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Abstract. In the Central Asian Tien Shan and Pamir mountain ranges, permafrost is extensive, but in-situ data on permafrost

remains scarce. Quantitative analysis of permafrost’s subsurface components—ice, water, air, and rock—is vital for not only

discerning the impact of climate change on increased slope instability due to permafrost degradation, but also for understand-

ing its role as a potential water resource in high-altitude environments. Recent studies have employed a Petrophysical Joint

Inversion (PJI) approach combining geoelectrical and seismic refraction data to model the subsurface’s four phases (fractions5

of air, water, ice, and rock). However, most of these studies primarily rely on Archie’s law, which has limitations in coarse

blocky substrates typical of mountainous terrains. Recognizing this limitation, the electrical Geometric Mean (PJI-GM) model

may be used as an alternative implementation within the PJI. In this study, we assess the suitability of using the PJI-GM model

across an extensive geophysical dataset comprising 22 profiles in Central Asia (Kyrgyzstan and Tajikistan). Our goals are to (i)

address the existing data gap concerning mountain permafrost and ground ice contents in the Tien Shan and Pamir of Central10

Asia and (ii) evaluate the performance of the PJI-GM model in comparison to Archie’s law within the PJI framework across

the different landforms at remote sites. The findings reveal that the ground ice content is more specific to landform types than

to the different geographic regions surveyed, with rock glaciers exhibiting the highest mean ice contents (38-60 %), followed

by moraines (18-40 %), talus slopes (20-40 %), and fine-grained sediments (0-20 %). The PJI-GM model performed especially

well for ice-rich landforms such as rock glaciers, accurately reflecting high ice contents with minimal variability between dif-15

ferent model runs. The quality of a model result was hereby assessed by comparing a multitude of different model runs with

different sets of inversion parameters and petrophysical variables using a clustering approach. This research provides one of the

first comprehensive (geophysical) in-situ datasets on permafrost on various landforms and sites in Central Asia, highlighting
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the potential of the PJI-GM model as a more suitable alternative to Archie’s law, particularly for rock glaciers and other ice-rich

landforms. These findings significantly advance our understanding of permafrost in the Tien Shan and Pamir and serve as a20

baseline dataset for future modeling studies.

1 Introduction

With ongoing climate change, permafrost—defined as subsurface material with temperatures at or below 0 °C for at least two

consecutive years—is experiencing increased warming and degradation (Biskaborn et al., 2019; Etzelmüller et al., 2020). In

mountain regions, this degradation has two key impacts. First, it affects slope stability, compromising mountain slopes and25

increasing risks of landslides, debris flows, and altered sediment transport (Daanen et al., 2011; Haeberli et al., 2017; Ravanel

et al., 2017). Second, it raises questions about its role in the hydrological cycle, including its contribution as a water resource

and its influence on evaporation and runoff patterns (e.g. Jones et al., 2019; Luo et al., 2020; Martin et al., 2023). Although

permafrost may offer an alternative water resource, especially in dry regions, its role in seasonal water supply and river system

sustainability remains unclear (Arenson and Jakob, 2010; Arenson et al., 2022; Amschwand et al., 2024). Comprehensive data30

on permafrost distribution, thermal state, and ground ice content is crucial for understanding climate impacts on slope stability

and hydrology, as well as for mitigating geohazards. In the Tien Shan and Pamir mountain ranges of Central Asia, despite the

expected widespread occurrence of permafrost (Marchenko et al., 2007), a considerable data gap exists (Barandun et al., 2020;

Hoelzle et al., 2019). This scarcity of data underscores the urgent need for comprehensive in-situ investigations to characterize

permafrost distribution, thermal state, and ground ice content in the Tien Shan and Pamir mountain ranges.35

In-situ methods are crucial for effectively detecting and monitoring changes in the thermal state and ground ice contents

of mountain permafrost, as most permafrost features are not directly detectable with remote sensing techniques. Permafrost

is typically monitored using a combination of methods such as boreholes, geophysical measurements, and ground surface

temperature (GST) loggers (e.g. PERMOS, 2023). Boreholes enable direct measurements of ground temperatures for thermal

analysis, and drill cores can provide information about ground ice contents, thereby yielding accurate data on the subsurface40

characteristics of permafrost (Noetzli et al., 2021). In Central Asia, despite limited current data, early permafrost research

was extensive, with systematic studies in the Northern and Central Tien Shan of Kyrgyzstan and Kazakhstan beginning in the

1950s (e.g. Ermolin et al., 1989; Gorbunov, 1967, 1970), but Duishonakunov (2014) noted that there have been permafrost

observations in this region even earlier. However, much of this research diminished after the 1990s, resulting in significant

gaps in long-term monitoring efforts. Until the 1990s, numerous boreholes were drilled in this region (Marchenko et al., 2007).45

A lower boundary for sporadic permafrost in the Tien Shan was estimated to be at an altitude of 2800 – 3000 m a.s.l (Gorbunov

et al., 1996). Marchenko et al. (2007) found an increase in permafrost temperatures in the Tien Shan within the range of 0.3

°C to 0.6 °C using observations with an average increase of the active layer by about 23 % from the 1970s to 2004. Similarly,

Seversky (2017) detected a slight increasing trend in ground temperatures between 1995 and 2016 (0.01 °C per year from 1974

to 2016) in boreholes in the Northern Tien Shan. While this historical basis provides valuable context, accessing the datasets50
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can be challenging and only one borehole in the Northern Tien Shan is still actively observed today within the GTN-P network

(Seversky, 2017). Furthermore, borehole drilling is expensive, logistically challenging, and can only provide point information.

Geophysical techniques such as Electrical Resistivity Tomography (ERT), Refraction Seismic Tomography (RST), or Ground

Penetrating Radar (GPR) are invaluable for expanding our understanding of permafrost over larger areas. They can, for exam-

ple, be used to delineate the active layer and taliks, as well as assess changes in subsurface properties if measurements are55

repeated regularly (e.g. Hauck and Kneisel, 2008; Hilbich et al., 2009; Monnier and Kinnard, 2013; Mollaret et al., 2019; Halla

et al., 2021; Mollaret et al., 2020; Kneisel et al., 2008; Vonder Mühll et al., 2001; Boaga et al., 2020; Herring et al., 2023). In

Central Asia, geophysical investigations are limited to the Central and Northern Tien Shan (Seversky, 2017). However, spatial

and temporal coverage is relatively sparse. ERT surveys were conducted in the Northern Tien Shan in 2013 and in 2017, where

they found high resistivities typical for (ice-rich) permafrost. Bolch et al. (2019) used GPR measurements to estimate ground60

ice contents of ice-debris complexes in the Central Tien Shan and mapped a total of 74 rock glaciers and ice-debris complexes

using remote sensing. Boreholes have revealed the presence of ground ice in the form of ice lenses in moraines (Marchenko

et al., 2007). Bolch and Marchenko (2009) estimated rock glacier ground ice contents in the Tien Shan based on an empirical

relationship proposed by Brenning (2005). However, quantitative estimates of ground ice contents based on �eld measurements

are, to our knowledge, not yet available for the Tien Shan. Furthermore, most remote sensing research on permafrost in the area65

is focused on rock glaciers and is often lacking in-situ data for validation (Blöthe et al., 2019; Sorg et al., 2015; Kääb et al.,

2021; Bertone and Barboux, 2020).

Data and research on permafrost in general are much more scarce in the Pamir and the Pamir Alay (Barandun et al., 2020).

Here, permafrost occurrence has been described down to an altitude of 3800 m a.s.l. Climate model projections for the extended

Tibetan Plateau, which in most studies includes parts of the Pamir, suggest a reduction of near-surface permafrost of 39% by70

2050 and up to 81% by 2100 (Bolch et al., 2019). Most current studies that focus on permafrost in the Pamir rely on remote

sensing and are not focusing on ground ice contents but rather concentrate on hazards associated with potentially increasing

slope instability as permafrost degrades (Jones et al., 2021b; Mergili et al., 2013; Mergili and Schneider, 2011). To our best

knowledge, no prior geophysical investigations on permafrost have been conducted in the Pamir region to this date.

Yet, understanding permafrost subsurface conditions, such as volumetric contents of ice, water, and rock is crucial for de-75

veloping a comprehensive understanding of permafrost processes and for evaluating associated degradation risks. Permafrost

genesis in mountainous regions is in�uenced by a combination of climatic, geological, and environmental factors (Gilbert

et al., 2016). The formation of ground ice within permafrost can occur through processes such as the freezing of in�ltrating

precipitation, the migration of water to freezing fronts, the burial of glacier ice, and the burial of snow (e.g. Pollard, 1990;

Bockheim and Tarnocai, 1998; Monnier et al., 2011; Kenner et al., 2017; Gilbert et al., 2016). These processes vary across80

different landforms, leading to diverse permafrost characteristics and ground ice contents. However, quantifying ground ice

content within different landforms remains a signi�cant challenge. For example, rock glaciers have been shown in numerous

studies to contain signi�cant amounts of ground ice (e.g. Vonder Mühll and Holub, 1992; Vonder Muhll and Haeberli, 1990;

Krainer et al., 2015; Monnier et al., 2011). However, even for relatively well-studied landforms like rock glaciers, most esti-

mates rely on empirical relationships to estimate ground ice contents (Brenning, 2005), with only a limited number of studies85
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providing quantitative measurements (e.g. Halla et al., 2021; Pavoni et al., 2023; Hilbich et al., 2022; Mollaret et al., 2020).

This lack of direct measurement data and the complexity of permafrost subsurface conditions make it dif�cult to establish a

consensus on typical ice content ranges, particularly for landforms beyond rock glaciers such as talus slopes or moraines. To

our knowledge, no single reference paper comprehensively summarizes expected ground ice contents across various mountain

permafrost landforms.90

However, in recent years, various (geophysical) approaches have been employed to quantify these subsurface constituents,

in particular the ground ice contents. Hauck et al. (2011) introduced the Four Phase Model (4PM), which integrates electrical

resistivity and P-wave velocity measurements to characterize water, ice, air, and rock contents in the subsurface. This model

has been used in various studies, and results have been shown to �t well with ground truth data such as borehole data or �eld

observations (e.g. Halla et al., 2021; Hilbich et al., 2022; Kunz et al., 2022). The 4PM uses Archie's Law (Archie, 1942) to relate95

the bulk resistivity of a material to its porosity and the resistivity of the pore water, which works well in environments where

electrolytic conduction dominates. However, Archie's Law does not directly account for the fractions of air and ice. In the 4PM,

these fractions are indirectly constrained by integrating ERT data with RST data, which provides additional information on the

seismic properties of the subsurface materials. Wagner et al. (2019) further developed a Petrophysical Joint Inversion (PJI)

scheme, that builds on the principles of the 4PM but jointly inverts the electrical and seismic data. The PJI has been applied in100

multiple studies (e.g. Mollaret et al., 2020; de Pasquale et al., 2020; Pavoni et al., 2023; Steiner et al., 2021b; Klahold et al.,

2021). Mollaret et al. (2020) tested different petrophysical models within the PJI, and suggested that the so-called electric

Geometric Mean Model (hereafter referred to as PJI-GM) could offer more realistic results compared to the commonly used

Archie's law, which is currently the main resistivity equation implemented in the PJI. This stems from the recognition that

Archie's law (hereafter referred to as PJI-AR) is generally considered valid when electrical conduction through �uids within105

the pore space dominates over conduction through the solid matrix itself, a condition that is not universally justi�ed. The

Geometric Mean Model assumes that the modeled space is composed of a mixture of the four phases (rock, ice, water, and

air), with each phase being randomly distributed within the subsurface. This approach allows for the inclusion of the fractions

of all four phases, as opposed to Archie's law. However, the PJI-GM model presents challenges as additional unknowns (the

resistivities of ice, air and rock in addition to the pore water resistivity that is needed in Archie's law) are added to the system of110

equations. Furthermore, securing model convergence within the PJI-GM can be challenging, as indicated by substantial errors

in numerous model outputs (Mollaret et al., 2020). Finally, the PJI-GM has not yet been tested extensively for a large dataset

comprising multiple examples of different landforms.

Since 2021, we have been addressing the in-situ data gap on permafrost in Central Asia by conducting extensive geophysical

surveys. These surveys involved ERT and RST measurements at various study sites in the Tien Shan and Pamir mountain115

ranges. In this study, we present these data and assess the suitability of using the PJI-GM model within the PJI framework

to estimate ground ice content distribution across an extensive geophysical dataset comprising 22 pro�les in Central Asia

(Kyrgyzstan and Tajikistan). Our research encompasses diverse landforms, including moraines, rock glaciers, talus slopes and

�ne-grained sediments. Our goals are to (i) address the existing data gap concerning mountain permafrost and ground ice

contents in the Central Asian region and (ii) evaluate the performance of the Geometric Mean Model in comparison to Archie's120
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law across different landforms. The baseline dataset established within this study is essential for developing accurate models

and predictions of future permafrost dynamics and their associated impacts on hydrology and geohazards in the face of climate

change and may assist local populations in adapting to forthcoming changes by informing water resource management and

disaster risk reduction policies.

2 Study sites125

Geophysical measurements were carried out at 10 different sites distributed across the Pamir and Tien Shan mountain ranges

and ranging from 3100 to 4580 m a.s.l. A total of 38 ERT pro�les and 22 RST pro�les were measured on different landforms

which were categorized into rock glaciers (RG), talus slopes (TS), �ne-grained sediments (SED), and moraines (MO). Figure

1 shows the location of each study site with pictures of the different landforms investigated. The climate in the Central Asian

region is mostly semi-arid, with high seasonal variability due to its continental location, and considerable regional variations130

(e.g. Aizen et al., 2009; Haag et al., 2019; Barandun and Pohl, 2023). The sites chosen for the permafrost analyses re�ect

different climatic and geomorphological settings. They are part of a comprehensive cryospheric monitoring network being

established in the region, covering all cryospheric variables (snow, glaciers, permafrost). Meteorological stations were installed

near most of the study sites as part of projects to re-establish the glacier monitoring network from past and ongoing projects

efforts (Hoelzle et al., 2017; Schöne et al., 2013; Zech et al., 2021). Mean annual air temperatures (MAAT) and mean annual135

precipitation were calculated and their inter quartile ranges (IQR) are provided in Table 1, which provides a summary of the

study sites, highlighting variations in climate and other relevant site information. A short introduction of each sub-region (after

Barandun and Pohl (2023) and Zandler et al. (2016)) and corresponding study sites is given in the following sections. Figure

2 shows a zoom into each study site, showing the location of all geophysical pro�les (ERT and RST). Data acquisition details

for each geophysical pro�le are given in Table 2.140

2.1 Northern Tien Shan

The Northern and Northwestern Tien Shan sub-region is characterized by a comparatively moist climate with precipitation

rates of about 700 mma� 1 (e.g. Aizen et al., 2006; Barandun et al., 2018; Guan et al., 2022). Earlier studies have identi�ed a

signi�cant number of large rock glaciers in the region (Blöthe et al., 2019; Bertone et al., 2019). The study sites Golubin and

#599 are located within this sub-region. MAAT at the Golubin site (2014 - 2021, at an altitude of 3305 m a.s.l.) is approximately145

-1.47 °C (see Fig. 1). The pro�les located at the Golubin study site in the Ala Archa catchment (about 30 km from the capital

of Kyrgyzstan, Bishkek) range from 3050 m a.s.l to 3410 m a.s.l and include all four landform categories. Study site #599 is

located to the North of lake Issykul. The ERT pro�le measured at this site is located on a moraine at an altitude of 3780 m a.s.l.

Unfortunately, no meteorological station is available in proximity to this site.
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Figure 1. Study sites are marked with pink circles, with diameters proportional to the number of geophysical pro�les. Each circle is labeled

with its study site name and includes the number of conducted ERT and RST pro�les. Different sub-regions are distinguished by different

colors. The pictures display sampled landforms such as talus slopes, moraines, rock glaciers, and �ne-grained sediments. Sources of the

background maps: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the

GIS User Community

2.2 Central Tien Shan150

Compared to the Northern Tien Shan, the climate in the Central Tien Shan is drier with annual precipitation amounts of

about 350 mma� 1 (Aizen et al., 2006). The study sites Kumtor and Suek are located within this sub-region south of Lake

Issykul. Both study sites are located on a high-mountain plateau (mean of 3600 m a.s.l.) in the Upper Naryn catchment. The

pro�les measured at the Kumtor site are all located on �ne-grained, vegetated sediments, about 5 km from the Kumtor gold

mine. Several boreholes were drilled at this location in the 1980s (Marchenko et al., 2007) but are mostly inactive today. A155

new borehole was drilled in 2022 at the location of pro�le KUM04, revealing frozen conditions, a shallow active layer of
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