 

Conclusions 

The multi-tracer approach based on stable water 
isotopes, EC, and major, minor, and trace elements 
proved to be useful to initially characterize rock glacier 
melt waters in the study area. While isotopic data 
revealed that all different water types in the catchment 
derived from Atlantic origin, some hydrochemical 
parameters (EC, Sr, and As) showed distinct 
characteristics when comparing rock glacier fed-spring 
water and reference stream waters (i.e. not fed by 
permafrost). Similarly, these element concentrations also 
characterized high-elevation spring water in the Matsch 
Valley, a neighbouring valley of the study area (Engel et 
al., 2017b). Further work is needed to fully elaborate the 
tracer dataset obtained and to carry out additional water 
sampling during the following years, corroborating the 
present findings. 
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Abstract 

The main aim of this study is to determine the hydrologic and morphodynamic response of the Lena River in Eastern 
Siberia to ongoing climate change. The hydrologic variability of the Middle Lena River indicates a net hydrologic change 
with an increase in the intensity and duration of floods in the two decades ending in 2012. The recent occurrence of 
storms in summer and the early autumn is probably the main cause of the “multi-peak” hydrograph we identified in the 
decade preceding 2012. Both erosion of the banks and the thickness of deposits were correlated with the duration of 
flooding 
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Introduction 

Recent observations indicate that over the last 
decades, climate change has increasingly influenced the 
frequency, intensity and duration of extreme climatic 
and hydrologic events.  In Eastern Siberia, permafrost 
temperature already underwent an increase up to 1 °C 
over the course of the 20th century (Fedorov and 
Konstantinov, 2003) and an increase in warming has 
been observed since the beginning of the 21st century 
(Fedorov et al., 2014). The fluvial regime of the Arctic 
rivers is immoderate with very low flow during winter 
and a spring flood characterized by a steep rising limb 
and a peak discharge that can exceed by ten times the 
winter discharge. The frozen islands in the Lena River 
are much more sensitive to thermal erosion than the 
channel banks (Are 1983, Gautier et al., 2008). During 
floods, the combination of the increase of discharge and 
the increase of the temperature of the stream, explains 
the rapid bank retreat (Costard et al., 2003 and 2007). 

The main aim of this study is to determine the 
hydrologic and morphodynamic response of the Lena 
River in Eastern Siberia to ongoing climate change. We 
examine the influence of the different parameters of 
hydrologic functioning on erosion and sedimentation. 
To this end, we also analyze the morphological and 
sedimentary response of the river using data from 
instrumented sites that were surveyed from 2008 to 
2012.  

Study area 

The study area  (61° 4’N and 129° 3’E) is located 
upstream of Yakutsk city near the the Tabaga gauging 
site. In the middle valley, upstream of Yakutsk city, the 

Lena floodplain is 25 km wide.  In that area, the Lena 
floodplain consists of a large number of shallow and 
wide channels that are between several hundred meters 
and three kilometers in width 

From October to the end of April, the river Lena goes 
through a long low water stage, and is covered by ice 
between 200 and 250 days. The great majority of flood 
peaks occurs in May and June, associated with the flood 
wave coming from the upper basin and with the local 
break-up. Secondary peaks may be registered in summer, 
mostly due to rainstorms. 

Data and methods 

We used monthly and daily hydrologic data for 76 
years at Tabaga gauging site for the 1937-2012 period. 
First, we calculated the mean monthly discharge, 
particularly for the spring and summer seasons (May-
September) and we calculate high water level and the 
flooding period. The thermo-buttons were installed on 
different trees, at 0.5 m intervals from the soil surface to 
a height of 4 m; the temperature was recorded at 3 
hourly intervals from the end of April until October. We 
estimated the effect of hydrologic events on erosion and 
sedimentation with high resolution analysis on different 
islands. 

Results 

Mean monthly discharges have increased significantly 
in recent decades. Winter discharges (November-April) 
were characterized by a significant increase after the late 
1980s. Positive anomalies were recorded for monthly 
discharge in May; except 2003 & 2004. The recent 
hydrologic change is also reflected in the increased 
frequency of positive anomalies. 
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Two periods were characterized by frequent high 
floods. First, the 1957-1966 period was an active period. 
Second, after the 1980s, the frequency of floods greater 
than 40 000 m3s-1 increased progressively (Fig. 1). 

Figure 1:  Mean annual frequency of maximum water 
discharge (per decade between 1937 and 2012). 

Hydrologic changes can also be detected by analyzing 
the duration of the different classes of discharge. 
Discharges higher than 40 000 m3s-1 rarely exceeded a 
few days. After 2004, longer durations became more 
frequent: 9 days in 2004, a historic maximum of 21 days 
in 2006, and 8 days in 2012.  

Examination of discharge between 1936 and 2012 
confirmed that high variability is an intrinsic feature of 
the hydrologic functioning of the Lena River. The 
Central Yakutia was hardly affected by Arctic warming 
(1935-1945). An increase in the thawing index was 
evidenced from 1988 to 1995, and the increase was 
much more pronounced after 2005 (Fedorov et al., 
2013). 

The recent occurrence of storms in summer and the 
early autumn is probably the main cause of the “multi-
peak” hydrograph we identified in the decade preceding 
2012 (Fig. 2). At Tabaga, there is no clear correlation 
between the occurrence of a secondary flood peak in 
August or September and the precipitation. Thus the 
great majority of the secondary summer peaks mainly 
corresponds to a flood wave coming from the upper 
basin. In those areas, rainfall events can create a 
secondary flood in the summer (August or September) 
with a water discharge a little above 20 000 m3s-1. These 
events are more frequent from the beginning of the 21st 
century. 
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Figure 2: Recent floods with secondary 
peaks 

 

 

Erosion and sedimentation were also measured on 
different river islands in the hydrologic years 2008-2012. 
Both erosion of the banks and the thickness of deposits 
were correlated with the duration of flooding and the 
period of flooding also influenced the bank retreat. 

 

Conclusion 

Spring monthly discharge has undergone a net increase 
caused by longer bar-full and bank-full water levels. 
Flood peaks are also more frequent. The hydrologic 
change is not only expressed by the flood intensity but 
also -and mainly- by the increasing duration of the 
discharges. The efficiency of the water discharges is 
reinforced by the increase in water temperature: later 
and longer hydrologic processes are combined with 
much warmer stream temperatures. Thus, the mobility 
of the channels and islands threatens numerous 
activities: navigation, and river infrastructure are 
destabilized  
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Abstract 

Located in the discontinuous permafrost zone of the Northwest Territories, Canada, the Snare River hydroelectric 
power system supplies power to the Territory’s capital city, Yellowknife, and surrounding communities. Recent low 
water levels in the Snare River have intermittently reduced and/or eliminated the possibility of generating hydroelectric 
power, resulting in significant expenditure by NTPC on diesel fueled generators as an alternative power source. Of 
significant concern is whether low-flow conditions will become more frequent in the future, and result in a potentially 
non-sustainable expense. The objective of this study is to understand how antecedent climatic and hydrological 
conditions in an unregulated basin influence flow patterns, specifically the conditions that result in low discharge 
contributions to hydroelectric reservoirs. By identifying patterns among the various controls on flow, it may be possible 
to provide a predictive capacity for stakeholders of the Snare River hydroelectric system to aide in decision-making 
surrounding the generation of power. 

 

Keywords: hydrology; subarctic; hydroelectric power; antecedent conditions 

 

 

Study site and methods 

The Snare River, located in the Northwest Territories, 
Canada, is used for generating hydroelectric power for 
the Territory’s capital city of Yellowknife and several 
smaller communities. Low river flow during the last two 
decades, and most recently between 2013-2015, has 
intermittently reduced and/or eliminated the possibility 
of generating hydroelectric power, resulting in the 
expenditure of approximately $30 million on diesel fuel 
as an alternative power source. Of significant concern to 
stakeholders is whether low flow and drought conditions 
will become more frequent in the future, resulting in a 
potentially non-sustainable expense.  

The objective of this study is to understand how 
antecedent climatic and hydrological conditions in a 
large unregulated portion of the Snare basin influences 
flow patterns, specifically identifying those conditions 
that result in low recharge contributions to hydroelectric 
reservoirs. Identifying patterns among the variables 
controlling flow may provide a predictive capacity for 
stakeholders of the Snare River hydroelectric system, 
which may aide in decision-making regarding the future 
of power generation in the NWT. 

As with many isolated northern river basins there is 
very little climatic or hydrological data available, and 
little research is undertaken upon which to base any 
predictive capacity. In the Snare watershed, aside from 
river flow data from Water Survey of Canada, very little 
usable data exists. Consequently, numerous 
extrapolation techniques using data external to, but 
within reasonable proximity to the basin, are utilized to 
quantify an annual hydrological mass balance. This 
includes employing remote sensing platforms for 
estimating snowpack water equivalent, and methods for 
estimating rainfall and evapotranspiration with storage 
solved as the residual in the mass balance equation. 
These calculations are complicated by the size and 
physical nature of the watershed, comprised of a dense 
network of interconnected lake catchments with shallow 
till underlain by widespread discontinuous permafrost. 
These terrain characteristics coupled with the large 
number of lake reservoirs complicates our 
understanding of storage. 

For this study, a 17-year period, 1999-2015, was 
selected, providing us with a suitable range of 
hydrological and climatic conditions appropriate for 
ascertaining how antecedent conditions may play a role 
in subsequent years basin hydrology. It has become clear 
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that particular combinations of watershed conditions 
heavily influence the total outflow, and thus the ability to 
generate hydroelectric power downstream. In particular, 
this work highlights the common misconception that 
high water inputs from snow and rain will result in high 
water output at the basin outlet.  

 

Results and discussion 

The relationship between water inputs and outputs 
from this system are significantly governed by the timing 
and intensity of the most significant annual hydrological 
event; the spring freshet. By examining the slope of the 
cumulative flow curve during the thaw season, it is 
possible to identify which years experienced the most 
intense snowmelt (Fig. 1). Comparing these slope values 
to the overall basin efficiency confirms the importance 
of a rapid snowmelt (Fig. 2). For example, 2006 
experienced a rapid snowmelt period, as indicated by the 
steep cumulative flow curve (Fig. 1), which resulted in a 
high basin efficiency (Fig. 2) and ultimately high river 
discharge at the basin outlet. 

It is possible that a prolonged melt that occurs later in 
the thaw season is susceptible to higher losses to storage, 
as then the active layer has thawed to a greater depth in 
turn influencing storage potential. It is the combination 
of conditions like these that govern flow at the basin 
outlet, and ultimately determines the extent to which 
hydroelectric reservoirs will be filled. 

While examining relationships among mass balance 
variables provides us with year to year insight into what 
potentially controls discharge from the unregulated 
portions of the Snare basin, it is also of interest to see if 
larger scale climatic events play a role in the future 
hydrological patterns in the Snare system. To do this we 
examined the long-term pattern of Arctic Oscillations 
(AO) and related this to annual peak snowpack water 
equivalent in the basin as determined from Globsnow. 
The AO record extends from 1949 to the present time. 
Over this period of time there is a slow but significant 
change from a dominance of negative AO to a positive 
AO, most pronounced over the past two decades 
(Fig.3). A somewhat weak but statistically significant 
positive relationship between AO index and SWE also 
exists (Fig.4).  As we shift towards winters dominated by 
positive AO there is a tendency for increasing SWE. 

 

 

 
Figure 1. Thaw season cumulative Q 1999-2015 

 

 

Figure 2. Cumulative Q slope vs. basin efficiency 

 

 

 
Figure 3. AO index change over time 

 

 

 
Figure 4. AO index vs. SWE 
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Abstract 

Historic drivers of peak flows can be used to predict future peak flows with the help of linear regression. Using 
historic data from four watersheds on the North Slope of Alaska, linear regression equations were created for individual 
watersheds and combined watersheds to identify independent physiographic and climatic variables that statistically 
predict future peak flows accurately. Snow water equivalent and antecedent soil moisture storage was determined to be 
strongest correlated variables in individual watersheds while area of the watershed was found to be the highest 
correlated variable when all watersheds where combined.   

 

Keywords: Alaska; Snowmelt; Soil moisture; Peak flows. 

 

Introduction 

Snowmelt peak discharges in Alaska can cause 
flooding of roads and structures and millions of dollars 
of damage every year. Underestimating peak flows lead 
to more cases of flooding and more damage to 
infrastructure and the inability to reach remote locations. 
With a fast changing Arctic climate, to understand 
changes in peak flows it is important to identify the 
controlling factors.  

Peak discharges on the North Slope of Alaska are 
accurately predicted through linear regression equations 
with independent meteorological and physiographic 
variables collected from four watersheds, verified 

through recorded snowmelt peaks. Terrestrial 
Environmental Observation Network (TEON) was 
initiated to monitor the North Slope of Alaska and 
continue historic data collection.   

 

Study area 
Each of the watersheds used in the study are 

somewhat unique. The Putuligayuk River watershed is 
located on the coastal plain of Alaska. The Upper 
Kuparuk River is the upper headwaters of the Kuparuk 
Watershed. Imnavait Creek abuts the Upper Kuparuk 
and has the longest historic data collection. Roche 
Moutonnée Creek is the most southern watershed and 
has the greatest slope. It has had peak flows collected 

since 1976, however climatic data collection by TEON 
researchers was started in 2015.  

 
 
Table 1. Watershed Comparisons. 

Name of 
Watershed 

Area 
(km2) 

Slope 

(km/km) 

Record 
Length 
(years) 

Storage 
Data 

Available? 

Putuligayuk River 471 0.0015 17 Yes 

Upper Kuparuk 
River 

142 0.045 21 No 

Imnavait Creek 2.2 0.027 31 Yes* 

Roche Moutonnée 
Creek 

84 0.164 25 No 

*Partial Record  

 
Methods  
This paper compares frequently used flood frequency 
analysis techniques, and produces linear regression 
equations to predict peak flows for each watershed as 
well as all watersheds combined. Bulletin 17B was 
utilized as the first flood frequency analysis technique 
(U.S. Interagency Advisory Committee on Water Data, 
1982). U.S. Geological Survey used a least square 
regression approach to create regional sets of equations 
to predict peak flows (Curran et al., 2016). This method 
was also compared to the linear regression equations. 
 

Discussion  
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From five linear regression equations created, three 
found snow water equivalent (SWE) to be the most 
significant predictor of peak flows. The first attempt to 
estimate peak flows for all watersheds used area and had 
a high R2 value of 0.72. The second equation for all 
watersheds included area and SWE as the meteorological 
independent variable. It was interesting to note the soil 
moisture storage was not indicative of peak flow 
magnitudes for each individual watershed.  

 

Conclusion 

While the evidence presented is quite promising that 
modeling can be useful in estimating peak flows in 
ungauged arctic watersheds, the limitations of using only 
four watersheds to determine the equations call for 
further analysis and verification. More validation studies 
are needed to demonstrate that viable equations may be 
applied to all watersheds on the North Slope of Alaska 
or to other regions. 
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Abstract 

This study reviews research on the impacts of changing permafrost conditions on the fluvial exports in a High Arctic 
permafrost setting. This body of research highlights the importance of hydrological connectivity in regulating the 
response of watershed biogeochemical fluxes to physical and thermal disturbance of permafrost. The research identifies 
that the impacts of permafrost disturbances on fluvial biogeochemical fluxes are the result of hydrologic connectivity 
between affected landscapes and streams, which is primarily a function of i) the surface exposure of excess ice and 
solute-rich permafrost, and ii) late summer rainfall. An improved understanding of biogeochemical flux response of 
watersheds to permafrost disturbances requires better knowledge of the key characteristics and processes that establish 
hydrological connectivity in permafrost watersheds, such as the distribution of ice in the upper permafrost, and the 
physical characteristics of the active layer that control infiltration and runoff generation. 

 

Keywords: permafrost disturbance, permafrost hydrology, fluvial fluxes, hydrologic connectivity  

 

Introduction 

Climate change is simultaneously altering permafrost 
conditions and hydrological regimes in Arctic 
watersheds (AMAP, 2017). Deep thaw and permafrost 
disturbances, including active layer detachments (ALDs), 
thermo-erosion features, and retrogressive thaw slumps 
generate important downstream hydrological and 
biogeochemical responses (Abbott et al., 2015; Lafrenière 
et al., 2017; Roberts et al., 2017). 

This paper examines the magnitude and persistence of 
the impact of permafrost change on the fluvial export of 
material (including particulates, inorganic ions, nutrients 
and dissolved organic matter (DOM)) as reported in 
research conducted at the Cape Bounty Arctic 
Watershed Observatory (CBAWO). Specifically, this 
synthesis examines how the impacts of permafrost 
perturbations (e.g. deep thaw and physical disturbance) 
on the fluxes of important water quality components are 
related to processes that establish hydrological 
connectivity between the landscape and streams. 

 

Permafrost disturbances  

We identify two dominant mechanisms of permafrost 
perturbation that impact fluvial exports: physical 
disturbance and thermal perturbations (Lafrenière & 
Lamoureux, 2013). Physical disturbances result in the 
fracture, displacement and/or complete removal of the 
organic rich surface soil horizon, and the exposure of 
previously buried mineral soils.  These disturbances are 

spatially constrained, but can have pronounced impacts 
on the surface morphology of the landscape, and thus 
influence the storage and surface water flow pathways. 

Thermal perturbation occurs when thaw extends 
beyond the usual depth of the active layer, into the 
transition zone, or shallow permafrost. Increasing the 
depth of thaw increases potential soil water storage, 
introduces new flow pathways, and liberates previously 
frozen mobile solutes and nutrients (Lamhonwah et al., 
2017).  These thermal perturbations do not have visible 
geomorphic impacts, yet they are spatially extensive, 
affecting the active layer across the entire catchment.  

 

Flux Response and Hydrologic connectivity 

Impacts of disturbance type on flux response 
Various studies from CBAWO demonstrate that the 

physical disturbance, in the form of ALDs, enhance the 
fluvial fluxes of sediment (Lamoureux et al., 2014), 
inorganic solutes and nitrogen (Lamhonwah et al., 2017; 
Lafrenière et al., 2017), and decrease the flux of DOM 
(Fouché et al., 2017). These changes in fluxes were not 
related to the extent of the disturbed area, but rather to 
the degree of channelization of the disturbances, which 
is a measure of hydrologic connectivity. (Lafrenière & 
Lamoureux, 2013; Lamoureux et al. 2014). The impacts 
on fluxes were both more prominent and more 
persistent in watersheds where incised channels, and/or 
continued disturbance, exposed fresh sediment 
(Lamoureux et al., 2014). Hence, the magnitude and 
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persistence of disturbance impacts on fluxes are a 
function of the degree to which freshly exposed or 
disturbed material is flushed and/or eroded. 

Thermal perturbations have also been shown to 
substantially increase solute fluxes, even in absence of 
physical disturbance (Lafrenière & Lamoureux, 2013). 
The composition of water stable isotopes and ions in 
permafrost cores support that the thawing of the ice rich 
and ion rich transition zone was the likely the source of 
the water and ions during these periods of deep thaw 
(Lamhonwah et al., 2017).  These findings demonstrate 
that deep thaw can hydologically connect this subsurface 
ice and solute-rich zone to the channel system. This 
hydrological connection involves a limited extent of the 
active layer, and minimal flow volumes, however, the 
impacts can be important as thaw can conceivably 
hydrologically- connect the entire catchment.  

Water inputs are also key to establishing hydrologic 
connectivity. Until recently, snow was considered the 
most important water input, and the extensive 
hydrologic connectivity established during snowmelt was 
considered the primary control on fluvial fluxes in 
permafrost watersheds.  However, recent studies at 
CBAWO documents that late summer rainfall, especially 
in combination with deep thaw and physical 
disturbances, can provide a larger flux of solute and 
sediment than the nival runoff period (Lewis et al., 2012; 
Lafrenière & Lamoureux, 2013).  The significant impact 
of summer rainfall on material fluxes is likely because 
rainfall establishes spatially extensive hydrologic 
connectivity at a time when sediment and solutes at the 
surface of disturbances or deep in the active layer are 
readily mobilized. 

 

Conclusions 

This body of research indicates that the impacts of 
permafrost disturbances on fluvial biogeochemical fluxes 
are the result of hydrologic connectivity between 
affected landscapes and streams, which is primarily a 
function of i) the thaw and disturbance of 
unconsolidated ice rich material, and ii) late summer 
rainfall.  

Our findings support that an improved understanding 
of biogeochemical response and recovery of watersheds 
to permafrost disturbances requires better knowledge of 
i) the distribution of ice in the upper permafrost, ii) 
physical characteristics of the active layer that control 
infiltration and generation of subsurface flow and 
rainfall runoff, and iii) the processes controlling the 
stabilization of disturbances. Knowledge of these 
parameters would facilitate the development of metrics 
that can be used do model the hydrological connectivity, 

and thus biogeochemical response of watersheds to 
permafrost and climate change. 
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Abstract 

GPR and ERT measurements at sandy slopes covered by sparse pine forest within the Shestakovka river catchment 
(Central Yakutia, Russia) showed that there are water-saturated suprapermafrost taliks at eight profiles out of fifteen. 
Pine forest covers 47% of the watershed area. We conclude that 20-25% of the watershed area could be occupied by 
taliks in continuous permafrost environment. It suggests possible importance of groundwater pathways for the runoff 
generation even for the small rivers that do not have any channel flow during the cold season. 

 

Keywords: talik; suprapermafrost groundwater; permafrost; Electrical resistivity tomography; Ground Penetrating 
Radar. 

 

 

Introduction 

In hydrology, continuous permafrost is usually 
considered as impermeable frozen ground. Surface flow 
and flow in the shallow seasonally thawing layer are 
often main sources of river flow in permafrost river 
catchments. Suprapermafrost taliks are known in 
Eastern Siberia in the Lena and Vilyuy rivers terraces. 
They are usually found on the well-drained gentle sandy 
slopes covered by sparse pine forests. Although 
existence of taliks is acknowledged, their distribution, 
genesis, evolution and role in surface-subsurface water 
interactions remain unresolved issues. 

Geophysical techniques could provide spatially and 
vertically distributed information about permafrost, 
taliks and groundwater that cannot be obtained from 
drilling data alone. The study aims at estimation of talik 
distribution in the Shestakovka research watershed by 
combination of Electrical Resistivity Tomography (ERT) 
and Ground Penetrating Radar (GPR) techniques. 

 

Study site 

The Shestakovka River watershed with area 170 km2 is 
located in 20 km to south-west of Yakutsk within the 
erosion-denudational slope of the ancient accumulative 
plain with absolute elevation of 150-280 m. The 
permafrost thickness is 200-400 m. The upper 40 m of 
the section are represented by quartz-feldspar sands with 
rare inclusions of silty sandy loam and loam. The climate 
is cold and dry with mean annual air temperature -9.5°C, 

precipitation 240 mm/year (1950-2015). Mean annual 
river flow depth is 24 mm/year (1951-2015). Dominant 
landscapes are pine (47% of the watershed area) and 
larch (38%) forests. Mires and bogs cover rest of the 
watershed. Active layer (AL) thickness in the pine forest 
could reach 3-4 m. Larch forests are characterized by 
cold permafrost with AL thickness up to 1 m. 

 

Methods 

Overall approach 
Boitcov (2011) revealed that in Central Yakutia 

taliks could be found when three factors meet: i) 
bare soil or soil sparsely covered with organic layer 
ii) sandy deposits iii) hilly relief. Fifteen key sites 
within the Shestakovka catchment were chosen that 
meet the above-mentioned criteria. 300 m-long 
GPR profiles were measured at every key site in 
early May 2017. Six profiles were selected for more 
time-consuming ERT measurements that were 
performed in later May and September 2017. There 
are boreholes at two key sites that allow verification 
of geophysical results. 
 
Electrical Resistivity Tomography 

16-channel ERT and IP instrument SibER-64 
produced by “Siber-instruments” (Novosibirsk, Russia) 
was used for ERT measurements. Two cables consisting 
of 32 copper wires were employed. Ground connection 
was performed by means of steel rods 300 mm long. 
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Unit electrode spacing varied from 1 to 5 m depending 
on required level of detail and studied depth. Dipole-
dipole array, gradient array and Schlumberger array with 
four electrodes were used for measurements. Data 
processing and interpretation were performed using 
RiPPP and ZondRes2d software packages. 

 

Ground Penetrating Radar 
GPR measurements were made with an OKO-2 

georadar system (from the company Logis-GEOTECH 
Ltd.) with an antenna block with central frequencies of 
150 and 250 MHz. The measurements were conducted 
with transmitter and receiver in contact with the frozen 
ground in profiling mode with scan duration of 200 ns. 

 

Results 

GPR measurements showed that there are water-
saturated suprapermafrost taliks at eight profiles out of 
fifteen. Landscape scheme, “talik” and “non-talik” 
profiles are shown at the Figure 1. Typical talik thickness 
is from 2 to 10 m. Talik extent varies from 30-40 to 
more than 500 m. If assume that selected key site are 
representative for pine forest of the watershed we 
conclude that 20-25% of the watershed area could be 
occupied by taliks. The high fraction of taliks containing 
suprapermafrost groundwater suggests possible 
importance of groundwater pathways for the river 
runoff generation even for the small watershed in 
continuous permafrost zone. 

 

 
Figure 1 Landscape scheme of the Shestakovka catchment 

and results of the geophysical survey 
  

 

Six profiles (five with taliks and one without) were 
selected for more time-consuming ERT measurements. 

ERT results confirmed talik presence at five profiles and 
absence at one.  

Good agreement between GPR and ERT 
measurements increase reliability of the interpretation of 
geophysical data. Borehole drilling is planned for the 
spring 2018. 

 

Conclusions 

GPR and ERT measurements showed that 2-10 m 
deep suprapermafrost taliks are abundant phenomena at 
sandy gentle slopes covered by pine forests in  
continuous permafrost environment in Central Yakutia, 
Russia.  20-25% of the Shestakovka watershed area 
could be occupied by taliks. The high fraction of taliks 
containing suprapermafrost groundwater suggests 
possible importance of groundwater pathways for the 
river runoff generation even for the small watershed in 
continuous permafrost zone. Understanding of 
groundwater storages could advance concepts of runoff 
generation that underlay hydrological, hydrogeological 
and permafrost modelling strategies and future 
projections. 
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Abstract 

Understanding how hydrology in cold regions is affected by long-term seasonal freeze-thaw cycles can be a challenge, 
especially on a large scale. Remoteness and logistical challenges make long-term research of in-situ hydrology in these 
regions an expensive endeavour. In this study, a geotechnical centrifuge was used to examine soil-water interactions 
during a thawing cycle, by taking advantage of centrifuge scaling laws that allow one to simulate this cycle within a few 
days or even hours. The dimension scale effect allows us to simulate the behaviour of large prototype areas using 
benchtop sized models. This study presents the development of an in-flight climate chamber, allowing for thawing of 
the sample. The ability to simulate a freeze-thaw cycle in the centrifuge can provide us with the means of creating 
physical models for frost heave, thaw settlement, hydrogeology and contaminant transport in cold regions, such as 
Canada’s Arctic.  

 

Keywords: Freeze-thaw; geotechnical centrifuge; contaminant transport.   

 

Introduction 

Centrifuge 
Geotechnical centrifuge modelling can be used to 

understand and solve complex engineering problems. 
The basic concept of geotechnical centrifuge modelling 
is to enhance the gravitational field of a 1/N scaled 
model to replicate the stresses at prototype or field 
conditions (e.g. Mudabhushi, 2015). A 1.5m diameter 
Broadbent geotechnical centrifuge (Fig. 1), recently 
acquired by the Royal Military College of Canada, was 
used for these simulations. In the centrifuge, the scaling 
law for seepage velocity is: Model/Prototype = N. The 
scaling law for time is 1/N, since these tests were 
dynamic in nature (Madhabushi, 2015). 

 
Figure 1. Broadbent geotechnical centrifuge. 

 

 

Goal 
The goal of this research is to establish the 

methodology to best replicate, in the centrifuge, the 
annual freeze-thaw cycles to which Canada’s Artic is 
subject. However, there are several challenges associated 
with conducting freeze-thaw processes in a geotechnical 

centrifuge, and as such there have been limitations on 
this technique being widely used by the permafrost and 
cold regions research communities. In these preliminary 
tests, a climate chamber was used to establish 
environmental conditions within the centrifuge cradle. 
The hydraulic boundary conditions for different particle-
sized soils were then observed while it thawed during 
flight.  

 

Methodology 

Test 1 
The first test (Fig. 2) consisted of a frozen layer of 

saturated Kaolin clay. The thickness of the model was 60 
mm which represents a 1.8 m thick soil layer. Ice pucks 
were placed at the top of the sample to simulate the 
leaching of an initially frozen contaminant in the spring. 
The puck on the left was mixed with black food dye 
while the other was mixed with potassium 
permanganate. The sample was subject to 30g 
acceleration for 95 minutes. In order to promote 
thawing, room-temperature air was blown across the air 
surface above the soil layer throughout the test.  

 
Figure 2. Initial conditions for Test 1. 
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Test 2 
The second test (Fig. 3) consisted of a frozen 60 mm 

layer of saturated Aqua Quartz #20 pool filter sand 
superposed by a frozen 30 mm layer of dry sand of the 
same type which would represent 1.8 m and 0.9 m layers 
respectively. Three frozen pucks of water and potassium 
permanganate were placed in a line in the middle of the 
sample. After 10 minutes, two pucks were moved to new 
locations. The sample was subject to 30g acceleration for 
60 minutes.  

 
Figure 3. Initial conditions for Test 2. 

 

 

Results 

Test 1 

This test simulated the movement of dyed water 
through saturated Kaolin clay over a 48 hour period. It 
was observed that the water dyed with potassium 
permanganate was more easily visualized, which is why it 
was used exclusively for Test 2. The dyed water moved 
vertically through the clay and even moved laterally 
when it encountered large voids filled with water (Fig. 4). 
The consolidation and subsequent drainage of the clay 
throughout thawing was also observed.  

 
Figure 4. Movement of dyed water through clay. 

 

 

Test 2 

This test was a simulation of the movement of dyed 
water through a layer of unsaturated sand and a layer of 
saturated sand over a 30 hour period. Interestingly, the 
water table dropped approximately 1 cm when the 
centrifuge started rotating. As expected, the dyed water 
moved through the sand faster than it did in the clay. 

Once the water reached the water table, it dispersed 
laterally throughout the saturated layer of sand (Fig. 5). 
It appears that there is a hydraulic gradient towards the 
small exit port at the bottom left of the cradle.  

 
Figure 5. Movement of dyed water through sand. 

 
 

Conclusion 

With these tests, it has been shown that it is possible 
to simulate thawing soil in the centrifuge and to observe 
the hydraulic behaviour of an initially frozen liquid 
during the thawing process. Eventually, the goal is to 
simulate several freeze-thaw cycles in a single test by 
building a climate controlled cradle, which would use 
vortex tubes and insulation (e.g. Stone et al., 1995; Clark 
& Phillips, 2003), as well as the means to monitor 
temperature throughout the sample while in flight. 
Another goal is to monitor the movement of different 
contaminants through soil undergoing freeze-thaw 
cycles. In that case, the water in the soil could not act as 
a conduit for diffusion (Biggar et al., 1998), which might 
slow the vertical movement and eliminate the lateral 
movement through the soil.   
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Abstract 

The goal of the research is the development and verification of mathematical modelling methods for assessing and 
predicting the role of aufeis in hydrological regime of the rivers of the North-East of Russia in current and future 
climate. Three catchments with available historical data on the location and characteristics of the aufeis and runoff 
observations with basin areas from 400 to 8290 km2 and aufeis share from 6 to 113 km2 in mountainous area of North-
East are chosen for the study. The method of Sokolov was adapted to the Hydrograph model for calculating aufeis 
runoff. Historical information on aufeis locations and their features from the Aufeis Cadaster (1958) was corrected with 
the use of topographic maps and satellite images. The values of the aufeis flow vary from 9 to 13 % of the average 
annual river flow for the Suntar and Charky rivers accordingly, which puts aufeis on the one level with the glaciers in 
the sense of their impact on hydrological regime in studied region.  

 

Keywords: aufeis; river runoff; hydrological modelling; Hydrograph model; the North-East of Russia. 

  

 

Introduction 

Hydrological processes occur in specific conditions in 
the mountains of the North-Eastern Siberia. The aufeis 
are the indicators of the complex interconnection of 
river and groundwater in permafrost environment 
(Sokolov, 1975) and play an important hydrological role 
in that region. In winter, they reduce the river and 
underground runoff, and in warm season melted aufeis 
waters form additional source of rivers flow. Under the 
changing climate conditions, understanding the role of 
aufeis in runoff formation processes is an important 
task. In most cases, the share of the aufeis component of 
annual river runoff is about 3-7% (Reedyk et al., 1995; 
Sokolov, 1975). At the same time, water consumption 
from melting aufeis (based on the data from Alaska and 
Canada) can be 1.5-4 times higher than the water 
discharge of groundwater forming it (McEven & 
Marsily, 1991). Most significant flow from melting aufeis 
is observed in May-June. In some river basins with 
exceptionally large aufeis, the proportion of this runoff 
can reach 25-30% (Sokolov, 1975).  

Approach 

Up to this point, there are no hydrological models that 
take into account the role of aufeis in rivers flow 
formation in an explicit form. In this study we aimed to 
update the Hydrograph model with such additional 
algorithm.  

The Hydrograph model (Vinogradov et al., 2011) 
describes hydrological processes in different permafrost 
environments including the dynamics of ground 
thaw/freeze. In this model the processes have a physical 
basis and certain strategic conceptual simplifications. 
The level of model complexity is suitable for a remote, 
sparsely gauged region such as Arctic domain as it allows 
for a priori assessment of the model parameters 
(Semenova et al., 2013).  

The method of Sokolov (1975) to estimate the aufeis 
flow was adapted for modelling aufeis input to river 
runoff in the Hydrograph model. The method makes it 
possible to calculate the hydrograph of aufeis-runoff for 
a long period and specific years, at basin scale and for an 
individual aufeis. The method requires following data: 
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daily air temperature at aufeis, maximum area of aufeis 
before spring melt; the altitude of individual or grouped 
aufeis. The other conceptual parameters that for 
example account for share of aufeis destruction due to 
air temperature, solar radiation and thermal erosion by 
river flow were estimated by Sokolov (1975) based on 
the field data obtained in 1960s.  

By Sokolov (1975) the ice volume in aufeis is 
calculated depending on the area (1): 

W=0,96F 1,094   (1) 
where W – ice volume of aufeis, thousand km3; F – area 
of aufeis, thousand km2. 

Initial information on aufeis locations and their 
characteristics within the catchments was taken from the 
Cadaster of the aufeis of the North East Siberia of the 
USSR (1958) and corrected by topographic maps and 
satellite images. Satellite imagery were used also to assess 
the inter-annual and seasonal dynamics of aufeis within 
the period of 1999 to 2017 in chosen catchments.  

The correction of the input meteorological 
information according to the climatic change trends 
would allow assessment of changes of the aufeis share 
runoff in total river flow in the future. 

 

Study objects 

Three catchments with available historical data on the 
location and characteristics of the aufeis and runoff 
observations were chosen for the study: the Charky river 
(03474), the Suntar river (03499) and the Anmangynda 
river (01604) belonging to the Yana, Indigirka and 
Kolyma Rivers basins correspondingly (Table 1, Fig.1). 

Preliminary comparison of the Cadaster and 
satellite data at the Charky river basin has shown that 
some large aufeis are absent in the Cadastre and some 
historical aufeis are absent at modern satellite images. 
This may indicate the dynamics of aufeis processes in 
this region, which will be studied together with climate 
data.  

 
Table. 1 Study objects 

River 

(gauge 

code) 

Period 
Area, 

km2 

Aufeis 

area, 

km2 (%) 

Annual river 

runoff, mm 

Calculated 

aufeis runoff, 

mm (%) 

03474 1949-2007 8290 113 (1.4) 239 32 (13) 

03499 1959-2015 7680 58 (0.8) 189 17 (9) 

01604 1962-1992 400 6 (1.5) 301 24 (8)* 

*    from Sokolov (1975) 

 

First results 

The aufeis flow was estimated for the period 1965-
2012 for two rivers using historical meteorological 
information. It accounted for about 13 % (32 mm) of 
average annual flow at the Charky river and about 9 % 

(17 mm) at the Suntar river. The preliminary results 
suggest that aufeis flow may be much more significant 
than one from the glaciers.  

The modelling approach, the results of satellite 
imagery analysis and aufeis flow assessment will be 
presented.     
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Abstract 

Climate warming in the southern Taiga Plains ecoregion of northwestern Canada has led to unprecedented rates of 
permafrost thaw and a myriad of land-cover changes with uncertain impacts on hydrology. Consequently there is 
growing uncertainty in regards to the future availability of water resources in this region. This paper synthesises key 
findings of recent hydrological field studies and remote sensing analyses of land-cover change in the southern Taiga 
Plains. The purpose of this synthesis is to improve the understanding of the trajectory of land-cover change in this 
region and how this change could influence water flow and storage processes.  

 

Keywords: Permafrost thaw, landcover change, peatlands, Boreal, hydrology. 

 

Introduction 

This study is focussed on the southern Taiga Plains 
ecoregion in northwestern Canada (Figure 1a), and 
draws mainly from studies conducted at Scotty Creek 
(61o18' N, 121o18' W), a 152 km2 drainage basin 50 km 
south of Fort Simpson, Northwest Territories (NWT) 
(Figure 1b). Scotty Creek basin is underlain by 
discontinuous permafrost and is covered by peatland 
complexes typical of the ‘continental high boreal’ 
wetland region. The peat thickness at Scotty Creek 
ranges between 2 and 8 m below which lies a thick 
clay/silt-clay glacial till deposit of low permeability. Most 
of the Scotty Creek basin is a heterogeneous mosaic of 
forested peat plateaus underlain by permafrost, and 
treeless, permafrost-free wetlands (Figure 1c), typical of 
the southern fringe of discontinuous permafrost (Helbig 
et al., 2016). Fort Simpson has an average annual air 
temperature of -2.8o C, and receives 388 mm of 
precipitation annually, of which 38% is snow. This paper 
draws on numerous published and unpublished studies 
involving both hydrometric field observations and 
aerial/satellite image analysis. Collectively these studies 
are used to inform conceptualisations of hydrological 
change. 

There are strong indications that permafrost thaw and 
the resulting land-cover changes have affected basin 
water balances, as suggested by rising river flows 
throughout the border region. Most notably, the total 
annual runoff from all gauged rivers in the lower Liard 
River valley of the NWT has steadily risen since the mid-
1990s (Connon et al., 2014). Rising flows from subarctic 
rivers are often attributed to ‘reactivation’ of 
groundwater systems, but the very low hydraulic  

 
Figure 1: a) study region and b) Scotty Creek; c) peat 

plateaus (yellow), isolated (green) and connected 
(orange) bogs, channel fens (pink); d) enlargement of 
“B” showing cascade bogs. 
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conductivity of the glacial sediments below the peat, 
precludes appreciable groundwater input. Permafrost 
thaw-induced changes to basin flow and storage 
processes offers a more plausible explanation for rising 
river flows in this region (Connon et al., 2015). 

Field observations and image analyses (suggest that 
plateaus contain two distinct runoff source areas 
separated by a break in slope approximately 10 m inland 
from the fen-plateau edge. Primary runoff drains from 
the sloped edges of plateaus directly into the basin 
drainage network (i.e. a channel fen). Field 
measurements suggest that the entire primary area 
supplies runoff to the fen throughout the thaw season. 
Secondary runoff drains into the interior of the plateau 
toward the topographic low often occupied by a bog. If 
the receiving bog is hydrologically isolated, the runoff it 
received will remain in storage, evaporate or recharge the 
underlying aquifer. If the receiving bog is part of a bog 
cascade, and if its storage capacity is exceeded, then the 
secondary runoff it receives will be routed toward the 
channel fen via the down slope bog or bogs. Secondary 
runoff is therefore, neither direct nor continuous. The 
rate of secondary runoff is greatest during periods of 
high moisture supply and minimal ground thaw when 
the hydrological connection among the bogs of a 
cascade, and between individual bogs and their 
contributing “bog-sheds” is maximised. As the active 
layer thaws and drains, the contributing area shrinks and 
secondary runoff decreases. Large rain events can 
temporarily reverse this decrease. 

Over a period of decades, the plateaus conducting 
primary and secondary runoff are transformed by 
permafrost thaw. Three general stages can be seen from 
Figure 1c. In chronological sequence, the area indicated 
by “A” represents an early stage of permafrost thaw 
where bogs are mostly hydrologically-isolated, and as 
such, drainage into the fen is supplied only by primary 
runoff from the margins of the plateaus. “B” represents 
an intermediate stage of permafrost thaw where primary 
runoff is augmented by secondary runoff from the 
ephemeral bog cascades. The activation of secondary 
runoff arises from the greater hydrological connectivity 
of land-cover “B” than “A”. As a result, a greater 
proportion of the snowmelt and rainfall arriving on 
land-cover “B” is converted to runoff than in the 
previous stage. Because B is transitional between A and 
C, some bogs are hydrologically connected (via surface 
or near surface flow and/or talik flow), while other bogs 
remain hydrologically isolated. “C” represents an 
advanced stage, where the shrinking peat plateaus occur 
as islands within an expansive bog complex. 
Interestingly, this stage is a near mirror image of “A” 
where it is the bogs that occur within an extensive 
plateau complex. By stage “C”, plateau diameters are on 

the order of a few tens of metres and as such contain no 
secondary runoff and no interior bogs. 

As the land-cover transitions from the isolated bog 
(A) to the plateau islands (C) stages, the way in which 
peat plateaus generate runoff changes dramatically, with 
direct consequences on their runoff pattern and rate. For 
each stage, water (snowmelt or rainfall) arriving in the 
channel fen is conducted directly to the basin outlet. 
Likewise, water arriving on a plateau but not within a 
bog catchment (i.e. bogshed) is routed directly to the 
adjacent fen. Water arriving directly into bogs or their 
bogsheds is prevented from reaching channel fens in 
stage A, but can reach the latter in stage B depending 
upon the degree of hydrological connectivity in the bog 
cascades. Activation of secondary runoff therefore 
increases the amount of runoff between stages A to B. 
Primary runoff may also increase between these two 
stages since the fragmentation of plateaus increase can 
increase the length of the overall plateau-fen edge. Water 
arriving onto plateaus in stage C is neither stored nor 
routed as secondary runoff through bog cascades and as 
such this stage provides the most direct runoff response. 
However, stage C has the lowest plateau runoff since it 
is capable only of generating primary runoff, and this 
runoff is generated from the relatively small total surface 
area of the remaining plateaus.  
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Abstract 

Global warming exerts particularly pronounced effects on the European Alps. As the thawing rates of mountain 
permafrost ice is lower than for glacier ice, a shift from glacial/periglacial to paraglacial/periglacial dynamics is 
predicted for Alpine landscapes during the 21st century in relation to deglaciation. Poor knowledge exists on chemical 
and biological features of waters emerging from Alpine rock glaciers. A set of glacial- or permafrost-fed headwaters was 
investigated in the Eastern Italian Alps, aiming at exploring bacterial community composition and  diversity in epilithic 
biofilm and sediments. Bacterial assemblages show significant differences according to water and sample type, and to 
catchment geology. Rock glacier-fed waters show enhanced conductivity and trace element concentrations, and their 
highly diverse bacterial assemblages significantly differ only from those of glacial streams. Further research will better 
outline the role of environmental features in modulating bacterial diversity of Alpine headwaters affected by progressing 
deglaciation. 

 

Keywords: Alpine permafrost, glaciers, water chemistry, bacterial finger-printing, biofilm, surface sediment.  

 

 

Introduction and Methods 

Glacier retreat is a major effect of current global 
warming and 80-100% of the Alpine glaciers is predicted 
to vanish in the next few decades (Zemp et al., 2006). As 
the thawing rate of permafrost ice is 10-100 times lower 
than for glacier ice, more subsurface permafrost ice will 
remain than surface glacier ice, and a shift from 
“glacial/periglacial to paraglacial/periglacial dynamics” is 
predicted for mountain landscapes in the next few 
decades (Haeberli et al., 2017). Although rock glaciers 
(RG) are a common landform of mountain permafrost, 
both chemical and biological features of waters emerging 
from them are still poorly known (Thies et al., 2013).  

This work aims at characterizing the bacterial diversity 
in biofilm and sediments of Alpine headwaters directly 
affected by active RGs, and at exploring possible 
differences respect to headwaters of different origin. A 
headwater set (2027-2900 m a.s.l.) was surveyed in 
autumn 2016 (during base-flow conditions) in three 
metamorphic catchments of the Eastern Italian Alps 

(EIA, Table 1). The water samples were analyzed for 
temperature, turbidity, pH, major ions, nutrients, and 
trace elements. Environmental DNA from epilithic 
biofilm (EPI), surface and deep sediment (SS: 0-2 cm 
depth, SD: ~5-10 cm) was extracted and analyzed by 
high throughput sequencing (MiSEQ Illumina) using the 
specific variable region V4 of 16S rRNA gene. 
Bioinformatic analyses were performed using the 
MICCA pipeline (Albanese et al., 2015).  

 

Table 1. Location, dominant geology, and number of 
headwaters sampled in the EIA in autumn 2016. 

Range Sub-catchment Geology nGL nREF nRG 

Ortler  SU Sc, Gn 2 0 2 

Cevedale MR Gn, Sc  1 2 4 

Presanella  AM Gr 1 1 3 

SU, MR, AM: Sulden, la Mare, Amola Valley, resp.: Sc, Gn, Gr: 
scists, orthogneiss, granite, resp. nGL, nREF, nRG: number of 
glacier-, rock glacier- and mainly precipitation-fed waters, resp. 

 

1038



5TH EUROPEAN CONFERENCE ON PERMAFROST 

Results and Discussion 

RG-fed headwaters in MR and SU stand out for their 
low water temperature (≤1°C), low turbidity (<10 NTU) 

and higher electrical conductivity (118-516 S cm-1 
20°C) with respect to GL and REF waters in the same 

catchments (means 26 and  106 S cm-1, respectively). 

All AM waters show very low conductivity (11-19 S 
cm-1) in relation to the granitic bedrock. All waters are 

poor in reactive P (2-5 g L-1), while NO3-N and SiO2 

are very low in the GL waters (<100 gL-1 and <1 mgL-

1, resp.). All GL streams show high levels of total P (70-

428 g L-1) and N (up to ~4 mg L-1), and varying levels 

of Fe (17-250 g L-1) and Al (19-255 g L-1). RG waters 

of MR and SU are enriched in Sr (82-315 g L-1), Ni (12-

60 g L-1), As (6-31 g L-1).  

The -diversity of the bacterial assemblages in terms 
of number of observed OUT and Shannon index (Fig. 
1a-b, respectively) is much higher in both the SD and SS 
samples of the RG and REF streams. On the contrary, 
the epilitic samples do not show significant differences 
in bacterial  diversity. The first three principal 
coordinates (PCo) based on weighted UniFrac distances 
outline significant differences (Wilcoxon rank-sum test 
with Bonferroni correction, p<0.001) in 16S bacterial 
composition according to substrate type (PCo1), water 
origin (PCo2), and, to less extent, geographical location 
(PCo3, Fig. 1c). 

The GL bacterial peculiarity is due to the co-
dominance of Proteobacteria and Actinobacteria, 
followed by Bacterioidetes. Acidobacteria replace the last 
two phyla in RG samples. Epilithc samples from all 
water types show higher abundance in Cyanobacteria, 
while the geographical separation only produces 
rearrangements in the abundances of a few ubiquitous 
major phyla. Preliminary correlation analyses revealed 
significant relations between the abundance of several 
bacteria taxa and water turbidity, NO3-N, SiO2, and 
metal concentrations. 

 The absence of significant differences between 
bacterial assemblages of RG-fed and mainly 
precipitation-fed REF waters suggests that chemical 
traits of RG-fed waters are not sufficient to select  
specific bacterial assemblages. In addition, further 
environmental variables need to be considered in future 
investigations of Alpine headwaters affected by 
permafrost degradation. 
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Figure 1. Number of observed bacterial OTUs (a) and 

Shannon Index values (b) in the sample collected from the 
headwater studied. (c) The  first three principal coordinates 
(PCo) based on the weighted UniFrac distances outline 
differences in 16S bacterial composition between different 
substrates, water types, and sampling sites. Abbreviations as in 
Table 1.  
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