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Abstract: The Indian Himalayan region is experiencing frequent hazards and disasters related to
permafrost. However, research on permafrost in this region has received very little or no attention.
Therefore, it is important to have knowledge about the spatial distribution and state of permafrost in
the Indian Himalayas. Modern remote sensing techniques, with the help of a geographic information
system (GIS), can assess permafrost at high altitudes, largely over inaccessible mountainous terrains
in the Himalayas. To assess the spatial distribution of permafrost in the Alaknanda Valley of the
Chamoli district of Uttarakhand state, 198 rock glaciers were mapped (183 active and 15 relict)
using high-resolution satellite data available in the Google Earth database. A logistic regression
model (LRM) was used to identify a relationship between the presence of permafrost at the rock
glacier sites and the predictor variables, i.e., the mean annual air temperature (MAAT), the potential
incoming solar radiation (PISR) during the snow-free months, and the aspect near the margins of rock
glaciers. Two other LRMs were also developed using moderate-resolution imaging spectroradiometer
(MODIS)-derived land surface temperature (LST) and snow cover products. The MAAT-based model
produced the best results, with a classification accuracy of 92.4%, followed by the snow-cover-based
model (91.9%), with the LST-based model being the least accurate (82.4%). All three models were
developed to compare their accuracy in predicting permafrost distribution. The results from the
MAAT-based model were validated with the global permafrost zonation index (PZI) map, which
showed no significant differences. However, the predicted model exhibited an underestimation of the
area underlain by permafrost in the region compared to the PZI. Identifying the spatial distribution
of permafrost will help us to better understand the impact of climate change on permafrost and its
related hazards and provide necessary information to decision makers to mitigate permafrost-related
disasters in the high mountain regions.

Keywords: permafrost; logistic regression model; rock glacier; Indian Himalayas

1. Introduction

Permafrost is the subground material (soil and rock) that remains below 0 ◦C for at
least two consecutive years [1]. It is an integral part of the cryosphere and is considered
an important indicator of climate change. The thickness of the permafrost varies from 1 m
to 1500 m in some places [2]. The World Meteorological Organization (WMO), under the
Global Climate Observing System (GCOS), designates permafrost as one of the essential
climatic variables (ECVs) under the category of the cryosphere, along with glaciers, snow,
ice sheets, and ice shelves [3]. It affects the soil moisture and the landscape over a large area,
has a strong relationship with the hydrological, biological, and geomorphic processes, and
affects the anthroposphere [4,5]. As the global average air temperature rises, permafrost in
mountain regions is expected to undergo degradation and thaw in the coming decades [6].
The thawing of permafrost can have multiple effects, and some of the critical impacts are
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ground subsidence and an increased frequency of landslides due to the destabilization
of grounds and slopes [7]. The latter will negatively influence infrastructure such as
bridges, roads, and buildings, along with an increase in sediment load during runoff into
rivers [8,9]. One such event which took place in the Chamoli district of Uttarakhand
in February 2021, where a considerable mass of a rock–ice complex collapsed from an
unstable mountain slope, resulting in a catastrophic mass flow of debris, which was
linked to the possible degradation of permafrost [10]. As the climate is warming up,
such hazardous events are likely to happen often. In the last few decades, the region has
experienced multiple bouts of natural hazards and disasters, such as ice–rock avalanches,
landslides, slope failures, and rock falls, which may be linked to the possible degradation
of permafrost [10,11]. Several major landslides have occurred in the Indian Himalayan
region that damaged infrastructure and resources over the years [11], the most well-known
ones being the Lanta Khola landslide (1975); Malpa landslide (1998); Phata landslide
(2001); Varunavat landslide (2003); Pithoragarh landslide (2009); Okhimath landslide
(2012); Tangni landslide (2013); Kotropi landslide (2017); and Chamoli disaster (2021). A
massive moraine-dammed lake (i.e., Chorabari Glacier) breached in 2013 in Kedarnath,
Uttarakhand, following heavy rainfall and snowmelt and triggered a debris flow upstream
that devastated major infrastructure along the Mandakini river [12]. A recent massive
avalanche in October 2022 in Uttarkashi, Uttarakhand, killed at least 27 mountaineers of the
Nehru Institute of Mountaineering (NIM) and injured several others as they were trapped
under snow or fell into crevasses in the glacier. The chain of such events emphasizes the
rising risk in the Himalayas as a result of global warming and industrialization [10,13].
Therefore, it is necessary to have an extensive understanding of the spatial arrangement of
permafrost and its current state of existence.

The prediction and estimation of the permafrost distribution in high mountainous
regions have frequently been linked with rock glaciers, which are considered to be the most
prominent indicators of permafrost in an alpine setting [14,15]. Rock glaciers are cryospheric
lobate-shaped features formed by the gravity-driven creep of ice-oversaturated talus or tills.
Their characteristic features include ridge and furrow topography that has been caused due
to longitudinal compression and folding because of their creeping nature [16,17]. Based on
the activeness and permafrost content of rock glaciers, they have been majorly categorized
into active (containing ice and moving) and relict rock glaciers (not containing ice and
not moving). All these features can easily be identified and mapped on high-resolution
satellite images. Therefore, it is crucial to understand the occurrence and spatial locations
of rock glaciers and their activity. While there have been numerous studies on glaciers and
glacier-related hazards and processes in the Indian Himalayas, such as [18–22], the science
of permafrost is still very much under-researched in the region.

The statistical modeling of rock glaciers and their relationship with climatic conditions
near rock glacier sites has been used to predict the permafrost distribution in various
regions of the world [23–25]. Most of the studies related to permafrost and its dynamics are
focused on the polar region and some European highlands, but there are very few studies
and explorations related to permafrost as far as the Indian Himalayan region is concerned.
There have been quite a number of studies conducted in the region of the Qinghai–Tibet
Plateau [5,26]. A few studies have focused on the Hindu Kush Himalayan (HKH) region
and demonstrated permafrost distribution modeling, issues related to the permafrost thaw
in the mountains, and the assessment of published permafrost distribution maps based on
rock glaciers [27–29]. An inventory of rock glaciers and an estimation of the permafrost
distribution in the state of Uttarakhand, India, based on rock glaciers and climatic variables
was initially attempted by Baral et al. [30]. Another study of permafrost mapping mainly
focused on the Kullu District of Himachal Pradesh in the Western Himalayas and concluded
that around 9% of the total area of the Kullu district is underlain by permafrost, where the
lower limit of permafrost is as low as ~4200 m [31]. Haq and Baral [32] performed an assess-
ment and inventory of rock glacier and permafrost mapping in the Sikkim Himalayas using
Sentinel-2 data and logistic regression modeling. A recent study by Khan et al. [33] used
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remote sensing techniques coupled with ground validations to quantify the permafrost
distribution in parts of the Western Himalayas. Most of the above studies conducted in
the Indian Himalayan region were based on the analytical hierarchical process (AHP) and
statistical modeling using parameters, namely air temperature, potential incoming solar
radiation (PISR), slope, aspect, and land use/land cover [30–33]. However, the aforemen-
tioned studies have ignored the influence of snow cover on permafrost distribution and
lack comparisons among models considering different climate parameters such as the mean
annual air temperature (MAAT), land surface temperature (LST), and snow cover (SC).
Moreover, previous studies were conducted using remote sensing satellite data with lower
spatial resolutions [34,35], implying that a higher spatial resolution dataset is required for
an improvement in predicting rock glaciers and permafrost models. The Indian Himalayan
region also needs more studies on permafrost to understand its behavior under perceived
climate changes in the higher Himalayan regions [36].

The present study is aimed to identify several rock glaciers in the Alaknanda Valley
region in the Uttarakhand state of India. Using mapped rock glaciers, different models were
developed based on logistic regressions to predict the spatial arrangement of permafrost
in the study area with a higher spatial resolution (30 m). All the models were further
evaluated and compared to understand their efficiency and reliability. The rest of the
paper is organized as follows: Section 2 describes the study area. Section 3 describes the
data and models used in the present study. The results and discussion are presented in
Sections 4 and 5, respectively. Finally, the conclusion of the study is given in Section 6.

2. Study Area

This study focuses on the part of the Alaknanda Valley in the Uttarakhand state of
India, covering an area of 11,318 km2. The Alaknanda River originates at the confluence of
the Satopanth and Bhagirathi Kharak glaciers at an elevation of ~3800 m, 13 km north of
the Badrinath temple in the Chamoli district. Some well-known spots such as Kedarnath,
Badrinath, Mana, Joshimath, etc., are also in this region. The Saraswati, Dhauliganga,
Goriganga, Patalganga, Birehiganga, Nandakini, and Pindar streams join the Alaknanda
River on the left bank, and it is joined on the right bank by the Mandakini. The area is
surrounded by high mountain peaks such as Mt. Chaukhamba (7138 m), Mt. Nilkantha
(6596 m), Mt. Satopanth (7075 m), and Nar Parvat (5801 m). The Alaknanda and the
Saraswati River converge near the village of Mana. The upper basin of the Alaknanda
Valley consists of glaciers, glacial lakes, moraines, avalanche slopes, etc., which are some
of the common landforms of the region. The cumulative liquid precipitation in the region
varies from 500 to 1500 mm per annum, whereas the yearly snowfall in the study area
ranges from 1 to 8 mm of water equivalent per annum (summer to winter). A map of the
study area is shown in Figure 1.
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Figure 1. Study area map showing major settlements, rivers, glaciers, and road networks in the
Alaknanda Valley region, along with elevations.

3. Materials and Methods
3.1. Data Used

To develop a permafrost zonation map for the study area, the rock glaciers in the
region were identified and mapped. Rock glaciers, based on their activity, constitute an
indicator of the presence or absence of permafrost. After that, a statistical relationship was
developed between the permafrost and topoclimatic variables (predictor variables) such as
the mean annual air temperature (MAAT), the potential incoming solar radiation (PISR),
and the aspect of the slope where rock glaciers are present, which provided a predicted
spatial distribution of permafrost in the study area. Two other models were also developed
using land surface temperature (LST) and snow cover data for the area. The details of the
data are described in Table 1.

Table 1. Details of the data used in this study.

Dataset Used Spatial/Temporal Resolution Purpose Source

WorldClim Average Temperature ~1 km/monthly to develop MAAT layer [37]

MODIS LST 1 km/8 days to develop mean LST layer [38]

MODIS Snow Cover 500 m/daily to develop mean snow cover layer [39]

ASTER GDEM 30 m/NA to develop PISR and aspect layers [40]

GTOPO 30 ~1 km/NA to develop MAAT layer [41]
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3.2. Predictor Variables
3.2.1. Mean Annual Air Temperature (MAAT)

MAAT data were obtained from WorldClim version 2, a freely available global climate
database. The bioclimatic variables in the WorldClim version 2 data are the averages of
all the monthly data for the period of 1970–2000, which can be used for mapping and
spatial modeling [37]. They have a spatial resolution of ~1 km2 and a temporal resolution
of 1 month.

To develop a ~30 m resolution MAAT grid from the ~1 km resolution MAAT layer, a
technique described by Marcer et al. [24] was followed. A linear regression between MAAT
and GTOPO30 (~1 km resolution) [41] was performed to generate a lapse rate layer (1 km).
Lapse rates were computed locally for each grid cell at a 1 km resolution by evaluating the
linear relationship between the surrounding temperatures and the elevation data. These
layers were then resampled with the bilinear interpolation method (i.e., each pixel in the
resampled raster was the result of the four neighboring input pixels) to match the grid
size of the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Global Digital Elevation Model (GDEM) Version 3 (30 m spatial resolution) [40]. In the
bilinear interpolation, all layers were converted from their native resolution (Table 1) to a
30 m spatial resolution. Two DEM layers, the resampled GTOPO30 (resampled at ~30 m)
and ASTER GDEM v3 (~30 m), were compared. The elevation difference layer and the
resampled lapse rate layer were multiplied, and the resulting raster layer was then added
to the resampled MAAT grid to generate the ~30 m MAAT grid for further processing.

3.2.2. Land Surface Temperature (LST)

For another logistic regression model, the LST layer was developed from the MODIS-
based Land Surface Temperature and Emissivity 8-Day Global 1km (MOD11A2.061)
dataset [38]. These data give an average of 8 days per pixel of LST and emissivity with a
spatial resolution of 1 km. It comprises both the daytime and nighttime surface temperature
data. Various studies in the past have used MODIS-based LST to predict permafrost in their
study areas [42–44]. As permafrost is a subsurface material, LST has an effect on the state of
the permafrost and its spatial arrangement within the region. As no in situ data on ground
temperature were available for the study, LST was considered as one of the independent
variables for the model.

To generate the LST raster layer, the means of 21 years (2000–2020) of data were
considered for the LST daytime and LST nighttime data bands, and further means of both
these layers were estimated. Finally, they were exported to the system from the cloud with
a scale of 1000 m and projected to World Geodetic System 84 (WGS 84) for further analysis.
All this processing was performed on the Google Earth Engine (GEE) platform for the
specified study area boundary to reduce the processing time and efficiently generate the
output from the bulk data. Thereafter, a similar methodology was used to generate a ~30 m
spatial resolution for the LST grid, as in the case of the MAAT. In this case, the MAAT layer
was replaced with the MODIS LST layer (~1 km resolution).

3.2.3. Snow Cover

Snow cover data for the study area were also considered for developing an additional
logistic regression model, as a study suggested that mountain permafrost distribution is
strongly controlled by local climatic conditions, especially snow cover [45]. We used MODIS
Terra Snow Cover Daily Global 500m (MOD10A1.006) data to develop the snow cover
layer [39]. They contained a gridded dataset of snow cover and snow albedo calculated
from the radiance data acquired by the MODIS Terra satellite. The normalized difference
snow index (NDSI) was computed to detect snow cover from the MODIS Level 1B calibrated
radiance satellite images [46]. Their spatial resolution was 500 m, and they were available
from the 24th of February 2000 to the time of data collection.

Similar to LST, means of 21 years (2000–2020) of snow cover data were used to develop
the snow cover layer. The snow cover data were imported from the GEE repository to
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process on the cloud platform. The MODIS Terra Snow Cover data has various datasets in
separate bands such as “NDSI_Snow_Cover”, “NDSI_Snow_Cover_Basic_QA”, “NDSI”,
etc., which have different uses. Here, we used the “NDSI_Snow_Cover” band to retrieve a
fractional snow cover layer whose values ranged from 0 to 100. After calculating the mean,
the raster data were exported to the system from the cloud with a spatial resolution of
1000 m and were projected to WGS84. In the end, a similar technique was used to develop
the ~30 m spatial resolution gridded layer, this time replacing the MAAT layer with the
snow cover data layer.

3.2.4. Potential Incoming Solar Radiation (PISR)

The incoming solar radiation was calculated based on the 30 m ASTER GDEM v3 [40]
on ArcMap using the ‘Area Solar Radiation’ tool. A snow-free period from the 1st of May
to the 31st of October was considered to estimate the PISR, as the incoming radiation has
an effect on the ground temperatures during the low-albedo season [47], and this period
is considerably snow-free in the region of Uttarakhand [48,49]. All the values were kept
as their defaults, except the sky size value, which was set to 512. Under the radiation
parameter “Uniform Sky”, the diffused model was selected. The output values were in
Watt hours per square meter (Wh m−2), which was later converted to kilowatt hours per
square meter (KWh m−2) for further analysis and logistic regression modeling

3.2.5. Aspect

The aspect of the rock glacier slopes was also considered in the model, as it decides the
insolation intensity and the response of the snowpack towards it and climate warming [50].
The aspect layer was generated from the ASTER DEM (30 m resolution) using the “Aspect
(Spatial Analyst tool)” in ArcMap.

After processing all the data required for the logistic regression modeling, a database of
active and relict rock glaciers was developed with the corresponding values of topoclimatic
variables (MAAT, LST, snow cover, PISR, and aspect) at the initiation line of the respective
rock glaciers. For each initiation point, values from different topographic attribute layers
were extracted using the ‘Extract Multi Values to Points’ tool in ArcMap.

Raster layers of all the predictor variables used in this study to model permafrost are
shown in Figure 2.
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Figure 2. Different predictor variables used in the logistic regression models. Specifically, (a) displays
the mean MAAT for 1970–2000; (b,c) display the means of LST and snow cover for 2000–2020,
respectively; (d) displays the PISR for snow free period; (e) displays the slope aspect of the study area.

3.3. Methodology
3.3.1. Identification and Mapping of Rock Glaciers

The rock glaciers were manually identified and digitized from high-resolution satellite
data such as SPOT and Digital Globe (e.g., QuickBird, Worldview-1, Worldview 2, and
IKONOS), which are freely available on the Google Earth platform. The availability of past
multitemporal satellite images also helped with better identifying rock glaciers and lowered
the uncertainty due to cloud cover, shadow, and snow in a different dataset. The study
area shapefile was exported as a Keyhole Markup Language (KML) file and imported to
Google Earth Pro. It was then divided into 12 grids for better investigation and a thorough
inspection of the whole study area. The rock glacier boundaries were digitized, along
with their initiation points or ‘rooting zone’ [14], i.e., from where permafrost creep actually
begins. All the mapped features were exported as KML files and were further processed
for spatial analysis in GIS.

In this study, on the basis of their activeness, rock glaciers were categorized as ac-
tive (Figure 3) or relict (Figure 4) and were identified and digitized following the visual
interpretation keys and morphological characteristic features of each rock glacier. The rock
glaciers with ridge and furrow topography were characterized as active rock glaciers, while
those with less prominent ridge–furrow topography were classified as relict rock glaciers.
Some rock glaciers with a prominence of ice on the surface in some places were classified
as active, whereas the relict rock glaciers lacked such features. All the rock glaciers were



Sustainability 2022, 14, 15731 8 of 19

given a unique ID, and in the description their type was mentioned to avoid any error
in further analyses. Landform features similar to the morphology of rock glaciers, such
as moraines or landslide debris, were distinguished carefully. Therefore, those landform
features that expressed the characteristic features of permafrost origin were mapped. The
three-dimensional (3D) terrain viewing tool on Google Earth Pro was very useful in under-
standing the origin and occurrence of rock glaciers. A summary of the visual interpretation
keys that were used is given in Table 2.
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Table 2. Characteristic features of rock glaciers utilized for visual identification in satellite images.

Geomorphic Indicators Active Relict

Surface structure Prominent furrow and ridge topography [51] Less prominent furrow and ridge topography [51]

Body Bulged swollen structure [52]
Exposure of ice on the surface in some places [53]

Flat and subdued surface topography [52]
Deflated surface feature [54]

Frontal Lobe Sharp-crested frontal lobe slope [55] Gentle transition from frontal lobe to body [55]

In the present study, the initiation points of the active rock glaciers were considered
as an indication of the presence of permafrost [25,56], as the climatic conditions that sup-
port the presence of ice-rich permafrost are primarily found in these zones. In alignment
with previous studies [23,25,57], relict rock glaciers were considered as evidence of per-
mafrost absence. While digitizing their initiation point, in some cases it was observed that
there are no clear markings or visible rooting zones because of the presence of vegetation
and subdued surface topography. Therefore, an approach similar to that mentioned by
Marcer et al. [24] was taken into consideration, where the centroid of the polygon for relict
rock glaciers was chosen for the statistical modeling (Figure 4).

3.3.2. Logistic Regression Model

A logistic regression model is a statistical method that predicts a binary outcome
or predicts the conditional probability of a dichotomous outcome (variable Y) occurring
(e.g., the presence of permafrost (1) or the absence of permafrost (0)) based on a set of
independent variables (X) [58], which are also called predictors [59]. A logistic regression
fits an “S” shaped logistic function that predicts the variable’s two maximum values, 0 or 1.
It gives a probabilistic value that ranges between 0 and 1 (the absence of permafrost and
the presence of permafrost).

Mathematically, a logistic regression can be expressed as

P(Y = 1) =
eβ0+β1x1+β2x2+...βnxn

1 + eβ0+β1x1+β2x2+...βnxn
(1)

where P(Y = 1) is the probability of outcome Y taking the value 1; β0 is the intercept; βn
is the coefficient of the predictor variables Xn; and e is the base of the natural logarithm,
which has a value of 2.71828.

Logistic regression modeling (LRM) has been used in numerous previous studies
to estimate the permafrost distributions in different high mountain regions of the
world [23–25,30,32]. In this study, a total of three models were developed based on differ-
ent climate parameters, the mean annual air temperature (LRM-MAAT), the land surface
temperature (LRM-LST), and snow cover (LRM-SC), along with the PISR and the aspect as
the common parameters in all the three models.

All three LRMs were developed in the IBM SPSS Statistics tool. Furthermore, all the
operations on the GIS layers were performed using the raster calculator in ArcMap to
generate the permafrost distribution map using the coefficient outputs from the models
and substituting them in Equation (1). To measure the performance of all the LRMs, the
area under receiver operating characteristics (ROC) curve was calculated using the IBM
SPSS tool. The bias and standard error (SE) were also calculated to indicate the robustness
and performance of the different models.

4. Results
4.1. Rock Glacier Compilation

The present study identified a total of 199 rock glaciers, out of which 183 (91.95%)
were active rock glaciers and 15 (8.05%) were mapped as relict rock glaciers. The lowest
elevation at which an active rock glacier was found was 4270 m, whereas a relict glacier
was found at 4027 m. Most of the active rock glaciers in the study area were glacier-derived
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rock glaciers, and a few were talus-derived, which signifies the retreat of small glaciers due
to continuous negative mass balance in the region.

The temperature and orientation of the rock glaciers have a significant effect on the
present state and activity of the rock glaciers. The maximum number (N = 80) of active rock
glaciers was found in the elevation band of 4800–5200 m, as shown in Figure 5.
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A scatter plot (Figure 6a) between the elevation and aspect of the rock glaciers indicates
that active rock glaciers are located at a higher elevation compared to the relict rock glaciers,
with few exceptions. Moreover, active rock glaciers are mostly present in the northern
slopes (N, NE, and NW). Furthermore, another scatter plot of the MAAT against the PISR,
shown in Figure 6b, shows that most of the rock glacier sites experience higher insolation in
the range of 600–700 kWh m−2, but their corresponding mean annual average temperatures
vary in the range of 0 to −10 ◦C at the elevation where the rock glaciers are located. This
gives some insight into how temperature strongly influences the presence or absence of
permafrost near the rock glaciers.
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The distribution of active and relict rock glaciers in the study area is shown in Figure 7.
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4.2. Logistic Regression Models

Three logistic regression models (LRM-MAAT, LRM-LST, and LRM-SC) were devel-
oped from a dataset of 183 active and 15 relict rock glaciers (dependent variable) and
their corresponding topoclimatic parameters (independent variables) to predict the spatial
distribution of permafrost in the study area. The overall classification accuracy was 92.4%,
82.4%, and 91.9% for the LRM-MAAT, LRM-LST, and LRM-SC models, respectively, which
signifies that the models’ predictions are very reliable. All the models were statistically
significant compared to the null models (p-value < 0.001). Nearly 1000 bootstrap samples
were used to generate the model outputs.

In the MAAT-based logistic regression model (LRM-MAAT), it is very evident from
their Bz (coefficient) values that both MAAT (Bz = −0.777) and PISR (Bz = −0.001) are
negatively related to the presence of permafrost in the area. The coefficient of MAAT is
highly significant (p < 0.001), which shows its control over the prediction of the distribution
of permafrost over other predictor variables. The statistical outcomes of the model are
given in Table 3.

Table 3. Statistical outcomes from LRM-MAAT, including the coefficient (Bz), bias (◦C), and standard
error (SE).

95% Confidence Interval of Bz

Bz Bias (◦C) SE (◦C) p-value Lower Upper

MAAT −0.777 −0.072 0.212 0.001 −1.325 −0.540

PISR −0.001 0.000 0.003 0.006 −0.004 0.005

Aspect 0.004 0.001 0.008 0.089 −0.001 0.013

Constant 7.689 0.022 1.295 0.004 4.321 11.754

In the LST-based model, the output results are similar to the MAAT-based model,
where LST is negatively related (Bz = −0.706) to the presence of permafrost, along with
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PISR (Bz = −0.002), which means the lower the values of land surface temperature, the
higher the probability of the occurrence of permafrost, and there is a strong effect (p = 0.001).
The statistical outcomes of the model are given in Table 4.

Table 4. Statistical outcomes from LRM-LST, including the coefficient (Bz), bias (◦C), and standard
error (SE).

95% Confidence Interval of Bz

Bz Bias (◦C) SE (◦C) p-value Lower Upper

LST −0.706 −0.048 0.143 0.001 −0.987 −0.350

PISR −0.002 0.000 0.002 0.004 −0.003 0.005

Aspect 0.001 0.000 0.005 0.064 −0.005 0.010

Constant 3.231 0.063 0.998 0.001 1.343 6.154

In the snow-cover-based logistic regression model (LRM-SC), the model coefficients
are different than the other two models. In this model, the snow cover is positively related
(Bz = 0.789) to the presence of permafrost, as a higher value of the NDSI of the snow-
covered layer signifies a higher snow content and perennially snow-covered areas, which
has significant control (p = 0.001) over the permafrost areas. Table 5 shows the statistical
outcomes of the model.

Table 5. Statistical outcomes from LRM-SC, including the coefficient (Bz), bias, and standard er-
ror (SE).

95% Confidence Interval of Bz

Bz Bias SE p-value Lower Upper

Snow Cover 0.789 0.009 0.054 0.001 0.312 0.956

PISR −0.001 0.000 0.002 0.005 −0.003 0.005

Aspect 0.003 0.001 0.005 0.038 0.053 0.266

Constant 3.514 0.106 1.872 0.028 0.438 6.327

4.3. Permafrost Distribution Map Interpretation

The permafrost distribution map developed from LRM-MAAT indicated that the
minimum elevation at which the permafrost is present is ~4800 m, below which there is no
presence of permafrost in the study area. High-altitude areas with elevations of 5900 m
and above and with corresponding MAAT values ranging from −8 to −18 ◦C show a high
probability of permafrost occurrence. As the elevation decreases, the MAAT also rises
gradually, resulting in a lower probability of permafrost presence down the slopes of the
mountains and in the valley region. From the modeled map, it was observed that certain
rock glacier locations violated the assumption of active rock glaciers being an indicator of
permafrost presence, as 11 active rock glaciers are outside the fringes of the permafrost
distribution in the study area, as predicted by this model.

Another permafrost distribution map was developed using the coefficients from LRM-
LST. In this predicted map, a noticeable change was found in the aerial expanse of the
permafrost presence in the study area. The presence of permafrost in the area corresponds
with an LST of −5 ◦C and below. The area coverage is decreased compared to the map
developed from LRM-MAAT.

The predicted map from the snow-cover-based logistic regression model (LRM-SC),
exhibits a larger coverage area with a high probability of permafrost presence in the study
area compared to the other two models. The lower elevation limit of the permafrost
areas is 3700 m. The predicted permafrost distribution map also covers all the mapped
active rock glaciers in the study area, conforming with the assumption of our study. This
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proves that snow cover has a significant role in modeling the presence of permafrost in the
alpine environment.

The permafrost zonation maps from different logistic regression models are shown in
Figure 8.
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The area under the curve (AUC) scores of the different models signify their perfor-
mance and reliability in predicting the output. LRM-MAAT has the highest area under the
curve (0.902), followed by LRM-LST (0.866) and LRM-SC (0.777). Though the snow-cover-
based model has a low AUC score, the prediction of the permafrost distribution by the
model satisfies our assumption, as shown in Table 6 and Figure 9.

Table 6. Area under the ROC curves from different models.

Asymptotic 95%
Confidence Interval

Model Area Std. Error Asymptotic Sig. Lower Bound Upper Bound

LRM-MAAT 0.902 0.030 0.000 0.843 0.962

LRM-LST 0.866 0.034 0.000 0.798 0.933

LRM-SC 0.777 0.061 0.000 0.657 0.897
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5. Discussion

The permafrost zonation index (PZI) is a global map of permafrost extent that was
developed by Gruber [34] based on an empirical relationship between the air temperature
and permafrost occurrence. It has a spatial resolution of <1 km globally. The PZI helps
to understand the spatial extent of permafrost on a coarser level, although it has its own
limitations when considered at a local level since it only focuses on a single parameter,
i.e., temperature. The present study compared and validated the output of the LRM-
MAAT model with the PZI, and our modeled map was in sync with the PZI map [34].
When compared to PZI maps, the modeled findings appear to underestimate the spatial
arrangement of permafrost, which is mainly due to the coarse spatial resolution of the
dataset used to develop the regression model, as shown in Figure 10.
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Previous studies on permafrost distribution mapping in the Himalayan region used
various techniques, namely statistical modeling and AHP [30–33]. Haq et al. [32] mapped
the permafrost distribution in the Sikkim Himalayas based on logistic regression modeling
using the MAAT and PISR. The distribution of rock glaciers was shown to be strongly
influenced by elevation and aspect. The presence of permafrost is favored by topoclimatic
conditions over 5000 m a.s.l. The study also found that the Sentinel-2 datasets are useful for
studying rock glaciers in the Himalayas. Khan et al. [33] presented a permafrost distribution
map for Jammu and Kashmir Union Territory (UT) and Ladakh UT, where they used AHP
modeling using parameters such as the biannual mean air temperature (BMAT), PISR,
aspect, slope, and land use/land cover. Permafrost is primarily governed by temperature,
with some indirect influences coming from other ground factors (e.g., land use/land cover,
surface properties, and PISR). The higher reaches with an extremely cold and dry climate
were identified to be favorable areas for the occurrence of permafrost. Baral et al. [30]
developed permafrost zonation maps for the Uttarakhand state, considering different rock
glacier types based on their origins and statistical relationships with the MAAT, PISR,
and LST. The majority of rock glaciers are found at elevations of more than 4000 m a.s.l.
This study also suggested that logistic regression models can create reliable estimations of
permafrost probability.

In the present study, all three models (i.e., LRM-MAAT, LRM-LST, and LRM-SC)
showed the influence of different topoclimatic variables in predicting the permafrost dis-
tribution. None of the studies mentioned above considered the influence of snow cover
insulating the permafrost below the ground. The present study developed a first-order
permafrost distribution modeled map using the mean snow cover over 21 years, which
rendered some promising results and supports the assumption of the presence of per-
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mafrost near the initiation points of active rock glaciers. The thermal insulation effect
of snow cover directly influences the ground surface temperature. Various studies have
suggested that snow cover variations affect the ground thermal regime in permafrost ar-
eas [60,61]. Snow cover in the summer may lead to decreased ground surface temperature
compared to the increased air temperature and may help in shortening the thawing season,
which in turn reduces active layer thawing propagation. Zhang [60] described in detail
how snow cover plays a significant role in controlling the permafrost temperature from
continuous permafrost areas to seasonally frozen ground. Therefore, this study consid-
ers snow cover a significant parameter when modeling permafrost distribution. Even
though the classification accuracy of LRM-SC is comparable to the LRM-MAAT model,
its AUC score is relatively low compared to LRM-MAAT. The classification accuracy of
a classifier is computed at a threshold value of 0.5, whereas the AUC is computed as the
accuracies averaged across all possible threshold values. LRM-SC yields a lower AUC
score, predominantly because of the imbalance in class representation (active and relict
rock glaciers). The LRM-SC model is capable of distinguishing between classes (0 as 0 and
1 as 1) with 77.7% prediction accuracy, which is well above random guessing (AUC = 0.5).
In this study, we mainly focused on classification accuracy, which signifies a model’s
ability to classify in a binary classification scenario. Field measurements of snow depth
and the duration of snow cover are also needed to understand their effects on permafrost
depth in mountain permafrost regions, especially in the Himalayas. Several studies have
also shown that remote sensing techniques can be utilized to monitor permafrost [62,63].
However, the efficacy of optical remote sensing for permafrost monitoring is restricted
since permafrost occurs mostly below the surface. As a result, passive microwave remote
sensing brightness temperature data products and ground surface soil freeze/thaw states
derived by the dual-index algorithm (DIA) would be effective for mapping the distribution
of permafrost [62]. Notably, studies on monitoring the thermal status of permafrost are
severely underrepresented due to the limited accessibility of significant areas of permafrost
landscapes [64]. Therefore, future studies should focus on the use of emerging tools (e.g.,
the Google Earth Engine), approaches (e.g., deep learning algorithms), and satellite data
(e.g., Sentinel, Synthetic Aperture Radar, etc.) to investigate the extent of permafrost and its
environmental repercussions (e.g., thermokarst features and greenhouse gas emissions).

6. Conclusions

In the present study, three logistic regression models were developed and compared
based on the statistical relationship between active and relict rock glaciers and their corre-
sponding topoclimatic variables to estimate the presence of permafrost in the Alaknanda
Valley, Uttarakhand, India. The study produced a first-order permafrost distribution map
of the Alaknanda Valley, Uttarakhand, India, based on 21 years of mean snow cover
MODIS data.

The results from the models show that permafrost in the study area exists at a mean
altitude of ~4250 m and above. The comparison among the different permafrost distribution
maps indicated that snow cover can be one of the significant climatic parameters that
predicts permafrost in the Himalayan environment, in addition to the mean annual air
temperature and the land surface temperature. The developed models were validated with
a global PZI map, which was in good agreement with the results of the study.

The statistical modeling of remote sensing data incorporating rock glaciers can signifi-
cantly contribute towards the study of permafrost in the Himalayan region. The accuracy
of the models would depend on the correctness of manually identified rock glaciers and
their types. Therefore, further field validation and sampling of rock glaciers are encour-
aged to improve model accuracy, along with field validation of the predicted permafrost
distribution map.
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