
1 

 

Dear Editor, 

this document contains a point by point reply to your comments and suggestions. The editorial 

comments are in black and author’s comments in blue. Line numbers refer to the document where 

changes are visible attached at this point by point reply (behind page 11). 

 

L23ff: This new sentence is now very long and difficult to understand. Split into two and clearly state that 

your result indicates a lower limit of permafrost between 5350 and 5500 m asl. (or 5450 m asl. as you 

started in the response letter?) 

5450 m a.s.l. was a mistake because the lowest occurrence of a protalus rampart defines the lower 

boundary of 5350 m a.s.l. We split and re-structure the sentence as follows:  

L23ff: A multi-method-approach combines (A) geomorphological mapping, (B) electrical resistivity 

tomography (ERT) to identify subsurface ice-occurrence, and (C) Interferometric Synthetic Aperture 

Radar (InSAR) analysis to derive multi-annual creeping rates. The combination of the resulting data 

allows an assessment of the lower occurrence of permafrost in a range of 5350 and 5500 m above sea 

level (a.s.l.) in the Qugaqie basin. 

 

L26: Please write a.s.l. in full the first time mentioned. 

This is now included in the change in the comment above  

 

L29f: “However, seasonality…”. Sounds like you missed this in your study as well. Either omit or move to 
the beginning of the abstract and clearly mention the results about the seasonality of your study. 

We decided to omit the topic of seasonality in the abstract. New data about this special rockglacier 

show that the lack of seasonality is due to a transitional state from a glacial to a periglacial landform. 

This aspect will be subject of another publication. 

 

L31f: Which other mountain areas? Are there regions with higher permafrost occurrence? 

We delete the second part of the sentence due to the length of the sentence and to a lesser 

importance of the comparison in the abstract. 

 

L35: Include here the later mentioned thermal definition with the 2 consecutive years. 

L39:(defined as a thermal state of perennially cryotic ground, at least frozen of two consecutive years 

(Ballantyne, 2018; Washburn, 1979)) 

 

L37: Provide also a reference which focusses specifically on permafrost and not only on rock glaciers. 
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The article of Coline Mollaret is cited in L42: https://doi.org/10.5194/tc-13-2557-2019 

  

L38: “Due to its thermal definition, it is difficult to evaluate permafrost conditions without ice-

occurrence.” This sentence is unclear. Can’t you measure temperatures to evaluate permafrost 
occurrence? Please revise. 

Yes, with borehole temperature loggers it is possible to measure permafrost conditions. But the 

drilling in remote environments is rather difficult and often impossible. Since the discussion of this 

challenge is not appropriate at this point in the introduction we decided to skip the sentence.  

L40: I disagree that “Periglacial landforms of high mountain environments well suited to detect and to 
study changes of permafrost temperature.” They might be suited to detect permafrost conditions and 
changes but not of the temperature. “A periglacial landform is a feature resulting from the action of 
intense frost, often combined (rem.: but not necessarily) with the presence of permafrost.” (French 
2012). Moreover: State here or where it fits what landforms you are investigating.  

Here, we skip “temperature” (It was orginally included to state permafrost out again as a thermal 

phenomena) and separate the sentences by including the definition by French 2012 and the 

investigated landforms of this study:  

L45: Periglacial landforms, like rockglaciers and protalus ramparts in this study, are features “resulting 
from the action of intense frost, often combined with the presence of permafrost” (French, 2012). If 

permafrost as perennial frozen ground ice is available, periglacial landforms are particularly well 

suited to detect and to study changes of permafrost and the related ice content (Kneisel and Kääb, 

2007, Kääb, 2013, Knight et al., 2019). 

 

Here or elsewhere in the introduction/discussion I recommend also to consider also other holistic studies 

combining filed investigations and remote sensing to investigate rock glaciers, their ice content and 

climatic response (e.g. Monnier et al. 2014, Dusik et al. 2015, Bosson and Lambiel, 2016; Bolch et al., 

2019)  

L93: The combination of field investigations and remote sensing techniques is a useful tool to detect 

permafrost occurrence (Bolch et al., 2019; Dusik et al., 2015; Monnier et al., 2014) 

 

L43: Refrain from citing submitted papers (I thought Chris Halla’s manuscript will be accepted until the 

end of the review). There are several studies addressing the importance of rock glaciers in arid South 

America (e.g. Rangecroft et al. 2016, Azocar and Brenning 2010). I suggest also to include references for 

HMA. 

L51: of long-term ground ice as water resource (Jones et al., 2019) in arid/semiarid regions like the 

Andes (Azócar and Brenning, 2010; Rangecroft et al., 2016) or the Tian Shan (Bolch and Gorbunov, 

2014; Bolch and Marchenko, 2006). 

https://doi.org/10.5194/tc-13-2557-2019
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L45: Please update with Immerzeel et al. (2020). 

L55: New citation http://dx.doi.org/10.1038/s41586-019-1822-y 

 

L48: Please use “atmospheric warming”. Is there any more recent reference in addition?  

L58: climate is replaced by atmospheric. Citation of 10.1038/s41598-017-04140-7 was inserted (Lu et 

al., 2017) 

 

L56: Chen et al. (2016) investigate an area on the central-west TP. It is a nice study but not really suited 

to back up this statement. I suggest cite a review paper instead, which provides an overview of available 

measurements. 

L67: Chen et al 2016 is replaced by the review of Yang et al. (2010) 

 

L69: The study area is certainly remote, but, e.g. the railway line is – considering the vast area of Tibet 

relatively close. 

L80: We replaced “away from the Tibetan engineering corridors” by “unbiased by the location of the 
Tibetan corridors” in order to remove the aspect of spatial distance.  

 

L71: “MAGST”. It is not clear to me. You do not need boreholes to measure the MAGST. 

L82: We replace MAGST by “ground truthed temperature data for geophysical data validation”  

 

L72: Write consistently “InSAR” 

L85: It is replaced and checked for the entire document. 

 

L83: Here ore elsewhere: Please consider the study by Heaberli et al. (2006), which provides a 

comprehensive review and includes many co-authors. 

In Line 127. 

 

L84f. There is now little more literature presenting rock glaciers on the TP (e.g. Ran et al. 2018). Please 

be also clear what you mean with periglacial landforms/indicators. 

L99ff: Ran et al 2018 is added and the following sentence is rewritten: However, these periglacial 

landforms as indicator for permafrost occurrence are essential for creating large-scale permafrost 

distribution maps (e.g. Schmid et al., 2015). 

http://dx.doi.org/10.1038/s41586-019-1822-y
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L89f: State which periglacial landforms you are investigating; rock glaciers contain ice per definition 

unless they are relict. Adjust/revise this research question. 

L104ff: Research questions were adjusted:  

 Do the investigated periglacial landforms like rockglaciers and protalus ramparts show an active status?  

 Which creeping rates do the periglacial landforms indicate?  

 

L98: As stated in my access review you are investigating (and also showing in Fig. 1) Western 

Nyaingentanglha. Please correct. 

“Western” was added in L 115, 122, 123, 126, 129, 149, 364, 617 

 

L110: Add at least one further reference about glacier changes (especially mass changes), e.g. Zhang and 

Zhang (2017). 

In L 126 we added: Zhang and Zhang (2017) observe a melting rate −0.30 ± 0.07 m yr-1
 over the entire 

western Nyainqêntaglha range from 2000 to 2014. 

 

Figure 1: I suggest to include a hillshade in Fig. 1B and C. Not clear why there are not data. Please 

mention in the main text. The sentence “Note the proposed permafrost coverage of more than 90 % in 
the study area, marked by the black edging.” is unclear. 

The background of Map B was hillshaded.  By hillshading of Map C a kind of overload occuredshould 

be clear as possible because otherwise it would be overloaded. The figure caption was adapted by 

including: (Hillshade and DEM background based on SRTM DEM v4; Jarvis et al., 2008).    

The sentence “Note…” was deleted. Instead in the main text L157 we added: “...and covers more than 

90% of the study area. The visible data gaps were not further discussed by (Zou et al., 2017)” 

“Not clear why there are not data.”  

We agree that this is a bit unsatisfactory. We tried to find a reason for the data gaps in the original 

data, without success. Since the gaps are not critical for the conclusions of our paper, we hope they 

are acceptable.  

 

Figure 2: The arrows are not clear. Why are there no arrows from the method to the aim? 

The figure was adapted: 
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L191: Basically fine as you do not focus on glaciers, but why did you not use the glims outlines as basis? 

The Glims outlines are from 2009. In this publication the most recent outlines are presented (2013). 

 

L192f: Please be more specific and mention here how you identified rock glaciers instead of referring 

only to literature.  

L214: Barsch (1996): If the form shows a tongue- or a lobate shape in the field and at the optical 

images, we classified the landform as a rockglacier. Additionally, field observations like coarse clasts 

at the surface and at the front indicate typical rockglacier substrate. Protalus rampart are classified by 

a coarse debris accumulation in front of a rock wall. A small depression occurs between the non-

lobate buldge and the weathering rockwall. 

Cite the IPA action group report properly already here. 

L219: (Delaloye et al., 2018; Delaloye and Echelard, 2020) 

 

L280ff: In contrast, here you describe much detail. Is this section basically a description of the work by 

Reinosch et al. (2020)? If yes, please shorten keep only the most important information and refer to the 

paper for more details. 

L304 was deleted.  

L307/308 were moved to L328 

L308-315 were moved to L338 behind Table 1 

L315-322 were deleted. 

L330-335 were deleted 
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Figures 6/7/9: The colour chosen are a bit misleading: Dark green give the impression about vegetation. 

Please choose other colours. E.g. dark brown can also be well distinguished. From the other colours. 

Moreover the different greenish colours are a bit difficult to distinguish in Fog. 9. 

Colours are changed. 

 

L351: I am not fully sure if you do: Please make sure to relate these geomorphological evidences with the 

remote-sensing derived measurements. Maybe you can even refer in this section to the measurements. 

L386: Extended Sentence: “These field observations in combination with the observed creeping rates 

(Figure 9, B) allow the conclusion of an active status of the rockglaciers” 

 

Caption/Table 4: You do not need to repeat methods in the figure caption but make sure that the info is 

given in the methods section.  

L 351ff contains the info of the caption.  

L464: A mistake was detected and changed: the figure 9A is based on Sentinel II satellite, not on 

Landsat 8. 

But even more important: It is not clear where the standard deviation is shown, e.g 13 +- 60? That is a 

huge spread then. How is the distribution? Normal or skewed? 

It is skewed distribution, therefore we now give the median and the interquartile range as 

uncertainty. According to this, all values in the document were adapted and the median is shown. The 

new table and caption:  

Table 1: Summary of InSAR- derived creeping rates for the periglacial landforms. The values represent the median of all 

data points over the entire observation period (2015-2018) on the respective landform. Uncertainty is given by the 

interquartile range in round brackets. The percentage of interpolated time periods describes how many interferograms 

are incoherent and therefore require interpolation with the ISBAS algorithm. 

Landform Creeping 

rate 

[mm/yr] 

Summer 

acceleration 

[%] 

Creeping rate 

precision 

[mm/yr] 

Coherence Interpolated 

time period 

[%] 

Data 

points 

Protalus 

ramparts 

11.0 (6.8 to 

16.7) 

-2 (-36 to 36) 5.2 (3.9 to 7.8) 0.74 (0.70 

to 0.80) 

2.5 (0.7 to 

6.2) 
7984 

Rockglaciers 21.1 (11.6 

to 36.8) 

-23 (-46 to 3) 5.1 (4.2 to 8.1) 0.66 (0.59 

to 0.73) 

7.9 (3.8 to 

13.0) 
5402 

 

 

L432: Add uncertainty. 
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The uncertainty is given in the new Table 4 and the values of L469/470 were changed to the median 

and extended by the interquartile range in (). 

L568, L607, L608: Mean was changed to median. 

 

Fi. 10: Include a legend for 10A. In this way the figure is understandable right away and you do not write 

long explanations in the caption. 

A legend is included and L 481 and 484are deleted. 

 

The time series points are a bit hard to identify especially in Fig. 10C. I suggest to highlight with an arrow 

in addition. 

Arrows were inserted. 

 

Section 4.4.: This section is a bit short. Put more emphasis on it and provide more information. 

L490ff were extended: 

The assessment of the lower permafrost limit consists of an integration of different results. The field 

based mapping of periglacial landforms indicates the first precondition to find permafrost conditions.   

Field observations like furrows, ridges, coarse substrate and lichen coverage on the rockglaciers 

surface corroborate the mapped landforms classification and indicate activity of the landform. By 

Integrating the ERT-results of detected subsurface ice occurrence, a further component of the 

permafrost condition (subsurface below 0 degree) is validated. Completing the permafrost definition 

(of two or more consecutive years) the derived creeping rates by InSAR show a constant motion of 

more than two years which is attributed to the deformation of the debris ice matrix of the periglacial 

landforms. So,...  

 

L461ff: Harris and Pederson (1998) are not correctly referred to. They e.g. write “Thermal response to a 
change in air temperature (positive or negative) is immediate and substantial, so it is not merely the 

result of the Balch effect.” Please differentiate better the different processes involved and adjust your 

text. Please consider to add more literature, e.g. from on rock glaciers in the Alps with detailed 

measurements. I also recommend to include Gorbunov et al. (2004). 

We changed L503ff: 

These landforms are characterized by blocky material and a special thermal regime that lowers the 

internal temperature in comparison to the thermal regime outside of the blocky, rough surface 

(Gorbunov et al., 2004). This cooling effect of high-porosity unconsolidated debris is especially 

observed in lower mountain regions by near-surface ground temperature measurements on 

rockglaciers (Onaca et al., 2020) and suggests a lowering of discontinuous and sporadic permafrost 
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occurrence (Lambiel and Pieracci, 2008; Otto et al., 2012). By using the ERT-method we found ice-

poor permafrost in ice-lenses in mineral soils next to the rockglacier that corroborates the idea of 

permafrost conditions outside of blocky material at an elevation of 5450 m a.s.l. The extreme cold 

mean annual air temperature of -6.8°C at 5680 m a.s.l (Zhang et al., 2013) should minimize the effect 

of different regolith properties that favors permafrost conditions.  

 

 

L462: “Alps” is no longer in the manuscript, because of the rewritten section L503ff. 

 

L494 “Remote sensing” is changed. 

 

L504ff: Moisture availability is key for the variations in creep and I agree therefore with your 

argumentation in L 513. Please consider more recent literature where the importance of water for the 

velocity variations are investigated more in detail (e.g. Wirz et al. 2016; Kenner et al. 2017; Cicoira et al. 

2019). 

L556: Cicoira et al. 2019 was added 

L559: The lack of seasonality and the lower creeping rates compared to rockglaciers in the alps 

(Cicoira et al., 2019; Kenner et al., 2017; Wirz et al., 2016)… 

L520: These references do not fully fit. Please consider at least two with really address the hydrological 

importance and their response to climate  

L572: References were added and the text slightly modified:  

…indicators of stored water resources (Azócar and Brenning, 2010; Jones et al., 2018b, 2018a) and 

their response to climate (Cicoira et al., 2019; Humlum, 1998). 

L574: Reference was added (Delaloye et al., 2018) 

L577: Reference was added (Delaloye and Echelard, 2020) 

 

One remark to the author contributions and authors: According to the Copernicus policy (and also to 

international standard) “All authors listed on a presented scientific work must have contributed a 
significant part to it. Vice versa, all persons who contributed to the presented work need to be named in 

the list of authors.” You list 5 persons responsible for funding acquisition but only one of them seemed 
to have really significantly contributed to the work according to the author contribution statement. 

Please be more specific about the authors’ roles and consider revisiting the authors’ list. 

The section of team list and Author contributions was adapted: 
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L623ff: MG and BR participated in the interpretation of the remote sensing data. FZ provided 

substantial logistical support and contributed to the discussions on the data interpretation. AS, FZ and 

RM actively participated in the data interpretation and worked out the scientific concept underlying 

the research proposal leading to this work. AH participated in fieldwork, helped with the ERT data 

processing and revised the manuscript carefully several times. 

L664 is changed: We thank the editor Tobias Bolch and two anonymous reviewers for their 

comprehensive work on comments and suggestions to improve the manuscript. 
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Abstract. Permafrost as a climate-sensitive parameter, its occurrence and distribution plays an important role in the 

observation of global warming. However, field-based permafrost distribution data and information on the subsurface ice 

content in the large area of the southern mountainous Tibetan Plateau (TP) is very sparse. Existing models based on 

boreholes and remote sensing approaches suggest permafrost probabilities for most of the Tibetan mountain ranges. Field 20 

data to validate permafrost models are generally lacking because access of the mountain regions in extreme altitudes is 

limited. The study provides geomorphological and geophysical field data from a north-orientated high-altitude catchment in 

the western Nyainqêntanglha Range. A multi-method-approach combines (A) geomorphological mapping, (B) electrical 

resistivity tomography (ERT) to identify subsurface ice-occurrence, and (C) Interferometric Synthetic Aperture Radar 

(InSAR) analysis to derive multi-annual creeping rates. The combination of the resulting data allows an assessment of the 25 

lower occurrence of permafrost in a range of 5350 and 5500 m above sea level (a.s.l.) in the Qugaqie basin. Our multi-

method-approach combines (A) geomorphological mapping, (B) subsurface ice-occurrence derived from electrical resistivity 

tomography (ERT) data, and (C) multi-annual creeping rates from Interferometric Synthetic Aperture Radar (InSAR) 

analysis to assess the lower occurrence of permafrost in a range of 5350 and 5500 m a.s.l. in the Qugaqie basin. Periglacial 

landforms such as rockglaciers and protalus ramparts are located in the periglacial zone from 5300 – 5600 a.s.l. The 30 

altitudinal periglacial landform distribution is supported by ERT data detecting ice-rich permafrost in a rockglacier at 5500 

m a.s.l. and ice lenses around the rockglacier (5450 m a.s.l.). The highest, multiannual creeping rates up to 150 mm/y are 

observed typically on these rockglaciers. However, seasonality of rockglacier creeping rates like in other high mountain 

areas is missing. This study closes the gap of unknown state of periglacial features and potential permafrost occurrence in a 
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high-elevated basin at the western Nyainqêntanglha Range (Tibetan Plateau). and suppose -compared to other high mountain 35 

regions- a higher-elevated permafrost occurrence. 

Copyright statement (will be included by Copernicus) 

1 Introduction 

Information on permafrost  (defined as a thermal state of perennially cryotic ground, at least frozen of two consecutive years 

(Ballantyne, 2018; Washburn, 1979))  (defined by perennially cryotic ground, Ballantyne 2018)  distribution is of great 40 

importance in times of global warming, especially in high mountain areas (Hock et al., 2019), because these areas are 

climatically sensitive (Barsch, 1996; Mollaret et al., 2019). The International Panel on Climate Change (IPCC) reported for 

2019 the strongest observed increase of permafrost temperature (globally averaged across polar and high-mountain regions) 

since 2007 (Hock et al., 2019). Due to its thermal definition, it is difficult to evaluate permafrost conditions without ice-

occurrence. Periglacial landforms, like rockglaciers and protalus ramparts in this study, are features “resulting from the 45 

action of intense frost, often combined with the presence of permafrost” (French, 2012). If permafrost as perennial frozen 

ground ice is available, periglacial landforms are particularly well suited to detect and to study changes of permafrost and the 

related ice content Periglacial landforms of high mountain environments are particularly well suited to detect and to study 

changes of permafrost temperature and the related ice content (Kneisel and Kääb, 2007, Kääb, 2013, Knight et al., 2019). 

These changes have an increasing impact on people and their livelihood (Gruber et al., 2017), e.g., due to the importance of 50 

long-term ground ice as water resource (Jones et al., 2019) in arid/semiarid regions like the Andes (Azócar and Brenning, 

2010; Rangecroft et al., 2016) or the Tian Shan (Bolch and Gorbunov, 2014; Bolch and Marchenko, 2006) (Halla et al., 

submitted). The frozen water storages have a strong impact on water budgets by permafrost degradation and glacier melt 

(Bibi et al., 2018; Song et al., 2020), especially at the so-called Asian water tower, which provides water for more than 1.4 

billion people (Immerzeel et al., 2020) (Immerzeel et al., 2010).  The occurrence of natural hazards increases due to thawing 55 

permafrost (Zhang and Wu, 2012, Yu et al., 2016), for example by destabilizing mountain slopes and rock walls (Deline et 

al., 2015). The scientific and social importance leads to a stronger focus on permafrost areas, especially on the Tibetan 

Plateau (TP) where permafrost conditions react fast to climate atmospheric warming (Cheng and Wu, 2007; Lu et al., 2017).  

Permafrost research in engineering has a 60-year-long tradition on the TP (Chen et al., 2016; Yang et al., 2010). The 

continuous use and life span of infrastructure depends on stable surface conditions which are strongly deteriorated by 60 

permafrost degradation. The engineering corridors for infrastructure projects like the Qinghai-Tibetan Highway/Railway and 

pipelines (Yang et al., 2010; Yu et al., 2016) were accompanied by monitoring permafrost sites based on borehole 

temperature (Hu et al., 2020; Li et al., 2009a), ground temperature data (Cheng and Wu, 2007; Ma et al., 2006) and 

geophysics: Small scaled ground ice distribution was investigated by ground penetration radar (Wang et al., 2020; Wu et al., 

2005; You et al., 2017) and by electrical resistivity tomography (ERT) (You et al., 2013, 2017) close to the important 65 
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Highways/Railways. Compared to the central and eastern parts of the TP permafrost surveys in the western and southern TP 

are very scarce (Yang et al., 2010). (Chen et al., 2016). Additional permafrost studies outside the engineering corridors are 

limited to modelling results and large scale permafrost distribution maps (Ran et al., 2012, Cao et al., 2019, Obu et al., 

2019). Implications of a temperature warming followed by permafrost degradation for the entire TP are hard to deduce due 

to inadequate distribution and small number of stations recording air temperature (Yang et al., 2010). Therefore, modelling 70 

approaches are gaining increasing importance in order to estimate the consequences of the current temperature rise on the 

TP. This warming temperature trend is reconstructed by δ 18 O records in four spatially well-distributed ice cores back to the 

beginning of the last century (Yao et al., 2006). Sun et al. (2020) confirm the relationship between the temperature increase 

and permafrost degradation on the TP by a slow adaption until the year 2100 based on a numerical heat conduction 

permafrost model. New statistical and machine learning approaches suggest that the permafrost extent on the entire TP is 75 

45.9% (2003-2010) and they predict future permafrost degradation of 25.9% by the 2040s and 43.9% by the 2090s (Wang et 

al., 2019). Cheng and Wu (2007) also conclude that more than “half of the permafrost may become relict and/or even 

disappear by 2100”.  

This study aims to supplement the previously summarized studies with an assessment of probable occurrence of permafrost 

in remote high mountain regions unbiased by the location of the Tibetan corridorsaway from the Tibetan engineering 80 

corridors and to provide a ground truthing for existing permafrost studies and maps on the TP. The use of the term 

”probable” is motivated by the fact that we do not have ground truthed temperature data for geophysical data 

validationborehole-data (Mean annual ground surface temperature). Furthermore, no small-scaled modelled permafrost 

distribution is available, and therefore we assess its occurrence indirectly. The spatial heterogeneity of our data (mapping, 

InSar InSAR and ERT) and of topographic variations in permafrost occurrence also prevents us from providing precise 85 

elevational limits, thus we provide an assessment of probable occurrence of permafrost in a range according to the findings 

of the three methods.   

Our study area (Figure 1, B and C) is located at the interface between continuous permafrost and seasonally frozen ground 

according to large-scale modelling results of PF-conditions on the TP (Sun et al., 2020). The location makes it a suitable 

environment to validate such large-scale models and to precisely define the interface with ground-truthed data. The 90 

validation is important, because the final conclusion would be that some higher region on the TP is not completely 

underlying permafrost conditions, unlike expected and modelled at other places at the TP (Cao et al., 2019; Ran et al., 2012) 

The identification of periglacial landforms, subsurface ice and surface creeping rates on these landforms leads to an 

assessment of the probable occurrence of permafrost. The combination of field investigations and remote sensing techniques 

is a useful tool to detect permafrost occurrence (Bolch et al., 2019; Dusik et al., 2015; Monnier et al., 2014). Periglacial 95 

landforms such as active (creeping) rockglaciers and protalus ramparts can contain ice (Barsch, 1996; Schrott, 1996, 

Scapozza, 2015) and are considered indicators of permafrost occurrence (Frauenfelder et al., 1998; Haeberli et al., 2006; 
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Kneisel and Kääb, 2007; López-Martínez et al., 2012)., Especially on the TP only sparse literature is found that describes 

periglacial landforms in detail in combination with permafrost occurrence (Fort and van Vliet-Lanoe, 2007; Ran and Liu, 

2018; Wang and French, 1995)(Fort and van Vliet-Lanoe, 2007 and Wang and French, 1995). However, these periglacial 100 

landforms as indicators for permafrost occurrence are essential for creating large-scale permafrost distribution maps (e.g. 

Schmid et al., 2015).  

We present a multi-method approach to provide a reliable prediction of subsurface ice and permafrost occurrence to answer 

the following research questions:  

 How are periglacial landforms distributed?  105 

 Do Do the investigated periglacial landforms like rockglaciers and protalus ramparts show an active statuscontain 

ice?  

 Are they active and whatWhich creeping rates do the periglacial landforms indicatecan we observe?  

We created (A) an inventory of periglacial landforms indicating potential subsurface ice-occurrence, we (B) acquired 

Electrical Resistivity Tomography (ERT) data to validate the ice occurrence of selected landforms, and we (C) then used 110 

multi-annual surface creeping rates from InSAR time series analysis to corroborate the hypothesis of long-term ice 

occurrence due to permafrost conditions above a special elevation. As a result, the study provides probable occurrence of 

permafrost by combining these three methods for a catchment in an high-altitude mountain range of the TP 

2 Study area 

The Western Nyainqêntanglha Range (Figure 1) was formed during the Himalayan-Tibetan orogenesis as part of the central 115 

Lhasa block (Kapp et al., 2005; Keil et al., 2010). From Tertiary to Quaternary, the Nyainqêntanglha area was controlled and 

compressed by a fracture belt which folded and rose violently, forming the Nyainqêntanglha Mountains, with the highest 

peak of 7162 m a.s.l. (Kidd et al., 1988; Keil et al., 2010). Our study area, the Qugaqie catchment is characterized by 

Cretaceous red beds and sandstone in the northern part and by early tertiary granodiorites in the center. The bedrock of the 

southern part consists of biotite adamellites and glaciers in the highest zone (Kapp et al., 2005; Yu et al., 2019). The 120 

atmospheric circulation pattern and the topographic characteristics are responsible for a similar glacier distribution pattern in 

all North-oriented catchments of the Western Nyainqêntanglha range, including the Qugaqie Basin (Kang et al., 2009; Bolch 

et al., 2010). On the Lee side of the main Western Nyainqêntanglha crest and therefore in the Lee site of the moisture of the 

Indian Summer Monsoon (ISM) the glaciers are smaller in area and length (Bolch et al., 2010) (Figure 1, B). Bolch et al. 

(2010) also investigated the glacier shrinkage based on satellite data. They observed a glacier retreat of about −9.9±3.1% 125 

between 1976 and 2009. (Zhang and Zhang, (2017) observe a melting rate −0.30 ± 0.07 m yr-1 over the entire western 

Nyainqêntaglha range from 2000 to 2014. The Zhadang glacier located in the Qugaqie head lost an area of almost 0.4 km² in 
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the same time span and covered an area of 2.36 km² in 2009. The corresponding retreat rate is 14 %, slightly larger than the 

regional average, which could indicate a slightly faster deglaciation of the smaller, north-orientated glaciers in the Western 

Nyainqêntanglha range. 130 

The Qugaquie catchment is a sub-catchment of the Nam Co catchment, which is influenced by a strong climate seasonality 

driven by different wind systems throughout the year (Yao et al., 2013): Westerlies dominate in the winter months and 

provide cold, dry continental air from east to northeast (Figure 1, A, blue arrows), with temperature minima below -20 °C. 

The dry season ends with the onset of the ISM (Figure 1, A, red arrows), which provides moisture from May to September 

(Mügler et al., 2010). 80% of the annual precipitation (295–550 mm/y) occurs during the monsoon dominated summer 135 

months (Wei et al., 2012). The influence of the East Asian Monsoon on our study area is minor but it is an important source 

of moisture for the eastern TP (Figure 1, A, black arrows). Consequently, the study area of the Qugaqie Basin, situated in the 

Western Nyainqêntaglha Range (Figure 1, B), is characterized by semiarid climate and a large amount of solar radiation due 

to the high elevation and reduced cloud cover (Li et al., 2009). With an area of almost 60 km² the basin drains into the 

dimictic lake Nam Co (Figure 1, B) and the relief extends from 4722 m a.s.l. to an elevation up to 6119 m a.s.l.  140 
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Figure 1: A: Location of the study area within the Tibetan plateau (TP) (Background on SRTM DEM v4; Jarvis et al., 2008). 

Different wind systems influencing climate of the TP are shown by blue (Westerlies), red (Indian Summer Monsoon) and black 

(East Asian Monsoon) arrows based on Yao et al. (2012). B: Overview map of the Nam Co catchment with the altitude colors and 145 
the study area of the Qugaqie catchment (thick black lines). Note the greater glacier extents on the south-oriented mountain range. 

Bathymetric data originated from (Wang et al., 2009) (Hillshade and DEM background based on SRTM DEM v4; Jarvis et al., 

2008). Glacier extents originated from the GLIMS database (Cogley et al., 2015; Guo et al., 2015; Liu and Guo, 2014). C: 

Permafrost distribution in the Western Nyainqêntanglha range based on Zou et al. (2017). Note the proposed permafrost coverage 

of more than 90 % in the study area, marked by the black edging.   150 

Detailed information about permafrost occurrence and distribution in the study area is very scarce. Tian et al. (2006) 

determined a lower limit of permafrost based on soil probes at an elevation of around 5400 m a.s.l. along the northern slopes 

of Mt. Nyainqêntanglha peak (Figure 1, B). This is generally higher than in other regions (>4500 m a.s.l.) of the TP  (Ran et 

al., 2012). Schütt et al. (2010) sampled lacustrine sediments from a permafrost lens in an outcrop at the Gangyasang Qu’s 

entry into the North-western end of Lake Nam Co at 4722 m a.s.l. Zou et al. (2017) distinguish between seasonally frozen 155 

ground and permafrost on their distribution map over the TP (Figure 1, C). According to their map permafrost is existent at 

elevation higher than 5000 m a.s.l. and covers more 90% of the than study area. The visible data gaps were not further 
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discussed by (Zou et al., (2017)in the Qugaqie basin. A coarse overview including a distinction between glacial and 

periglacial processual states around the lake Nam Co is given by Keil et al. (2010). A two-year temperature-dataset on the 

Zhadang glacier, recorded at 5680 m a.s.l. by an automatic weather station (2009-2011) in 2 m height, shows a mean annual 160 

air temperature (MAAT) of -6.8°C (Zhang et al., 2013) and suggests permafrost conditions for the surrounding periglacial 

landscape. 

3 Data and Methods 

We have used three different methods (A-C) to gain insights into permafrost-indicating periglacial landforms and to assess 

the lower occurrence of probable permafrost in the Qugaqie catchment. The following methods (Figure 2) indicate 165 

information about permafrost conditions: 

(A) Geomorphological Mapping: A map visualizes the distribution and characteristics of periglacial landforms and 

geomorphometric features.  

(B) Geophysical methods: Electrical resistivity tomography (ERT) identifies ice content and reveals the subsurface structure 

of periglacial landforms.  170 

(C) Microwave remote sensing: Interferometric Synthetic Aperture Radar (InSAR) time-series analysis of ESA’s Sentinel-1 

satellite data detects perennial, constant creeping rates of active periglacial landforms. 

 

 

Figure 2: Schematic workflow of applied methods to assess lower occurrence of probable permafrost. 175 

(A) A geomorphological map visualizes the distribution and characteristics of landforms and geomorphometric features with 

the focus on periglacial landforms on a catchment-wide/regional scale. Periglacial landforms like rockglaciers (Barsch, 

1996) and protalus ramparts (Scapozza, 2015) can potentially preserve ice over a long period of time (Ballantyne, 2018) and 

their activity and perennial creeping is an indicator for permafrost occurrence (Delaloye et al., 2010; Eckerstorfer et al., 
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2018; Esper Angillieri, 2017). This circumstance is validated (B) by ERT to detect subsurface ice on a local scale. (C) 180 

InSAR time series analysis detects perennial creeping which is typical of active periglacial landforms. The permafrost 

occurrence is indicated by activity of landforms and the corresponding surface structures like bulges, furrows, ridges or lobes 

We make use of the fact that the deformation of debris supersaturated with ice causes surface displacement by downwards 

permafrost creep (Barsch, 1996; Delaloye et al., 2010). Therefore, we concretize surface displacement (rates) as permafrost 

creep (creeping rates) in this study. Although the continuous movement of periglacial landforms and the presence of ice can 185 

be implied from InSAR data alone, ground truth at selected locations by ERT is essential to exclude other possible 

interpretations.  

We assess the lower occurrence of probable permafrost by the mean altitudinal distribution of periglacial landforms, by the 

subsurface ice occurrence which has been validated with geophysics, and by the active status which is indicated by perennial 

surface creeping rates (Figure 3). An occurrence of sporadic Permafrost is not excluded in lower elevation, but cannot be 190 

validated by the used methods and due to scale issues. 

 

Figure 3: Schematic, hypsometric distribution of mapped landforms. Red features show active, multiannual creeping structures 

(furrows, lobes, bulges, ridges) of periglacial landforms indicating the lower occurrence of probable permafrost. Modified from 

Barsch (1996) after Höllermann (1983). 195 
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3.1 Inventory of cryospheric mesoscale landforms 

The mapping procedure consists of the elementary mapping steps, described by Knight et al. (2011) and Otto and Smith 

(2013). Pre-Mapping includes analyses of digital elevation models (DEM) and mapping of landforms on optical images in a 

scale of 1:10 000 (named here as Mesoscale following to Höllermann (1983)). The DEM used in this study originates from 

TanDEM-X data (2015) with a resolution of 12 m (©DLR). The optical images are based on Digital globe, BING maps 200 

(2013) and Google Earth data (2007-2012). Geomorphological symbols were used after Kneisel et al. (1998) for field 

mapping and after Otto (2008) for the digitized visualization in ArcGIS. During the field campaign, the main focus was on 

the mapping of periglacial landforms in the scale of Mesoscale (Höllermann, 1983). These landforms are components of the 

periglacial zone which is defined by seasonally-frozen and perennially-frozen ground (French, 2017). A differentiation 

between seasonally-frozen and perennially-frozen movement behavior is given by the InSAR data and a derived model by 205 

Reinosch et al. (2020). This data was used for the preparation of the cryospheric landform identification. Next to optical and 

InSAR data, the periglacial landforms were identified in the field by an inspection of the form, the substrate, the catchment 

and the potential process which formed the landform. The results section describes the inventory statistically and includes 

morphological field observations which could not be included in the map due to scale issues. For example, small-scaled 

death ice holes were not included in the mesoscale geomorphological map. During post-mapping we integrated the field-210 

mapped information into ArcGIS. Additional features like a stream network, lakes, ridges, glacier extents and moraines were 

delineated with the help of the mentioned DEM, a hillshade map (azimuth 315°, altitude 45°) and the mentioned optical 

images. Glacier extents were digitized based on optical images of the year 2013 (BING maps). Rockglaciers were identified 

following the comprehensive description by Barsch (1996): If the form shows a tongue- or a lobate shape in the field and at 

the optical images, we classified the landform as a rockglacier. Additionally, field observations like coarse clasts at the 215 

surface and at the front indicate typical rockglacier substrate. Protalus rampart are classified by a coarse debris accumulation 

in front of a rock wall. A small depression occurs between the non-lobate buldge and the weathering rockwall.. We followed 

the geomorphological mapping approach based on the baseline concepts (V 4.0) of the IPA Action Group “Rock glacier 

inventories and kinematics” (Delaloye et al., 2018; Delaloye and Echelard, 2020) and mapped the extended 

geomorphological footprint of the rockglaciers. Additional mapping criteria of rockglaciers in the field were visible creeping 220 

structures on the surface (ridges, furrows, and lobes as those shown in Figure 4, A).  
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Figure 4: (A) Panorama view on a rockglacier (No. 1) with marked creeping structures (lobe in black, ridges in yellow, and 

furrows in dashed red) in the Qugaqie Basin in hanging valley 3. (B) Example of a protalus rampart in hanging valley 3 of the 

Qugaqie Basin. A bulge (in black) formed through creeping of rockfall deposits. The length of the bulge is approximately 500 m. 225 
The location of the photos can be found in Figure 6 B. (photos: J. Buckel)  

Protalus ramparts (Figure 4, B) were mapped as periglacial features or permafrost-related landforms as suggested by 

Scapozza (2015). A straight headwall for the sediment source is required, as the sediment originated by rockfalls and is 

accumulated at the foot of the rockwall. Infiltrating moisture originating from precipitation and snow melt freezes the 

sediment deposit and creates a bulge parallel to the rockwall. These ice-permeated rockfall deposits creep downwards. 230 

Scapozza (2015) also noted the challenge to differentiate protalus ramparts from initial talus rockglaciers in the sense of 

Barsch (1996). Protalus ramparts mapped in the present study show no ridges, furrows, or lobes at the surface, but the 

mapped rockglaciers do. It is pertinent to point out that our mapping procedure both in the field and during post-mapping 

consistently differentiates between rockglaciers and protalus ramparts based on the above-mentioned criteria. An incorrect 

determination as pronival ramparts can be minimised by the absence of longer existing snow fields due to arid climate 235 

conditions during the winter and the strong solar radiation and less cloud cover due to the extreme altitude (compare 

Hedding, 2016). 
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3.2 Ice detection by ERT 

Electrical resistivity tomography (ERT) is a widely-used method in geomorphology (Schrott and Sass, 2008). The 

application works especially well for subsurface ice detection due to strong differences between frozen (high resistivity 240 

values) and unfrozen ground (low resistivity values) (Hauck and Vonder Mühll, 2003; Hauck and Kneisel, 2008). Since the 

end of the 1990ies the method has been established for permafrost detection in solid rock (Krautblatter et al., 2010; 

Hartmeyer et al., 2012) and in debris-ice mixtures, like rockglaciers (Von der Mühll et al., 2002; Kneisel et al., 2008; Rosset 

et al., 2013; Emmert and Kneisel, 2017, Mewes et al., 2017). 

For the usual four-point measurement of the ground electrical resistivity, two electrodes feed current into the ground, which 245 

establishes an electric field in the subsurface. Another pair of electrodes is used to measure the voltage drop between two 

other locations on the surface. In order to obtain information on the two-dimensional distribution of electrical resistivity in 

the subsurface, a linear arrangement of the four electrodes is used to measure at different positions along the profile and with 

varying distances between the electrodes (Wenner array). The apparent resistivity (in m) of each measurement can be 

calculated from the injected current, the applied voltage, and a factor, which takes the geometry of the arrangement into 250 

account. Subsequently, inverse modelling techniques are used to reconstruct the resistivity structure of the subsurface from 

the measured apparent resistivity data (Loke and Barker, 1995). 

We performed ERT measurements during a field campaign in July 2018. We worked with multi-electrode (50) equipment 

“GeoTom-MK” (GEOLOG2000, Augsburg, Germany), a maximum spacing of 2 meters, allowing a maximum profile length 

of 98 m with a single measurement. To obtain longer sections, we used the roll-along procedure illustrated in Figure 5. For 255 

this procedure, two cables were available (denoted A and B), each equipped with 25 channels. First, both are connected with 

the control unit to obtain pseudosection number 1 (Figure 5). Next, cable B (and all connected electrodes) remains at the 

same location, whereas cable A is moved to the right of cable B to measure the Preudosection number 2, and so on. The 

location of the ERT profiles was partly constrained by logistical conditions. Due to the high altitude, the crew had to stay at 

one level for three days to get adapted to altitude. The measurement locations were not accessible by vehicles, and a few 260 

hours were needed every day to reach the sites, resulting in limited productivity. Therefore, we tried to locate the profiles 

efficiently to obtain a representative data set of the valley. We covered different landform features (moraine, valley bottom, 

Rockglacier) where permafrost conditions were assumed. Blocky surfaces constitute a challenge for ERT measurements due 

to instability and a lack of fine material necessary to provide sufficient contact for the electrodes. In cases where no soil 

material could be found that closed the gaps between the boulders, we inserted the end of each electrode into a sponge 265 

saturated with salt water to improve connectivity to the fine material. The saturated sponge kept the fine material wet and 

diminished desiccation through high solar radiation. The ERT-data was processed with the Res2Dinv-Software (©Geotomo 

Software).  
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Figure 5: Measurement setup for the Roll-along procedure (adapted from N El Sayed et al., 2018).  270 

3.3 Creeping rates by InSAR-analyses 

InSAR time series analysis is an active microwave remote sensing technique, which can exploit the phase change of the 

backscattered microwaves to determine relative surface displacement in the order of millimetres to centimetres (Osmanoğlu 

et al., 2016). Both the amplitude and the phase of the microwave backscatters are used for InSAR. After precisely co-

registering all acquisitions, it is possible to calculate the average phase change of each resolution cell over time, which 275 

contains a number of different signals, including whether a resolution cell moved closer to the receiver, i.e. the satellite, or 

further away from it. These images of phase change are called interferograms. The accuracy of the derived motion is 

dependent on a number of different factors, including the frequency of the emitted wave, the atmospheric delay, the accuracy 

of its modelling, the topographic data used to correct the images, the choice of reference points, the surface characteristics of 

the observed structure and the frequency of the data acquisitions (Hu et al., 2014).  280 

The reliability of an interferogram is often described by its so-called coherence. Coherence is a measure of phase stability 

with a value near zero representing poor reliability and values near one representing high reliability (Crosetto et al., 2016). If 

the backscatter characteristics of the observed surface change too much between two acquisitions, e.g. due to snow cover, 

vegetation or events occurring between the acquisitions like rock falls, the coherence is poor and no phase change can be 

determined reliably. Coherence also decreases with increasing displacement and displacements larger than half the SAR 285 

wavelength (~2.8 cm for Sentinel-1) cannot be determined accurately. For this study we chose a coherence threshold of 0.3 

and discarded areas with coherence values below 0.3. This threshold is similar to the one chosen by Sowter et al. (2013) and 

provides good spatial data coverage while also excluding unreliable data. The issue of low coherence or decorrelation is 

exacerbated for interferograms with a long temporal baseline i.e. a long time period between data acquisitions. No Sentinel-1 
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data is available for a period of 48 to 96 days during the summers of 2016 and 2017. These longer temporal baselines cause 290 

decorrelation during the summer months on some of the faster landforms. Freezing and thawing of the ground leads to 

reduced coherence values in autumn and spring. . The coherence over periglacial landforms in the Qugaqie Basin is 

relatively good, due to the lack of high vegetation on actively moving landforms and the relatively sparse snow cover in 

winter visible on optical Sentinel-2 acquisitions. 

Exploiting the phase change with InSAR provides only relative surface motion towards the satellite or away from it. The 295 

Line-Of-Sight (LOS) of the satellite is therefore very important, as motion with a very different direction compared to this 

LOS is severely underestimated (Hu et al., 2014). The severity of this underestimation depends on the angle between the 

LOS and the direction of the surface displacement. An angle close to 0° will cause only minor underestimation, while 

displacement with a direction near 90° to the LOS will be severely underestimated or even completely overlooked. The 

Sentinel-1 satellites follow a circumpolar orbit and observe the earth obliquely with an incidence angle of 33°-43° (Yague-300 

Martinez et al., 2016). Both ascending (satellite travelling south to north) and descending (satellite travelling north to south) 

acquisitions are therefore sensitive to vertical surface displacement and towards the East or West respectively, but very 

insensitive to displacement towards the North or South. We always select the geometry with the highest sensitivity towards 

the expected displacement direction to calculate our displacement and velocity results. To that end we calculate a sensitivity 

coefficient for each pixel which is explained in the following. 305 

The surface displacement data presented in this study represents a spatial subset of a surface displacement model originally 

based on Reinosch et al. (2020). Mean velocities were calculated by dividing the cumulative displacement observed during 

the observation period by the length of the observation period (2015-2018). All surface velocity data of periglacial landforms 

has been projected along the direction of the steepest slope under the assumption that the motion of the described landforms 

is mainly gravity-driven by an ice-debris mixture. Hereafter we will refer to the mean surface velocity of periglacial 310 

landforms projected along the steepest slope as “creeping rates” to reflect this assumption. We calculate a sensitivity 

coefficient to compensate for the underestimation of the displacement signal caused by the disparity between the LOS and 

the assumed displacement direction. We followed an approach developed for the study of landslides (Notti et al., 2014), as 

the displacement of landslides is gravity-driven, which we also assume to be true for the periglacial landforms investigated 

in this study. The sensitivity coefficient is based on the difference between the angle of the LOS vector of the satellite and 315 

the expected downslope creeping direction. The strength of this coefficient increases with the difference between the angles 

of the vectors. The coefficient can vary between 0 for areas where the satellite’s sensitivity is low to 1 where the sensitivity 

is very high. Values below 0.2 are not used to avoid excessive amplification of displacements and associated errors. The 

LOS velocity can therefore be increased by a factor of up to 5 by this downslope projection. If both ascending and 

descending velocity LOS data is available for the same pixel, then we use only the geometry with the higher sensitivity 320 

coefficient, i.e. better sensitivity, to calculate the downslope velocity and ignore the other geometry to keep the precision of 

the projection as high as possible. 
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For our analysis of the Qugaqie Basin, we processed 278 interferograms from 74 ascending acquisitions (June 2015 to 

December 2018) and 257 interferograms from 63 descending acquisitions (November 2015 to December 2018) (Table 1). 

The temporal baselines, i.e. the time period between two data acquisitions, of individual interferograms is mostly 12 to 36 325 

days with a maximum of 72 and 96 days for ascending and descending orbits, respectively. All data acquisitions originate 

from ESA’s Sentinel-1 a/b satellite constellation. Both ascending and descending datasets were processed using Small 

Baseline Subset (SBAS) time series analysis (Berardino et al., 2002), with a coherence threshold of 0.3. Mean velocities 

were calculated by dividing the cumulative displacement observed during the observation period by the length of the 

observation period (2015-2018). We observe low coherence during the thawing period in spring and the freezing period in 330 

autumn. We therefore employed the intermittent SBAS approach (Sowter et al., 2013) for the entire data set, allowing us to 

improve our spatial coverage by interpolating time series results for data points with intermittently low coherence.  Data 

points need to exceed the coherence threshold of 0.3 in at least 75 % of all interferograms to qualify for interpolation, 

otherwise they were discarded. We used the TanDEM-X 12x12 m DEM to remove the topographic phase from our 

interferograms (DLR, 2017). 335 

Table 1: Summary of ISBAS processing parameters 

Geometry Observation 

period 

Acquisitions Interferograms Temporal 

baseline 

Coherence 

threshold 

ascending 2015-06-05 to 

2018-12-22 

74 278 12 to 72 

days 

0.3 

descending 2015-11-15 to 

2018-12-29 

63 257 12 to 96 

days 

0.3 

 

All surface velocity data of periglacial landforms has been projected along the direction of the steepest slope under the 

assumption that the motion of the described landforms is mainly gravity-driven by an ice-debris mixture. Hereafter we will 

refer to the mean surface velocity of periglacial landforms projected along the steepest slope as “creeping rates” to reflect 340 

this assumption. We calculate a sensitivity coefficient to compensate for the underestimation of the displacement signal 

caused by the disparity between the LOS and the assumed displacement direction. We followed an approach developed for 

the study of landslides (Notti et al., 2014), as the displacement of landslides is gravity-driven, which we also assume to be 

true for the periglacial landforms investigated in this study. Creeping rates presented in this study were not verified by 

independent measurements (GPS measurements, laser scans, optical remote sensing etc.), as no such data sets exist for our 345 

study area. Reference points are located on bedrock whenever possible and on ridges or stable, vegetated moraines with good 

coherence if no coherent bedrock was available (compare Figure 9, A). Areas which are likely unmoving on a multiannual 

scale, such as the old moraines at the entrance of the Qugaqie Basin, display LOS velocities of ±2.4 mm/yr during our 

observation period. This does not provide information regarding the accuracy of the seasonal variations of our surface 

displacement results but it indicates that the multiannual LOS velocity results are reliable. We use this variation of ±2.4 350 
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mm/yr over likely stable areas as the precision of the mean LOS velocity during our observation period. The precision of the 

downslope velocitycreeping rates was determined by dividing the precision of the LOS velocity by the sensitivity 

coefficient. It therefore varies between 2.4 mm/yr and 12.0 mm/yr for areas with a sensitivity coefficient of 1 and 0.2 

respectively (Reinosch et al., 2020).  

4 Results and Interpretation 355 

4.1 The cryosphere of the Qugaqie Basin 

The geomorphological map in Figure 6 shows features of the mesoscale cryosphere in the Qugaqie Basin: glaciers, moraines, 

protalus ramparts and rockglaciers. The moraine distribution suggests that former glaciers extended to the present shoreline 

of the Nam Co at their largest size during Marin Isotope Stage (MIS) 3 (Dong et al., 2014). Multiple smaller moraines are 

displayed in closer proximity to today’s glaciers (Figure 6). Glacial landforms like valley glaciers, cirque and wall glaciers 360 

increase in number and size towards the south due to a higher elevation and shorter distance to the main ridge (Figure 6). 

Only the Genpu (1.56 km²) and the Zhadang (1.41 km²) glaciers are considered valley glaciers, most of the other glaciers are 

located in the head of the hanging valleys as cirque glaciers. The northward orientation of all glaciers is a result of the Lee-

effect towards incoming moisture from the southern direction. The topographic barrier of the Western Nyainqêntanglha 

Range detains precipitation and causes an asymmetric and uneven north-south distribution of glacier extents expressed by 365 

smaller extents in the northern catchments draining in the Nam Co like Qugaqie (compare Bolch et al., 2010). The glacial 

zone with a cumulative glacier area of 4.07 km² (bing maps, 2013) extends from 5500 m a.s.l. to the highest elevation 

(6086 m a.s.l.) with a mean elevation of 5770 m a.s.l. 
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Figure 6: Geomorphological map of the Qugaqie basin. The locations of the ERT profiles are shown with purple lines. Periglacial 370 
landforms are greenish (rockglaciers and protalus ramparts). The black rectangle represents the boundary of the map shown in 

Figure 9.  
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The altitudinal (mean) landform distribution illustrates the statistical analyses and displays a typical high-mountain pattern 

(Figure 7). Debris and talus cones can be found in lower altitudes. The periglacial landforms (i.e. protalus ramparts and 

rockglaciers) are located between elevations of 5300 m and 5600 m a.s.l. and the average number of periglacial landforms is 375 

situated around 5500 m a.s.l. We conclude from this altitudinal distribution a probable occurrence of permafrost higher than 

5300 m. a.s.l., which has to be supported by validating ice occurrence and the status of activity of these landforms. 

 

Figure 7: Altitudinal (mean) landform distribution of the Qugaqie basin derived from the landform inventory. 

Most rockglaciers are located in cirques and three are supplied by glacial melt water resulting in greater extents compared to 380 

rockglaciers without a glacier in their catchment (Figure 6, No. 1, 2 and 3). Additionally, moraine deposits, talus slopes and 

protalus ramparts provide the sediment accumulation at the base required for the formation of a rockglacier besides water 

availability (Knight et al., 2019). The altitudinal distribution of the rockglaciers extends from 5363 m to 5789 m a.s.l. with a 

mean elevation around 5500 m a.s.l. (Figure 7, Table 2Table 2). Rockglacier surfaces display clear creep structures and 

rockglacier-typical bulges, furrows and lobes (Figure 4, A). There is no pronounced lichen growth, and the uppermost 385 

material is extremely unstable. These field observations in combination with the observed creeping rates (Figure 9, B) allow 

the conclusion of an active status of the rockglaciers, which indicates ice occurrence and, thus, permafrost conditions 
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(according to Barsch, 1996). The altitudinal distribution of protalus ramparts has a narrower range of min-max values, but 

they are located at a similar mean elevation. The mean area of the individual protalus ramparts is only half of the mean area 

of the individual rockglaciers, i.e., protalus ramparts are generally smaller than rockglaciers (Table 2Table 2, Figure 6), but 390 

there are twice as many. Protalus ramparts are situated in front of rocky slopes and are characterized in contrast to 

rockglaciers by a shorter dimension in down slope (Figure 4 and Figure 6).   

The mesoscale periglacial landforms (mean elevation) are situated between 5300 and 5600 m a.s.l. This altitudinal 

distribution serves as one component of the three methods for assessing the probable occurrence of permafrost in the 

catchment. 395 

Table 2: Statistical description of cryotic landforms based on DEM-analyses.  

 

No. 

cumulative 

area [m²] 

area 

(mean) 

elevation 

(min, max) 

elevation 

(mean) 

Protalus 

rampart 
22 1018014 46273 5292, 5685 5530 

Rockglacier 10 830185 83019 5363, 5789 5523 

Glacier 11 4075580 370507 5504, 6086 5771 

 

4.2 ERT-based ice detection 

ERT is a common method to detect ground-ice in the subsurface, inferring permafrost conditions (Lewkowicz et al., 2011), if 

ground ice is present for two consecutive years. With the help of ERT we were able to provide evidence for the existence of 400 

ground ice at specific test sites. Figure 6 displays the locations and indicates an altitudinal increase of the four ERT-profiles 

(A to D). The measured resistivity values were compared with tables by Hauck and Kneisel (2008) and Mewes et al. (2017). 

These studies also address ice detection in high altitude periglacial environments. Table 3 sums up our measured resistivity 

values and classifies the values in terms of material characteristics. Different studies show resistivity values of till in a range 

from 1 to 10 km (Reynolds, 2011), from 5 to 10 km (Thompson et al., 2017) and from 50 – 100 km (Vanhala et al., 405 

2009). The diversity of resistivity ranges and the resulting non-uniqueness can be overcome by using additional methods to 

support the final conclusions. 
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Table 3: Resistivity values for different materials derived by field measurement. The used terms of the interpreted material 

followed Hauck and Kneisel (2008) and Mewes et al. (2017) 

Material Resistivity [km] 

Sandstone (moist – dry) 0.5 – 5 

Till 20– 80 

Unfrozen sediment (moist – dry) 1 – 20 

Ice-poor permafrost (ice lenses, ice-interspersed till ) 50  – 150 

Ice-rich permafrost (massive ice body) 150  – 4 000 

 410 

Profile A (Figure 8) ranges from 5090 to 5230m and represents subsurface conditions in the lower altitudinal areas of the 

catchment, for example in a lateral moraine. At the surface the profile has a length of 348 m, but the length information in 

the following text refers to the x-axis which corresponds to planar 2D-view (the topographic effect is not displayed). From 

~120 m on, we observe a slope-parallel highly resistive layer (highlighted by the black line in Figure 8, A) with resistivity 

values ranging between 5 and 100 km and an average thickness of 10 m. We interpret this layer as compressed till without 415 

ice content, based on the resistivity range, the compressed glacial sediment accumulation and the absence of creeping 

structures indicating ice. According to Yu et al. (2019) the underlying bedrock consists of sandstone, which explains the low 

resistivity values below the resistive moraine deposits. Between 0 and 20 m along the profile, the electrodes were directly 

attached to the outcropping, weathered sandstone. The resistivity values around 5 km correspond to dry sandstone bedrock, 

which is exposed to strong solar radiation. The hydraulically impermeable till cover is not present between 20 and 120 m, 420 

and moisture infiltrates as slope water saturating the sandstone bedrock underneath the moraine and decreasing electrical 

resistivity.  
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Figure 8: Electrical resistivity sections along the four ERT profiles recorded in July 2018 with a standard spacing of 2 m. Profile C 

and D are located on rockglacier No. 1). Note the increasing elevation between profiles A and D. 425 
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Profile B (Figure 8; B) is located in hanging valley 3 on top of an old, terminal moraine crossing the stream, which drains the 

hanging valley (Figure 6). Surrounding dead ice holes indicate former subsurface ice occurrence behind the former moraine 

terminus. Complete vegetation cover of compresia pygmea interspersed with individual rockstones suggests an old and 

stable surface. From the high resistivity anomalies of up to 150 km, we conclude that ice-poor permafrost in contrast to 

ice-rich permafrost in profile C and D is present as an ice lens at 5450 m a.s.l.  430 

Profile C and D (possibly the highest-elevated ERT-measurements worldwide) show the typical two-layer structure of 

rockglacier No. 1 with equally high resistivity values (Figure 8; C, D). The first layer is characterized by lower resistivity 

values (1 – 20 km), indicating the unfrozen active layer during the summer months. The active layer thickness varies 

between two and five meters. The second layer shows high resistivity values of up to 3500 km and covers the complete 

section from below the active layer to the maximum depth of investigation. No internal heterogeneities are visible due to the 435 

lack of current flow within this highly resistive unit, which we interpret as a mixture of ice and sediment. According to Table 

3, we interpret the second layer to be ice-rich permafrost. Similar resistivity values of ice-rich rockglacier material, reaching 

maximum values of 1000 km have been reported in several studies from Häberli and Vonder Mühll (1996), Vanhala et al., 

(2009) and Mewes et al., (2017). Profile C and D confirm the presence of subsurface ice at an elevation around 5500 m a.s.l., 

which we use as evidence for the lower occurrence of probable permafrost.  440 

The relatively large altitudinal steps between our four ERT profiles do not allow excluding the occurrence of subsurface ice 

in other, lower parts of the valley. Therefore, we use the following perennial creeping rates to exclude this case. The 

detection of subsurface ice is the second component of the three methods for estimating the probable occurrence of 

permafrost. Inferred by ERT-data subsurface ice can be expected at selected locations from an altitude of 5450 m and higher. 

4.3 Creeping rates of periglacial landforms 445 

The creeping rates for rockglaciers and protalus ramparts, including statistical information, are shown in Table 4.  The fastest 

moving areas of landforms display lower coherence values and small spatial data gaps. The low coherence values in those 

areas are likely connected to the long temporal baselines of interferograms in summer of 2016 of up to 72 days and 96 days 

for ascending and descending data respectively. Long temporal baselines on relatively fast moving landforms may lead to 

aliasing effects if the displacement exceeds a quarter of the wavelength of the satellite (Crosetto et al., 2016). This would 450 

correspond to a LOS displacement of ~14 mm for Sentinel-1, which emits a wavelength of 56 mm. 14 mm in 72 days or 96 

days corresponds to a LOS velocity of approximately 71 mm/yr for ascending and 53 mm/yr for descending data 

respectively. Displacement values in areas with higher LOS velocities than these thresholds are likely to be underestimated 

with the InSAR technique and display poor coherence values near or below the coherence threshold of 0.3. Coherence values 

do not drop significantly in winter, which is likely due to the semi-arid climate and therefore relatively thin snow cover.  455 

Table 4: Summary of InSAR- derived creeping rates for the periglacial landforms. The values represent the mean median of all 

data points over the entire observation period (2015-2018) on the respective landform. Uncertainty is given by the interquartile 
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range in () The distribution is represented by the standard deviation. Creeping rate precision is calculated by dividing the LOS 

precision of 2.4 mm/yr by the sensitivity coefficient. The percentage of interpolated time periods describes how many 

interferograms are incoherent and therefore require interpolation with the ISBAS algorithm. 460 

 

 

LandformL

andform 

Creeping rate 

[mm/yr]Cree

ping rate 

[mm/yr] 

Summer 

acceleration 

[%]Summer 

acceleration 

[%] 

Creeping rate 

precision 

[mm/yr]Creeping rate 

precision [mm/yr] 

Coherence 

Coherence 

Interpolated time 

period 

[%]Interpolated 

time periods [%] 

Data 

points

Data 

points 

Protalus 

rampartsPr

otalus 

ramparts 

11.0 (6.8 to 

16.7)12.7±9.2 

-2 (-36 to 

36)13±60 

5.2 (3.9 to 7.8)6.5±3.5 0.74 (0.70 to 

0.80)0.74±0.

08 

2.5 (0.7 to 6.2)4±5 798479

84 

Rockglacier

sRock-

glaciers 

21.1 (11.6 to 

36.8)26.8±20.

4 

-23 (-46 to 3)-

9±36 

5.1 (4.2 to 8.1)7.0±4.0 0.66 (0.59 to 

0.73)0.65±0.

11 

7.9 (3.8 to 13.0)9±6 540254

02 
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Figure 9: A: Landsat 8Sentinel II satellite image, recorded 30-01-2018. Triangles indicate stable reference points. Dashed lines 

indicate the outlines of the periglacial landforms. B: Creeping rates from periglacial landforms move in slope direction over the 465 
observation period 2015 - 2018. The Black rectangles mark the location of the two fastest rockglaciers in Figure 10. The Camera 

positions correspond to the Photographs in Figure 4. 
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Protalus ramparts in the Qugaqie Basin display lower average surface velocities than rockglaciers. The creeping rate of 

protalus ramparts (11.0 mm/y with an uncertainty from 6.8 to 16.7)12.7 mm/y) is lower and shows more pronounced 

seasonal variations than on rockglaciers (21.1 mm/y with an uncertainty from 11.6 to 36.8)(26.8 mm/y). Rockglacier No. 1 470 

of hanging valley 3 which we also studied with ERT measurement displays creeping rates of up to 70 mm/yr in most areas, 

with the fastest moving part reaching 153 mm/yr (Figure 10, B), similar to the rockglacier No. 2 (Figure 10, C). A time 

series of creeping rates of the rockglacier No. 1 is shown in Figure 10 A (black line) and of the rockglacier No. 2 in Figure 

10 A (grey line). The spatial distribution of the creeping rates is relatively uniform in areas with good InSAR sensitivity, i.e. 

slopes with an East or West aspect, but displays significantly higher noise level in areas with poor InSAR sensitivity, i.e. 475 

slopes with a North or South aspect.  

We do not observe a clear correlation between variations in creeping rates and possible seasonal forcing mechanisms such as 

temperature or precipitation. Neither protalus ramparts nor rockglaciers display clear acceleration of creeping in summer 

compared to winter (Figure 10, A). 
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 480 

Figure 10: Time series (A) of the creeping rates of the two largest rockglaciers No. 1 (black line) and No. 2 (grey line). A: Summer 

months with air temperatures >0 °C (according to Zhang et al., 2013) are shown in red. Time series represent the moving average 

of the 10 nearest values in time based on the median of time series points, located in B (black dots) and C (grey dots). Dashed lines 

in (A) indicate the creeping rate over the entire observation period between 2015 and 2018. Black time series (rockglacier No. 1 in 

B) is based on ascending data and grey time series (rockglacier No. 2 in C) on descending data. 485 
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The third component for assessing the occurrence of permafrost is based on the movement rates of periglacial landforms. 

Based on the assumption that a measurable movement rate is determined by perennial ice in the subsurface, the observed 

active status of the periglacial landforms allows the conclusion of permafrost occurrence in the corresponding landform. 

 

4.4 Assessment of the lower permafrost limit of the Qugaqie valley 490 

Integrating the findings of the applied methods allows to estimate a lower permafrost limit. The The assessment of the lower 

permafrost limit consists of an integration of different results. The field based mapping of periglacial landforms indicates the 

first precondition to find permafrost conditions.   Field observations like furrows, ridges, coarse substrate and lichen 

coverage on the rockglaciers surface corroborate the mapped landforms classification and indicate activity of the landform. 

By iIntegrating the ERT-results of detected subsurface ice occurrence a further component of the permafrost condition 495 

(subsurface below 0 degree) is validated. Completing the permafrost definition (of two or more consecutive years) the 

derived creeping rates by InSAR show a constant motion of more than two years which is attributed to the deformation of 

the debris ice matrix of the periglacial landforms. So, the active status, the altitudinal distribution of the periglacial 

landforms and validated ice-occurrence by ERT suggest a lower limit of probable permafrost between 5300 – 5450 m a.s.l. 

This range includes ice lenses detected by ERT-data as well as all creeping landforms indicating an active status and 500 

therefore an existence of ice. 

5 Discussion 

One critical issue for the estimation of the lower occurrence of probable permafrost by the used approach is the focus on 

periglacial landforms. These landforms are characterized by blocky material and a special thermal regime that lowers the 

internal temperature in comparison to the thermal regime outside of the blocky, rough surface (Gorbunov et al., 2004). This 505 

cooling effect of high-porosity unconsolidated debris is especially observed in lower mountain regions by near-surface 

ground temperature measurements on rockglaciers (Onaca et al., 2020) and suggests a lowering of discontinuous and 

sporadic permafrost occurrence (Lambiel and Pieracci, 2008; Otto et al., 2012). By using the ERT-method we found ice-poor 

permafrost in ice-lenses in mineral soils next to the rockglacier that corroborates the idea of permafrost conditions outside of 

blocky material at an elevation of 5450 m a.s.l. The extreme cold mean annual air temperature of -6.8°C at 5680 m a.s.l. 510 

(Zhang et al., 2013) should minimize the effect of different regolith properties that favors permafrost conditions.  

These landforms are characterized by blocky material and a special thermal regime that lowers the internal temperature by 5 

– 7°C due to the Balch and the chimney effect (Harris and Pedersen, 1998). The latter originated by findings of von 

Wakonigg (1996) in the eastern alps and requires a significant snow cower during winter. Due to the semi-arid climate 

resulting in thin snow cover in the study area and the extreme cold mean annual air temperature of -6.8°C at 5680 m a.s.l this 515 
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effect would play a minor role. The Balch effect assumes that a thin snow cover favours permafrost conditions because of 

denser and therefore heavier air in the blocky material. This effect amongst other leads to our interpretation of ice-rich 

permafrost in the rockglaciers. Using the ERT-measurements we found ice-poor permafrost in ice-lenses in mineral soils 

next to the rockglacier that corroborates the idea of permafrost conditions outside of blocky material. 

The next critical issue for the estimation of the lower occurrence of probable permafrost is the question whether the huge 520 

resistivities observed on profile A (Figure 8, A, black lines) indicates ice or not. In general, subsurface material 

determination without additional cross-validating techniques by other geophysical methods or borehole data remains 

uncertain (Hauck and Kneisel, 2008; Guglielmin et al., 2018). Therefore, the geomorphological knowledge of the study area 

is essential for an interpretation of the subsurface: In this case, the measured resistivity values of Profile A (Figure 8) of up 

to 100 kΩm are consistent with both till or ice-poor permafrost (Schrott and Sass, 2008). From the resistivity values it is 525 

therefore not possible to determine whether the till contains ice or not. However, field observations allow the conclusion that 

no ice was measured because clear creep structures would have to be recognizable due to a significant slope. Furthermore, 

InSAR analysis of this location shows no clear perennial creep behaviour (Reinosch et al., 2020), making the presence of 

subsurface ice unlikely. In order to uniquely identify ice, it would have been desirable to apply additional, geophysical 

methods, like ground penetrating radar, refraction seismic tomography, or capacitively coupled resistivity (Mudler et al., 530 

2019). In particular, the combination of electrical and seismic methods allows to derive a petrophysical four-phase model 

(Hauck et al., 2008; Mewes et al., 2017); Halla et al., 2020) and to estimate the sediment-to-ice ratios from electrical 

resistivity and seismic velocities. However, due to the extremely difficult logistical constraints in this remote location, these 

methods could not be applied, and we thus rely on combining evidence from field observations with geophysical results.  

The approach by Kneisel and Kääb (2007) uses a similar combination of methods as used in this study to describe periglacial 535 

morphodynamics of a glacier forefield including a rockglacier. ERT profiles show the same range of layer thickness of 2-

5 meters as in our profiles in the summer months. They recommend the joint application of geoelectrical and surface-

movement data to investigate periglacial landforms and to assess the permafrost distribution, because the combination of 

both tools allows a more comprehensive characterization of permafrost characteristics like ice-rich or ice-poor. Also, in our 

case, we believe the ground-based geophysical surveys are useful, as predicting subsurface ice content and deriving 540 

permafrost distribution maps only by modelling and/or using remote sensing includes various sources of error:  

 Low resolution (1 km gridded) of the permafrost-distribution models over the entire TP (Zou et al., 2017; Figure 1, C) 

prevents detailed analyses of permafrost occurrence at a meso-scale, especially in high mountain relief.   

 Surface displacement patterns originate from different surface processes and take place in different time-intervals, 

such as freeze-thaw cycles, seasonal creeping or constant, multiannual creep  (Reinosch et al., 2020).  545 
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 Remote Sensing sensing approaches can only guess the geomorphological process behind the surface displacement. 

Surrounding landscape features, underlying material and sediment source areas are essential factors that need to be 

considered during the interpretation of remote sensing imagery. 

 Without ground based validation (e.g. ERT-data) large-scaled permafrost distribution maps cannot accurately be used 

to predict permafrost occurrence in the remote, high mountain areas. 550 

Geomorphological field evidence allows a small-scaled interpretation and, in combination with remote sensing data an 

extrapolation to larger scales. The periglacial landforms in this study show lower creeping rates than similar landforms of 

other regions. Other studies employing InSAR techniques observe creeping rates from centimetres to several meters per year 

for rockglaciers in the western Swiss Alps (Strozzi et al., 2020), in western Greenland (Strozzi et al., 2020) and in the 

Argentinian Andes (Villarroel et al., 2018; Strozzi et al., 2020). Furthermore, all of them clearly indicate seasonal variations 555 

of the rockglacier movement, with faster rates in summer and reduced creeping rates in winter months (Cicoira et al., 2019; 

Delaloye et al., 2008, 2010). In our study area neither rockglaciers nor protalus ramparts display significantly accelerated 

creep in summer (Figure 10, A). The lack of seasonality and the lower creeping rates compared to rockglaciers in the alps 

(Cicoira et al., 2019; Kenner et al., 2017; Wirz et al., 2016) and the semi-arid Andes (Strozzi et al., 2020) might be related to 

the semi-arid climate conditions (lack of moisture) and the short time-span of three months with positive air temperatures in 560 

the Qugaquie basin (Zhang et al., 2013). Strozzi et al. (2020) figured out that their highest rockglacier “Dos Lenguas” 

(4300 m a.s.l.) in the Andes is characterized by “less amplitude variations of the annual cycle than observed for the Swiss 

Alps”. Hence, we hypothesize that the seasonality of rock glacier creeping behaviour is less pronounced the lower the mean 

annual air temperatures and the shorter the timespans of positive air temperature are. It seems that the magnitude of seasonal 

variations of the creeping rates also decreases with a lower availability of moisture, because strongest seasonality is observed 565 

in moist regions such as the Alps. Additionally, catchments in the Qugaquie basin are quite small for sediment release, so the 

extent of our rockglaciers is limited by a small debris input. Probably for similar reasons, protalus ramparts investigated in 

this study creep with an average median velocity of 131 mm/y, while comparable creeping rates for protalus ramparts range 

from 40 cm/y up to 100 cm/y in the Swiss alps (e.g., Scapozza, 2015). 

The optical image-based process of rockglacier mapping and outlining is subject to several uncertainties, like the quality of 570 

optical imagery and the rather subjective mapping style (Brardinoni et al., 2019). However, rockglacier inventories become 

increasingly important due to their function as indicators of stored water resources (Azócar and Brenning, 2010; Jones et al., 

2018b, 2018a) and as indicators for climate change their response to climate (Cicoira et al., 2019; Humlum, 1998). An IPA-

working group was installed to reduce the uncertainties of such inventories and to standardize mapping procedures (Delaloye 

et al., 2018). This year (2020) standardized guidelines were published on: 575 

(https://www3.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-glacier/) which we followed in our mapping 

procedure (Delaloye and Echelard, 2020). Additionally with the opportunity to perform a field-based mapping a decrease of 

these uncertainties is likely. 

https://www3.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-glacier/
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Using rockglaciers and their long-term ice content as indicators for permafrost occurrence must be critically evaluated 

because rockglaciers can overcome long distances and the terminus is far away from the routing zone  (Bolch and Gorbunov, 580 

2014). In this case rockglaciers are not suited for permafrost distribution assessment, because the ice-debris mass creeps out 

of the continuous permafrost zone, as the rockglacier distribution in combination with modelled permafrost occurrence 

demonstrates in the northern Tien Shan (Bolch and Gorbunov, 2014). In our study, periglacial landforms are characterized 

by a small extent and a low altitudinal range in extreme elevation. The rockglacier terminus is close to the rooting zone, and 

they do not span a significant elevation range. Temperature data (MAAT of – 6,8°), elevated at Zhadang glacier (Zhang et 585 

al., 2013), and different, large scaled permafrost distribution maps (Zou et al., 2017, Obu et al., 2019) suggest a high 

permafrost probability at elevations greater than 5400 m a.s.l. in the study area. Nevertheless a detailed, small scaled model 

of permafrost distribution would help to make a prognosis of permafrost occurrence by localizing probabilities especially in 

lower areas of the catchment. “Permakart” considers topographic parameters and different slope characteristics by using a 

topo-climatic key to handle the heterogeneity of high mountain areas (Schrott et al., 2012). 590 

6 Conclusion and future work 

In spite of the adverse logistical conditions in the study area, we were able to give insights to the cryosphere and to assess a 

lower permafrost occurrence in the Qugaqie Basin on the TP using a multi-method approach. Thus, we add an important 

piece of information to the literature in a region where, due to its high altitude, ground truth data is usually difficult to obtain. 

Geomorphological mapping identifies the altitudinal distribution of periglacial landforms. ERT-measurements validate ice 595 

occurrence of one periglacial landform, a rockglacier. The activity of the periglacial landforms is derived from surface 

displacement analysis of high resolution InSAR-data over three years. By combining the three findings we assess the lower 

occurrence of probable permafrost. The main outcome is summarized as follows: 

 The altitudinal distribution of periglacial landforms ranges between 5300 m a.s.l. and 5600 m a.s.l. and averages 

around 5500 m a.s.l. Protalus ramparts are more frequent, while rockglaciers have a larger extent and creep faster.  600 

 ERT measurements outside of blocky material of the periglacial landforms indicate ice-poor permafrost such as ice-

lenses (70 – 150 km) at 5450 m a.s.l. 

 ERT measurements on a rockglacier confirm perennial ice occurrence around 5500 m a.s.l. Resistivity values of more 

than 200 km indicate ice-rich permafrost. 

 Surface displacement analysis extrapolates the status of active creeping to other permafrost related landforms. 605 

Especially rockglaciers show creeping rates up to a maximum of 150 mm/y (average median 27 21 mm/y). Protalus 

ramparts have much lower surface creeping rates (average 13median 11 mm/y). 

 Seasonality of rockglacier creep is lacking probably due to low average temperatures and semi-arid climate 

conditions. 
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 The lower limit of probable occurrence of permafrost is higher than 5300 – 5450 m. a.s.l. 610 

Our results illustrate the benefit of combining field-based and remote sensing techniques and recommend interdisciplinary 

approaches to geomorphological and geocryological issues. Nevertheless, the current results should be compared with a 

permafrost model of the study area in order to make a prognosis and zonation of the permafrost distribution. We also follow 

the suggestion by Strozzi et al. (2020) to include rock glaciers and the monitoring of rock glacier velocities as an essential 

climate variable in the Global Climate Observing System (GCOS) of the World Meteorological Organization due to the 615 

essential contribution of the results as climate sensitive parameters. As a next step, we plan to provide a rock glacier 

inventory for the western  Nyainqêntanglha Range based on InSAR-data as a status quo to understand the sensitivity and the 

vulnerability of high mountain cryosphere referred to climate warming.  

 

Data availability. The data sets can be obtained on request to the authors. 620 

Team list and Author contributions. JB designed the study, conducted fieldwork, processed and interpreted 

geomorphological and geophysical data, wrote the manuscript and conceptualized figures. ER was in charge of InSAR 

analyses. AH and BR conducted field logistics and data acquisition.  MG and BR participated in the interpretation of the 

remote sensing data. FZ provided substantial logistical support and contributed to the discussions on the data interpretation.  

AS, FZ and RM actively participated in the data interpretation and worked out the scientific concept underlying the research 625 

proposal leading to this work. AH participated in fieldwork, helped with the ERT data processing and revised the manuscript 

carefully several times. AH and ER revised the manuscript carefully several times. AS, FZ, MG, RM and AH was 

responsible for funding acquisition. All authors contributed to the revision of the text.  

The authors declare that they have no conflict of interest. 

Acknowledgements 630 

We thank all colleagues who contributed to this study, especially Bernd Wünnemann for fruitful discussions and valuable 

comments during field work, Jussi Baade for providing the TanDEM-X data (©DLR), Zhengliang Yu for the support in the 

field and Guoshuai Zhang and his team for logistical support at the Nam Co Station for Multisphere Observation and 

Research, Chinese Academy of Sciences. We thank Matthias Bücker and Felix Nieberding for the insightful and highly 

valuable suggestions during this manuscript’s preparation and revision phase.  635 

We thank the editor Tobias Bolch and two anonymous reviewers for their comprehensive work on comments and 

suggestions to improve the manuscript.  

This research is a contribution to the International Research Training Group (GRK 2309/1) “Geo-ecosystems in transition on 

the Tibetan Plateau (TransTiP)” funded by Deutsche Forschungsgemeinschaft (DFG). 



32 

 

References 640 

Azócar, G. F. and Brenning, A.: Hydrological and geomorphological significance of rock glaciers in the dry Andes, Chile 

(27°-33°s), Permafr. Periglac. Process., 21(1), 42–53, doi:10.1002/ppp.669, 2010. 

Ballantyne, C. K.: Periglacial geomorphology, first., edited by J. Wiley and & Sons, Wiley-Blackwell, Oxford., 2018. 

Barsch, D.: Rockglaciers: Indicators for the Present and Former Geoecology in High Mountain Environments, Springer 

Berlin Heidelberg, Berlin, Heidelberg., 1996. 645 

Berardino, P., Fornaro, G., Lanari, R. and Sansosti, E.: A new algorithm for surface deformation monitoring based on small 

baseline differential SAR interferograms, IEEE Trans. Geosci. Remote Sens., 40(11), 2375–2383, 

doi:10.1109/TGRS.2002.803792, 2002. 

Bibi, S., Wang, L., Li, X., Zhou, J., Chen, D. and Yao, T.: Climatic and associated cryospheric, biospheric, and hydrological 

changes on the Tibetan Plateau: a review, Int. J. Climatol., 38, e1–e17, doi:10.1002/joc.5411, 2018. 650 

Bolch, T. and Gorbunov, A. P.: Characteristics and Origin of Rock Glaciers in Northern Tien Shan 

(Kazakhstan/Kyrgyzstan), Permafr. Periglac. Process., 25(4), 320–332, doi:10.1002/ppp.1825, 2014. 

Bolch, T. and Marchenko, S.: Significance of glaciers, rockglaciers, and ice-rich permafrost in the Northern Tien Shan as 

water towers under climate change conditions, in Proceedings of the Workshop Assessment of Snow-Glacier and Water 

Resources in Asia, pp. 199–211, Amaty, KAZ 28.-30. Nov. 2006. [online] Available from: 655 

http://web.unbc.ca/~bolch/publications/BolcMarc06_UNESCOAlma.pdf (accessed 18 November 2020), 2006. 

Bolch, T., Yao, T., Kang, S., Buchroithner, M. F., Scherer, D., Maussion, F., Huintjes, E. and Schneider, C.: A glacier 

inventory for the western Nyainqentanglha range and the Nam Co Basin, Tibet, and glacier changes 1976-2009, 

Cryosphere, 4(3), 419–433, doi:10.5194/tc-4-419-2010, 2010. 

Bolch, T., Rohrbach, N., Kutuzov, S., Robson, B. A. and Osmonov, A.: Occurrence, evolution and ice content of ice-debris 660 

complexes in the Ak-Shiirak, Central Tien Shan revealed by geophysical and remotely-sensed investigations, Earth Surf. 

Process. Landforms, 44(1), 129–143, doi:10.1002/esp.4487, 2019. 

Brardinoni, F., Scotti, R., Sailer, R. and Mair, V.: Evaluating sources of uncertainty and variability in rock glacier 

inventories, Earth Surf. Process. Landforms, 44(12), 2450–2466, doi:10.1002/esp.4674, 2019. 

Cao, B., Zhang, T., Wu, Q., Sheng, Y., Zhao, L. and Zou, D.: Brief communication : Evaluation and inter-comparisons of 665 

Qinghai-Tibet Plateau permafrost maps based on a new inventory of field evidence, Cryosphere, 13(February), 511–519, 

doi:10.5194/tc-13-511-2019, 2019. 

Chen, J., Zhao, L., Sheng, Y., Li, J., Wu, X., Du, E., Liu, G. and Pang, Q.: Some Characteristics of Permafrost and Its 

Distribution in the Gaize Area on the Qinghai—Tibet Plateau, China, Arctic, Antarct. Alp. Res., 48(2), 395–409, 

doi:10.1657/AAAR0014-023, 2016. 670 

Cheng, G. and Wu, T.: Responses of permafrost to climate change and their environmental significance, Qinghai-Tibet 

Plateau, J. Geophys. Res. Earth Surf., 112(2), 1–10, doi:10.1029/2006JF000631, 2007. 



33 

 

Cicoira, A., Beutel, J., Faillettaz, J. and Vieli, A.: Water controls the seasonal rhythm of rock glacier flow, Earth Planet. Sci. 

Lett., 528, 115844, doi:10.1016/j.epsl.2019.115844, 2019. 

Cogley, G. (submitter), Moelg, N., Frey, H., Guo, W., Raup, B. H., Sakai, A., Liu, S., Nuimura, T., Paul, F. and Bolch, T.: 675 

GLIMS Glacier Database, , doi:10.7265/N5V98602, 2015. 

Crosetto, M., Monserrat, O., Cuevas-González, M., Devanthéry, N. and Crippa, B.: Persistent Scatterer Interferometry: A 

review, ISPRS J. Photogramm. Remote Sens., 115, 78–89, doi:10.1016/j.isprsjprs.2015.10.011, 2016. 

Delaloye, R. and Echelard, T.: Towards standard guidelines for inventorying rockglaciers - Baseline concepts (Version 4.1). 

Webpage: https://www3.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-glacier/. Date accessed: 680 

18.11.2020., , 14, 2020. 

Delaloye, R., Perruchoud, E., Bodin, X., Kääb, A., Kellerer-pirklbauer, A., Krainer, K., Lambiel, C., Roer, I. and Thibert, E.: 

Recent interannual variations of rock glacier creep in the European Alps, Proc. 9th Int. Conf. Permafrost, Fairbanks, 

Alaska, 2008. 

Delaloye, R., Lambiel, C. and Gärtner-Roer, I.: Overview of rock glacier kinematics research in the Swiss Alps, Geogr. 685 

Helv., 65(2), 135–145, doi:10.5194/gh-65-135-2010, 2010. 

Delaloye, R., Barboux, C., Bodin, X., Brenning, A., Hartl, L., Hu, Y., Ikeda, A., Kellerer-pirklbauer, A., Lambiel, C., Liu, 

L., Marcer, M. and Rick, B.: Rock glacier inventories and kinematics : a new IPA Action Group, in Eucop5 - 5TH 

EUROPEAN CONFERENCE ON PERMAFROST, pp. 4–5, Chamonix., 2018. 

Deline, P., Gruber, S., Delaloye, R., Fischer, L., Geertsema, M., Giardino, M., Hasler, A., Kirkbride, M., Krautblatter, M., 690 

Magnin, F., McColl, S., Ravanel, L. and Schoeneich, P.: Ice Loss and Slope Stability in High-Mountain Regions, in 

Snow and Ice-Related Hazards, Risks and Disasters, edited by J. F. Shroder, W. Haeberli, and C. Whiteman, pp. 521–

561, Academic Press, Boston., 2015. 

Dong, G., Yi, C. and Caffee, M.: Be dating of boulders on moraines from the last glacial period in the Nyainqentanglha 

mountains , Tibet, Sci. China Earth Sci., 57(2), 221–231, doi:10.1007/s11430-013-4794-z, 2014. 695 

Dusik, J. M., Leopold, M., Heckmann, T., Haas, F., Hilger, L., Morche, D., Neugirg, F. and Becht, M.: Influence of glacier 

advance on the development of the multipart Riffeltal rock glacier, Central Austrian Alps, Earth Surf. Process. 

Landforms, 40(7), 965–980, doi:10.1002/esp.3695, 2015. 

Eckerstorfer, M., Eriksen, H. Ø., Rouyet, L., Christiansen, H. H., Lauknes, T. R. and Blikra, L. H.: Comparison of 

geomorphological field mapping and 2D-InSAR mapping of periglacial landscape activity at Nordnesfjellet, northern 700 

Norway, Earth Surf. Process. Landforms, 43(10), 2147–2156, doi:10.1002/esp.4380, 2018. 

Emmert, A. and Kneisel, C.: Internal structure of two alpine rock glaciers investigated by quasi-3-D electrical resistivity 

imaging, Cryosphere, 11(2), 841–855, doi:10.5194/tc-11-841-2017, 2017. 

Esper Angillieri, M. Y.: Permafrost distribution map of San Juan Dry Andes (Argentina) based on rock glacier sites, J. South 

Am. Earth Sci., 73, 42–49, doi:10.1016/j.jsames.2016.12.002, 2017. 705 

Fort, M. and van Vliet-Lanoe, B.: Permafrost and periglacial environment of Western Tibet, Landf. Anal., 5, 25–29, 2007. 



34 

 

Frauenfelder, R., Allgöwer, B., Haeberli, W. and Hoelzle, M.: Permafrost Investigations With GIS - A Case Study in the 

Fletschhorn Area , Wallis , Swiss Alps, in Seventh International Conference on Permafrost, pp. 291–295., 1998. 

French, H. M.: Periglacial Landform, Can. Encycl., 21(1), 1–9 [online] Available from: 

https://www.thecanadianencyclopedia.ca/en/article/periglacial-landform (Accessed 18 November 2020), 2012. 710 

French, H. M.: The Periglacial Environment, fourth., John Wiley & Sons, Ltd, Oxford., 2017. 

Gorbunov, A. P., Marchenko, S. S. and Seversky, E. V.: The thermal environment of blocky materials in the mountains of 

Central Asia, Permafr. Periglac. Process., 15(1), 95–98, doi:10.1002/ppp.478, 2004. 

Gruber, S., Fleiner, R., Guegan, E., Panday, P., Schmid, M. O., Stumm, D., Wester, P., Zhang, Y. and Zhao, L.: Review 

article: Inferring permafrost and permafrost thaw in the mountains of the Hindu Kush Himalaya region, Cryosphere, 715 

11(1), 81–99, doi:10.5194/tc-11-81-2017, 2017. 

Guglielmin, M., Ponti, S. and Forte, E.: The origins of Antarctic rock glaciers: periglacial or glacial features?, Earth Surf. 

Process. Landforms, 43(7), 1390–1402, doi:10.1002/esp.4320, 2018. 

Guo, W., Liu, S., Xu, J., Wu, L., Shangguan, D., Yao, X., Wei, J., Bao, W., Yu, P., Liu, Q. and Jiang, Z.: The second 

Chinese glacier inventory: Data, methods and results, J. Glaciol., 61(226), 357–372, doi:10.3189/2015JoG14J209, 2015. 720 

Häberli, W. and Vonder Mühll, D.: On the characteristics and possible origins of ice in rock glacier permafrost, Zeitschrift 

fur Geomorphol. Suppl., 104, 43–57, 1996. 

Haeberli, W., Hallet, B., Arenson, L., Elconin, R., Humlum, O., Kääb, A., Kaufmann, V., Ladanyi, B., Matsuoka, N., 

Springman, S. and Mühll, D. V.: Permafrost creep and rock glacier dynamics, Permafr. Periglac. Process., 17(3), 189–

214, doi:10.1002/ppp.561, 2006. 725 

Halla, C., Blöthe, J. H., Baldis, C. T., Trombotto, D., Hilbich, C., Hauck, C. and Schrott, L.: Ice content and interannual 

water storage changes of an active rock glacier in the dry Andes of Argentina, Cryosph. Discuss., (March), 1–35, 2020. 

Hartmeyer, I., Keuschnig, M. and Schrott, L.: A scale-oriented approach for the long-term monitoring of ground thermal 

conditions in permafrost-affected rock faces , Kitzsteinhorn , Hohe Tauern Range , Austria, Austrian J. Earth Sci., 

105(May 2014), 2012. 730 

Hauck, C. and Kneisel, C.: Applied Geophysics in Periglacial Environments, Cambridge University Press, Cambridge., 

2008. 

Hauck, C. and Vonder Mühll, D.: Evaluation of geophysical techniques for application in mountain permafrost studies, 

Zeitschrift für Geomorphol. N.F., 132, 161–190, 2003. 

Hauck, C., Bach, M. and Hilbich, C.: A four-phase model to quantify subsurface ice and water content in permafrost regions 735 

based on geophysical data sets, Proc. 9th Int. Conf. Permafr., (Archie 1942), 675–680, 2008. 

Hedding, D. W.: Pronival ramparts: A review, Prog. Phys. Geogr., 40(6), 835–855, doi:10.1177/0309133316678148, 2016. 

Hock, R., Rasul, G., Adler, C., Cáceres, B., Gruber, S., Hirabayashi, Y., Jackson, M., Kääb, A., Kang, S., Kutuzov, S., 

Milner, A., Molau, U., Morin, S., Orlove, B. and Steltzer, H.: High Mountain Areas, in IPCC Special Report on the 

Ocean and Cryosphere in a Changing Climate, edited by H.-O. Pörtner, D. c. Roberts, V. Masson-Delmote, P. Zhai, M. 740 



35 

 

Tignor, E. Poloczanska, K. Mintenbeck, A. Alegriá, M. Nicolai, A. Okem, J. Petzold, B. Rama, and N. M. Weyer, p. 94., 

2019. 

Höllermann, P.: Blockgletscher als Mesoformen der Periglazialstufe, Bonner Geogr. Abhandlungen, 67, 1983. 

Hu, G., Zhao, L., Li, R., Wu, X., Wu, T., Xie, C., Zhu, X. and Hao, J.: Estimation of ground temperatures in permafrost 

regions of the Qinghai-Tibetan Plateau from climatic variables, Theor. Appl. Climatol., (February), doi:10.1007/s00704-745 

020-03135-1, 2020. 

Hu, J., Li, Z.-W., Li, J., Zhang, L., Ding, X.-L., Zhu, J.-J. and Sun, Q.: 3-D movement mapping of the alpine glacier in 

Qinghai-Tibetan Plateau by integrating D-InSAR, MAI and Offset-Tracking: Case study of the Dongkemadi Glacier, 

Glob. Planet. Change, 118, 62–68, doi:10.1016/j.gloplacha.2014.04.002, 2014. 

Humlum, O.: The climatic significance of rock glaciers, Permafr. Periglac. Process., 9(4), 375–395, doi:10.1002/(SICI)1099-750 

1530(199810/12)9:4<375::AID-PPP301>3.0.CO;2-0, 1998. 

Immerzeel, W. W., Lutz, A. F., Andrade, M., Bahl, A., Biemans, H., Bolch, T., Hyde, S., Brumby, S., Davies, B. J., Elmore, 

A. C., Emmer, A., Feng, M., Fernández, A., Haritashya, U., Kargel, J. S., Koppes, M., Kraaijenbrink, P. D. A., Kulkarni, 

A. V., Mayewski, P. A., Nepal, S., Pacheco, P., Painter, T. H., Pellicciotti, F., Rajaram, H., Rupper, S., Sinisalo, A., 

Shrestha, A. B., Viviroli, D., Wada, Y., Xiao, C., Yao, T. and Baillie, J. E. M.: Importance and vulnerability of the 755 

world’s water towers, Nature, 577(7790), 364–369, doi:10.1038/s41586-019-1822-y, 2020. 

Jarvis, A., Guevara, E., Reuter, H. I. and Nelson, A. D.: Hole-filled SRTM for the globe: version 4: data grid, 2008. 

Jones, D. B., Harrison, S., Anderson, K. and Betts, R. A.: Mountain rock glaciers contain globally significant water stores, 

Sci. Rep., 8(1), 1–10, doi:10.1038/s41598-018-21244-w, 2018a. 

Jones, D. B., Harrison, S., Anderson, K., Selley, H. L., Wood, J. L. and Betts, R. A.: The distribution and hydrological 760 

significance of rock glaciers in the Nepalese Himalaya, Glob. Planet. Change, 160(November 2017), 123–142, 

doi:10.1016/j.gloplacha.2017.11.005, 2018b. 

Jones, D. B., Harrison, S., Anderson, K. and Whalley, W. B.: Rock glaciers and mountain hydrology: A review, Earth-

Science Rev., 193(March), 66–90, doi:10.1016/j.earscirev.2019.04.001, 2019. 

Kääb, A.: Permafrost and periglacial features: Rock Glaciers and Protalus Forms, in Encyclopedia of Quaternary Science 765 

(Second Edition), edited by S. A. Elias and C. J. Mock, pp. 535–541, Elsevier, Amsterdam., 2013. 

Kang, S., Chen, F., Gao, T., Zhang, Y., Yang, W., Yu, W. and Yao, T.: Early onset of rainy season suppresses glacier melt: 

A case study on Zhadang glacier, Tibetan Plateau, J. Glaciol., 55(192), 755–758, doi:10.3189/002214309789470978, 

2009. 

Kapp, J. L. D. A., Harrison, T. M., Kapp, P., Grove, M., Lovera, O. M. and Lin, D.: Nyainqentanglha Shan: A window into 770 

the tectonic, thermal, and geochemical evolution of the Lhasa block, southern Tibet, J. Geophys. Res. Solid Earth, 

110(8), 1–23, doi:10.1029/2004JB003330, 2005. 

Keil, A., Berking, J., Mügler, I., Schütt, B., Schwalb, A. and Steeb, P.: Hydrological and geomorphological basin and 

catchment characteristics of Lake Nam Co, South-Central Tibet, Quat. Int., 218(1–2), 118–130, 



36 

 

doi:10.1016/j.quaint.2009.02.022, 2010. 775 

Kenner, R., Phillips, M., Beutel, J., Hiller, M., Limpach, P., Pointner, E. and Volken, M.: Factors Controlling Velocity 

Variations at Short-Term, Seasonal and Multiyear Time Scales, Ritigraben Rock Glacier, Western Swiss Alps, Permafr. 

Periglac. Process., 28(4), 675–684, doi:10.1002/ppp.1953, 2017. 

Kidd, W. S. F., Yusheng, P., Chengfa, C., Coward, M. P., Dewey, J. F., Gansser, A., Molnar, P., Shackleton, R. M. and 

Yiyin, S.: Geological Mapping of the 1985 Chinese--British Tibetan (Xizang--Qinghai) Plateau Geotraverse Route, 780 

Philos. Trans. R. Soc. A Math. Phys. Eng. Sci., 327(1594), 287–305, doi:10.1098/rsta.1988.0130, 1988. 

Kneisel, C. and Kääb, A.: Mountain permafrost dynamics within a recently exposed glacier forefield inferred by a combined 

geomorphological, geophysical and photogrammetrical approach, Earth Surf. Process. Landforms, 32(12), 1797–1810, 

doi:10.1002/esp.1488, 2007. 

Kneisel, C., Lehmkuhl, F., Winkler, S., Tressel, E. and Schröder, H.: Legende für geomorphologische Kartierungen in 785 

Hochgebirgen (GMK Hochgebirge), Trierer Geogr. Stud., 18, 1998. 

Kneisel, C., Hauck, C., Fortier, R. and Moorman, B.: Advances in Geophysical Methods for Permafrost Investigations, 

Permafr. Periglac. Process., 178(March), 157–178, doi:10.1002/ppp, 2008. 

Knight, J., Mitchell, W. A. and Rose, J.: Chapter Six - Geomorphological Field Mapping, in Geomorphological Mapping, 

vol. 15, edited by M. J. Smith, P. Paron, and J. S. Griffiths, pp. 151–187, Elsevier., 2011. 790 

Knight, J., Harrison, S. and Jones, D. B.: Rock glaciers and the geomorphological evolution of deglacierizing mountains, 

Geomorphology, 324, 14–24, doi:10.1016/j.geomorph.2018.09.020, 2019. 

Krautblatter, M., Verleysdonk, S., Flores-Orozco, A. and Kemna, A.: Temperature-calibrated imaging of seasonal changes in 

permafrost rock walls by quantitative electrical resistivity tomography (Zugspitze, German/Austrian Alps), J. Geophys. 

Res. Earth Surf., 115(2), 1–15, doi:10.1029/2008JF001209, 2010. 795 

Lambiel, C. and Pieracci, K.: Permafrost Distribution in Talus Slopes located within the Alpine Periglacial Belt, Swiss Alps, 

Permafr. Periglac. Process., 19(January), 293–304, doi:DOI: 10.1002/ppp.624, 2008. 

Li, J., Sheng, Y., Wu, J., Chen, J. and Zhang, X.: Probability distribution of permafrost along a transportation corridor in the 

northeastern Qinghai province of China, Cold Reg. Sci. Technol., 59(1), 12–18, 

doi:https://doi.org/10.1016/j.coldregions.2009.05.012, 2009a. 800 

Li, M., Ma, Y., Hu, Z., Ishikawa, H. and Oku, Y.: Snow distribution over the Namco lake area of the Tibetan Plateau, 

Hydrol. Earth Syst. Sci., 13(11), 2023–2030, doi:10.5194/hess-13-2023-2009, 2009b. 

Liu, S. and Guo, W.: GLIMS Glacier Database, , doi:10.7265/N5V98602, 2014. 

Loke, M. H. and Barker, R. D.: Least-squares deconvolution of apparent resistivity pseudosections, Geophysics, 60(6), 

1682–1690, doi:10.1190/1.1443900, 1995. 805 

López-Martínez, J., Serrano, E., Schmid, T., Mink, S. and Linés, C.: Periglacial processes and landforms in the South 

Shetland Islands (northern Antarctic Peninsula region), Geomorphology, 155–156, 62–79, 

doi:10.1016/j.geomorph.2011.12.018, 2012. 



37 

 

Lu, Q., Zhao, D. and Wu, S.: Simulated responses of permafrost distribution to climate change on the Qinghai-Tibet Plateau, 

Sci. Rep., 7(1), 1–13, doi:10.1038/s41598-017-04140-7, 2017. 810 

Ma, W., Shi, C., Wu, Q., Zhang, L. and Wu, Z.: Monitoring study on technology of the cooling roadbed in permafrost region 

of Qinghai–Tibet plateau, Cold Reg. Sci. Technol., 44(1), 1–11, doi:10.1016/j.coldregions.2005.06.002, 2006. 

Mewes, B., Hilbich, C., Delaloye, R. and Hauck, C.: Resolution capacity of geophysical monitoring regarding permafrost 

degradation induced by hydrological processes, Cryosphere, 11(6), 2957–2974, doi:10.5194/tc-11-2957-2017, 2017. 

Mollaret, C., Hilbich, C., Pellet, C., Flores-Orozco, A., Delaloye, R. and Hauck, C.: Mountain permafrost degradation 815 

documented through a network of permanent electrical resistivity tomography sites, Cryosph., 13, 2557–2578, 

doi:10.5194/tc-2018-272, 2019. 

Monnier, S., Kinnard, C., Surazakov, A. and Bossy, W.: Geomorphology, internal structure, and successive development of 

a glacier foreland in the semiarid Chilean Andes (Cerro Tapado, upper Elqui Valley, 30°08’ S., 69°55’ W.), 

Geomorphology, 207, 126–140, doi:10.1016/j.geomorph.2013.10.031, 2014. 820 

Mudler, J., Hördt, A., Przyklenk, A., Fiandaca, G., Kumar Maurya, P. and Hauck, C.: Two-dimensional inversion of 

wideband spectral data from the capacitively coupled resistivity method - First applications in periglacial environments, 

Cryosphere, 13(9), 2439–2456, doi:10.5194/tc-13-2439-2019, 2019. 

Mügler, I., Gleixner, G., Günther, F., Mäusbacher, R., Daut, G., Schütt, B., Berking, J., Schwalb, A., Schwark, L., Xu, B., 

Yao, T., Zhu, L. and Yi, C.: A multi-proxy approach to reconstruct hydrological changes and Holocene climate 825 

development of Nam Co, Central Tibet, J. Paleolimnol., 43(4), 625–648, doi:10.1007/s10933-009-9357-0, 2010. 

Von der Mühll, D., Hauck, C. and Gubler, H.: Mapping of mountain permafrost using geophysical methods, Prog. Phys. 

Geogr., 26(4), 643–660, 2002. 

N El Sayed, A., SM Barseem, M., M Ezz El Deen, H. and A Ezz El Din, H.: Using of Geo-electrical and Geochemical 

Techniques to Investigate the Change in Ground Water Quality-South West El Khtatbah City - Cairo-Alexandria Desert 830 

Road, Egypt, Adv. Appl. Sci. Res., 8, 2018. 

Notti, D., Herrera, G., Bianchini, S., Meisina, C., García-Davalillo, J. C. and Zucca, F.: A methodology for improving 

landslide PSI data analysis, Int. J. Remote Sens., 35(6), 2186–2214, doi:10.1080/01431161.2014.889864, 2014. 

Obu, J., Westermann, S., Bartsch, A., Berdnikov, N., Christiansen, H. H., Dashtseren, A., Delaloye, R., Elberling, B., 

Etzelmüller, B., Kholodov, A., Khomutov, A., Kääb, A., Leibman, M. O., Lewkowicz, A. G., Panda, S. K., Romanovsky, 835 

V., Way, R. G., Westergaard-Nielsen, A., Wu, T., Yamkhin, J. and Zou, D.: Northern Hemisphere permafrost map based 

on TTOP modelling for 2000–2016 at 1 km2 scale, Earth-Science Rev., 193(October 2018), 299–316, 

doi:10.1016/j.earscirev.2019.04.023, 2019. 

Onaca, A., Ardelean, F., Ardelean, A., Magori, B., Sîrbu, F., Voiculescu, M. and Gachev, E.: Assessment of permafrost 

conditions in the highest mountains of the Balkan Peninsula, Catena, 185(March), 104288, 840 

doi:10.1016/j.catena.2019.104288, 2020. 

Osmanoğlu, B., Sunar, F., Wdowinski, S. and Cabral-Cano, E.: Time series analysis of InSAR data: Methods and trends, 



38 

 

ISPRS J. Photogramm. Remote Sens., 115, 90–102, doi:10.1016/j.isprsjprs.2015.10.003, 2016. 

Otto, J. C. and Dikau, R.: Symbols for geomorphologic mapping in high mountains for ArcGIS; Geomorphologic System 

Analysis of a High Mountain Valley in the Swiss Alps., Zeitschrift für Geomorphol. 48 323-341 [online] Available from: 845 

http://geomorphology.sbg.ac.at/research/map-symbols/ (Accessed 15 February 2018), 2008. 

Otto, J. C. and Smith, M. J.: Geomorphological mapping, in Geomorphological Techniques (Online Edition), vol. 2.1.6, 

edited by Cook, S.J., L. E. Clarke, and J. M. Nield, pp. 344–345, British Society for Geomorphology, London., 2013. 

Otto, J. C., Keuschnig, M., Götz, J., Marbach, M. and Schrott, L.: Detection of mountain permafrost by combining high 

resolution surface and subsurface information - an example from the glatzbach catchment, austrian alps, Geogr. Ann. Ser. 850 

A Phys. Geogr., 94(1), 43–57, doi:10.1111/j.1468-0459.2012.00455.x, 2012. 

Ran, Y., Li, X., Cheng, G., Zhang, T., Wu, Q., Jin, H. and Jin, R.: Distribution of Permafrost in China: An Overview of 

Existing Permafrost Maps, Permafr. Periglac. Process., 23(4), 322–333, doi:10.1002/ppp.1756, 2012. 

Ran, Z. and Liu, G.: Rock glaciers in Daxue Shan, south-eastern Tibetan Plateau: An inventory, their distribution, and their 

environmental controls, Cryosphere, 12(7), 2327–2340, doi:10.5194/tc-12-2327-2018, 2018. 855 

Rangecroft, S., Suggitt, A. J., Anderson, K. and Harrison, S.: Future climate warming and changes to mountain permafrost in 

the Bolivian Andes, Clim. Change, 137(1–2), 231–243, doi:10.1007/s10584-016-1655-8, 2016. 

Reinosch, E., Buckel, J., Dong, J., Gerke, M., Baade, J. and Riedel, B.: InSAR time series analysis of seasonal surface 

displacement dynamics on the Tibetan Plateau, Cryosph., 14, 1633–1650, doi:10.5194/tc-2019-262, 2020. 

Reynolds, J. M.: An Introduction to Applied and Environmental Geophysics, 2nd ed., edited by J. Reynolds, 860 

Wiley/Blackwell, Oxford., 2011. 

Rosset, E., Hilbich, C., Schneider, S. and Hauck, C.: Automatic filtering of ERT monitoring data in mountain permafrost, 

Near Surf. Geophys., 11(4), 423–433, doi:10.3997/1873-0604.2013003, 2013. 

Scapozza, C.: Investigation on protalus ramparts in the Swiss Alps, Geogr. Helv., 70(2), 135–139, doi:10.5194/gh-70-135-

2015, 2015. 865 

Schmid, M. O., Baral, P., Gruber, S., Shahi, S., Shrestha, T., Stumm, D. and Wester, P.: Assessment of permafrost 

distribution maps in the Hindu Kush Himalayan region using rock glaciers mapped in Google Earth, Cryosphere, 9(6), 

2089–2099, doi:10.5194/tc-9-2089-2015, 2015. 

Schrott, L.: Some geomorphological-hydrological aspects of rock glaciers in the Andes (San Juan, Argentina), Zeitschrift für 

Geomorphol., 104, 161–173, 1996. 870 

Schrott, L. and Sass, O.: Application of field geophysics in geomorphology: Advances and limitations exemplified by case 

studies, Geomorphology, 93(1–2), 55–73, doi:10.1016/j.geomorph.2006.12.024, 2008. 

Schrott, L., Otto, J. C. and Keller, F.: Modelling alpine permafrost distribution in the hohe tauern region, Austria, Austrian J. 

Earth Sci., 105(2), 169–183, 2012. 

Song, C., Wang, G., Mao, T., Dai, J. and Yang, D.: Linkage between permafrost distribution and river runoff changes across 875 

the Arctic and the Tibetan Plateau, Sci. China Earth Sci., 63(2), 292–302, doi:10.1007/s11430-018-9383-6, 2020. 



39 

 

Sowter, A., Bateson, L., Strange, P., Ambrose, K. and Syafiudin, M. F.: DInSAR estimation of land motion using 

intermittent coherence with application to the South Derbyshire and Leicestershire coalfields, Remote Sens. Lett., 4(10), 

979–987, doi:10.1080/2150704X.2013.823673, 2013. 

Strozzi, T., Caduff, R., Jones, N., Barboux, C., Delaloye, R., Bodin, X., Kääb, A., Mätzler, E. and Schrott, L.: Monitoring 880 

Rock Glacier Kinematics with Satellite Synthetic Aperture Radar, Remote Sens., 12(3), 559, doi:10.3390/rs12030559, 

2020. 

Sun, Z., Zhao, L., Hu, G., Qiao, Y., Du, E., Zou, D. and Xie, C.: Modeling permafrost changes on the Qinghai–Tibetan 

plateau from 1966 to 2100: A case study from two boreholes along the Qinghai–Tibet engineering corridor, Permafr. 

Periglac. Process., 31(1), 156–171, doi:10.1002/ppp.2022, 2020. 885 

Thompson, S. S., Kulessa, B., Benn, D. I. and Mertes, J. R.: Anatomy of terminal moraine segments and implied lake 

stability on Ngozumpa Glacier, Nepal, from electrical resistivity tomography (ERT), Sci. Rep., 7(January), 1–12, 

doi:10.1038/srep46766, 2017. 

Tian, K., Liu, J., Kang, S. and Li, C.: A Primary Study of the Environment of Frozen Ground in the Nam Co Basin, Tibet, 

Adv. earth Sci., 21(12), 1324–1332, 2006. 890 

Vanhala, H., Lintinen, P. and Ojala, A.: Electrical resistivity study of permafrost on Ridnitšohkka fell in northwest Lapland, 

Finland, Geophysica, 45(1–2), 103–118, 2009. 

Villarroel, C. D., Beliveau, G. T., Forte, A. P., Monserrat, O. and Morvillo, M.: DInSAR for a regional inventory of active 

rock glaciers in the Dry Andes Mountains of Argentina and Chile with sentinel-1 data, Remote Sens., 10(10), 1–21, 

doi:10.3390/rs10101588, 2018. 895 

Wang, B. and French, H. M.: Permafrost on the Tibet Plateau, China, Quat. Sci. Rev., 14(3), 255–274, doi:10.1016/0277-

3791(95)00006-B, 1995. 

Wang, J., Zhu, L., Daut, G., Ju, J., Lin, X., Wang, Y. and Zhen, X.: Investigation of bathymetry and water quality of Lake 

Nam Co, the largest lake on the central Tibetan Plateau, China, Limnology, 10(2), 149–158, doi:10.1007/s10201-009-

0266-8, 2009. 900 

Wang, T., Yang, D., Fang, B., Yang, W., Qin, Y. and Wang, Y.: Data-driven mapping of the spatial distribution and 

potential changes of frozen ground over the Tibetan Plateau, Sci. Total Environ., 649, 515–525, 

doi:10.1016/j.scitotenv.2018.08.369, 2019. 

Wang, Y., Fu, Z., Lu, X., Qin, S., Wang, H. and Wang, X.: Imaging of the internal structure of permafrost in the tibetan 

plateau using ground penetrating radar, Electron., 9(1), doi:10.3390/electronics9010056, 2020. 905 

Washburn, A. L.: Geocryology: a survey of periglacial processes and environments, The Blackburn press, New Jersey., 

1979. 

Wei, D., -Ri, X., Wang, Y., Wang, Y., Liu, Y. and Yao, T.: Responses of CO 2 , CH 4 and N 2 O fluxes to livestock 

exclosure in an alpine steppe on the Tibetan Plateau, China, Plant Soil, 359(1–2), 45–55, doi:10.1007/s11104-011-1105-

3, 2012. 910 



40 

 

Wirz, V., Gruber, S., Purves, R. S., Beutel, J., Gärtner-Roer, I., Gubler, S. and Vieli, A.: Short-term velocity variations at 

three rock glaciers and their relationship with meteorological conditions, Earth Surf. Dyn., 4(1), 103–123, 

doi:10.5194/esurf-4-103-2016, 2016. 

Wu, T., Li, S., Cheng, G. and Nan, Z.: Using ground-penetrating radar to detect permafrost degradation in the northern limit 

of permafrost on the Tibetan Plateau, Cold Reg. Sci. Technol., 41(3), 211–219, doi:10.1016/j.coldregions.2004.10.006, 915 

2005. 

Yague-Martinez, N., Rodriguez Gonzalez, F., Brcic, R., Shau, R., Geudtner, D., Eineder, M. and Bamler, R.: Interferometric 

processing of SLC Sentinel-1 TOPS data, IEEE Trans. Geosci. Remote Sens., 54(4), 2220–2234, 

doi:10.1109/TGRS.2015.2497902, 2016. 

Yang, M., Nelson, F. E., Shiklomanov, N. I., Guo, D. and Wan, G.: Permafrost degradation and its environmental effects on 920 

the Tibetan Plateau: A review of recent research, Earth-Science Rev., 103(1–2), 31–44, 

doi:10.1016/j.earscirev.2010.07.002, 2010. 

Yao, T., Guo, X., Thompson, L., Duan, K., Wang, N., Pu, J., Xu, B., Yang, X. and Sun, W.: δ18O record and temperature 

change over the past 100 years in ice cores on the Tibetan Plateau, Sci. China, Ser. D Earth Sci., 49(1), 1–9, 

doi:10.1007/s11430-004-5096-2, 2006. 925 

Yao, T., Thompson, L., Yang, W., Yu, W., Gao, Y., Guo, X., Yang, X., Duan, K., Zhao, H., Xu, B., Pu, J., Lu, A., Xiang, Y., 

Kattel, D. B. and Joswiak, D.: Different glacier status with atmospheric circulations in Tibetan Plateau and surroundings, 

Nat. Clim. Chang., 2(9), 663–667, doi:10.1038/nclimate1580, 2012. 

Yao, T., Masson-Delmotte, V., Gao, J., Yu, W., Yang, X., Risi, C., Sturm, C., Werner, M., Zhao, H., He, Y., Ren, W., Tian, 

L., Shi, C. and Hou, S.: A review of climatic controls on δ18O in precipitation over the Tibetan Plateau: Observations 930 

and simulations, Rev. Geophys., 51(4), 525–548, doi:10.1002/rog.20023, 2013. 

You, Y., Yu, Q., Pan, X., Wang, X. and Guo, L.: Application of electrical resistivity tomography in investigating depth of 

permafrost base and permafrost structure in Tibetan Plateau, Cold Reg. Sci. Technol., 87, 19–26, 

doi:10.1016/j.coldregions.2012.11.004, 2013. 

You, Y., Yu, Q., Pan, X., Wang, X. and Guo, L.: Geophysical Imaging of Permafrost and Talik Configuration Beneath a 935 

Thermokarst Lake, Permafr. Periglac. Process., 28(2), 470–476, doi:10.1002/ppp.1938, 2017. 

Yu, W., Han, F., Liu, W. and Harris, S. A.: Geohazards and thermal regime analysis of oil pipeline along the Qinghai–Tibet 

Plateau Engineering Corridor, Nat. Hazards, 83(1), 193–209, doi:10.1007/s11069-016-2308-y, 2016. 

Yu, Z., Wu, G., Keys, L., Li, F., Yan, N., Qu, D. and Liu, X.: Seasonal variation of chemical weathering and its controlling 

factors in two alpine catchments, Nam Co basin, central Tibetan Plateau, J. Hydrol., 576, 381–395, 940 

doi:10.1016/J.JHYDROL.2019.06.042, 2019. 

Zhang, G., Kang, S., Fujita, K., Huintjes, E., Xu, J., Yamazaki, T., Haginoya, S., Wei, Y., Scherer, D., Schneider, C. and 

Yao, T.: Energy and mass balance of Zhadang glacier surface, central Tibetan Plateau, J. Glaciol., 59(213), 137–148, 

doi:10.3189/2013JoG12J152, 2013. 



41 

 

Zhang, Q. and Zhang, G.: Glacier elevation changes in the western nyainqentanglha range of the Tibetan Plateau as observed 945 

by TerraSAR-X/TanDEM-X images, Remote Sens. Lett., 8(12), 1142–1151, doi:10.1080/2150704X.2017.1362123, 

2017. 

Zhang, Z. and Wu, Q.: Thermal hazards zonation and permafrost change over the Qinghai-Tibet Plateau, Nat. Hazards, 

61(2), 403–423, doi:10.1007/s11069-011-9923-4, 2012. 

Zou, D., Zhao, L., Sheng, Y., Chen, J., Hu, G., Wu, T., Wu, J., Xie, C., Wu, X., Pang, Q., Wang, W., Du, E., Li, W., Liu, G., 950 

Li, J., Qin, Y., Qiao, Y., Wang, Z., Shi, J. and Cheng, G.: A new map of permafrost distribution on the Tibetan Plateau, 

Cryosphere, 11(6), 2527–2542, doi:10.5194/tc-11-2527-2017, 2017. 

 

Azócar, G. F. and Brenning, A.: Hydrological and geomorphological significance of rock glaciers in the dry Andes, Chile 

(27°-33°s), Permafr. Periglac. Process., 21(1), 42–53, doi:10.1002/ppp.669, 2010. 955 

Ballantyne, C. K.: Periglacial geomorphology, first., edited by J. Wiley and & Sons, Wiley-Blackwell, Oxford., 2018. 

Barsch, D.: Rockglaciers: Indicators for the Present and Former Geoecology in High Mountain Environments, Springer 

Berlin Heidelberg, Berlin, Heidelberg., 1996. 

Berardino, P., Fornaro, G., Lanari, R. and Sansosti, E.: A new algorithm for surface deformation monitoring based on small 

baseline differential SAR interferograms, IEEE Trans. Geosci. Remote Sens., 40(11), 2375–2383, 960 

doi:10.1109/TGRS.2002.803792, 2002. 

Bibi, S., Wang, L., Li, X., Zhou, J., Chen, D. and Yao, T.: Climatic and associated cryospheric, biospheric, and hydrological 

changes on the Tibetan Plateau: a review, Int. J. Climatol., 38, e1–e17, doi:10.1002/joc.5411, 2018. 

Bolch, T. and Gorbunov, A. P.: Characteristics and Origin of Rock Glaciers in Northern Tien Shan 

(Kazakhstan/Kyrgyzstan), Permafr. Periglac. Process., 25(4), 320–332, doi:10.1002/ppp.1825, 2014. 965 

Bolch, T. and Marchenko, S.: Significance of glaciers, rockglaciers, and ice-rich permafrost in the Northern Tien Shan as 

water towers under climate change conditions, in Proceedings of the Workshop Assessment of Snow-Glacier and Water 

Resources in Asia, pp. 199–211, Amaty, KAZ 28.-30. Nov. 2006. [online] Available from: 

http://web.unbc.ca/~bolch/publications/BolcMarc06_UNESCOAlma.pdf, 2006. 

Bolch, T., Yao, T., Kang, S., Buchroithner, M. F., Scherer, D., Maussion, F., Huintjes, E. and Schneider, C.: A glacier 970 

inventory for the western Nyainqentanglha range and the Nam Co Basin, Tibet, and glacier changes 1976-2009, Cryosphere, 

4(3), 419–433, doi:10.5194/tc-4-419-2010, 2010. 

Bolch, T., Rohrbach, N., Kutuzov, S., Robson, B. A. and Osmonov, A.: Occurrence, evolution and ice content of ice-debris 

complexes in the Ak-Shiirak, Central Tien Shan revealed by geophysical and remotely-sensed investigations, Earth Surf. 

Process. Landforms, 44(1), 129–143, doi:10.1002/esp.4487, 2019. 975 

Brardinoni, F., Scotti, R., Sailer, R. and Mair, V.: Evaluating sources of uncertainty and variability in rock glacier 

inventories, Earth Surf. Process. Landforms, 44(12), 2450–2466, doi:10.1002/esp.4674, 2019. 

Cao, B., Zhang, T., Wu, Q., Sheng, Y., Zhao, L. and Zou, D.: Brief communication : Evaluation and inter-comparisons of 



42 

 

Qinghai-Tibet Plateau permafrost maps based on a new inventory of field evidence, Cryosphere, 13(February), 511–519, 

doi:10.5194/tc-13-511-2019, 2019. 980 

Chen, J., Zhao, L., Sheng, Y., Li, J., Wu, X., Du, E., Liu, G. and Pang, Q.: Some Characteristics of Permafrost and Its 

Distribution in the Gaize Area on the Qinghai—Tibet Plateau, China, Arctic, Antarct. Alp. Res., 48(2), 395–409, 

doi:10.1657/AAAR0014-023, 2016. 

Cheng, G. and Wu, T.: Responses of permafrost to climate change and their environmental significance, Qinghai-Tibet 

Plateau, J. Geophys. Res. Earth Surf., 112(2), 1–10, doi:10.1029/2006JF000631, 2007. 985 

Cicoira, A., Beutel, J., Faillettaz, J. and Vieli, A.: Water controls the seasonal rhythm of rock glacier flow, Earth Planet. Sci. 

Lett., 528, 115844, doi:10.1016/j.epsl.2019.115844, 2019. 

Cogley, G. (submitter), Moelg, N., Frey, H., Guo, W., Raup, B. H., Sakai, A., Liu, S., Nuimura, T., Paul, F. and Bolch, T.: 

GLIMS Glacier Database, , doi:10.7265/N5V98602, 2015. 

Crosetto, M., Monserrat, O., Cuevas-González, M., Devanthéry, N. and Crippa, B.: Persistent Scatterer Interferometry: A 990 

review, ISPRS J. Photogramm. Remote Sens., 115, 78–89, doi:10.1016/j.isprsjprs.2015.10.011, 2016. 

Delaloye, R. and Echelard, T.: Towards standard guidelines for inventorying rockglaciers - Baseline concepts, Fribourg., 

2020. 

Delaloye, R., Perruchoud, E., Bodin, X., Kääb, A., Kellerer-pirklbauer, A., Krainer, K., Lambiel, C., Roer, I. and Thibert, E.: 

Recent interannual variations of rock glacier creep in the European Alps, Proc. 9th Int. Conf. Permafrost, Fairbanks, Alaska, 995 

2008. 

Delaloye, R., Lambiel, C. and Gärtner-Roer, I.: Overview of rock glacier kinematics research in the Swiss Alps, Geogr. 

Helv., 65(2), 135–145, doi:10.5194/gh-65-135-2010, 2010. 

Delaloye, R., Barboux, C., Bodin, X., Brenning, A., Hartl, L., Hu, Y., Ikeda, A., Kellerer-pirklbauer, A., Lambiel, C., Liu, 

L., Marcer, M. and Rick, B.: Rock glacier inventories and kinematics : a new IPA Action Group, in Eucop5 - 5TH 1000 

EUROPEAN CONFERENCE ON PERMAFROST, pp. 4–5, Chamonix., 2018. 

Deline, P., Gruber, S., Delaloye, R., Fischer, L., Geertsema, M., Giardino, M., Hasler, A., Kirkbride, M., Krautblatter, M., 

Magnin, F., McColl, S., Ravanel, L. and Schoeneich, P.: Ice Loss and Slope Stability in High-Mountain Regions, in Snow 

and Ice-Related Hazards, Risks and Disasters, edited by J. F. Shroder, W. Haeberli, and C. Whiteman, pp. 521–561, 

Academic Press, Boston., 2015. 1005 

Dong, G., Yi, C. and Caffee, M.: Be dating of boulders on moraines from the last glacial period in the Nyainqentanglha 

mountains , Tibet, Sci. China Earth Sci., 57(2), 221–231, doi:10.1007/s11430-013-4794-z, 2014. 

Dusik, J. M., Leopold, M., Heckmann, T., Haas, F., Hilger, L., Morche, D., Neugirg, F. and Becht, M.: Influence of glacier 

advance on the development of the multipart Riffeltal rock glacier, Central Austrian Alps, Earth Surf. Process. Landforms, 

40(7), 965–980, doi:10.1002/esp.3695, 2015. 1010 

Eckerstorfer, M., Eriksen, H. Ø., Rouyet, L., Christiansen, H. H., Lauknes, T. R. and Blikra, L. H.: Comparison of 

geomorphological field mapping and 2D-InSAR mapping of periglacial landscape activity at Nordnesfjellet, northern 



43 

 

Norway, Earth Surf. Process. Landforms, 43(10), 2147–2156, doi:10.1002/esp.4380, 2018. 

Emmert, A. and Kneisel, C.: Internal structure of two alpine rock glaciers investigated by quasi-3-D electrical resistivity 

imaging, Cryosphere, 11(2), 841–855, doi:10.5194/tc-11-841-2017, 2017. 1015 

Esper Angillieri, M. Y.: Permafrost distribution map of San Juan Dry Andes (Argentina) based on rock glacier sites, J. South 

Am. Earth Sci., 73, 42–49, doi:10.1016/j.jsames.2016.12.002, 2017. 

Fort, M. and van Vliet-Lanoe, B.: Permafrost and periglacial environment of Western Tibet, Landf. Anal., 5, 25–29, 2007. 

Frauenfelder, R., Allgöwer, B., Haeberli, W. and Hoelzle, M.: Permafrost Investigations With GIS - A Case Study in the 

Fletschhorn Area , Wallis , Swiss Alps, in Seventh International Conference on Permafrost, pp. 291–295., 1998. 1020 

French, H. M.: Periglacial Landform, Can. Encycl., 21(1), 1–9 [online] Available from: 

https://www.thecanadianencyclopedia.ca/en/article/periglacial-landform (Accessed 18 November 2020), 2012. 

French, H. M.: The Periglacial Environment, fourth., John Wiley & Sons, Ltd, Oxford., 2017. 

Gorbunov, A. P., Marchenko, S. S. and Seversky, E. V.: The thermal environment of blocky materials in the mountains of 

Central Asia, Permafr. Periglac. Process., 15(1), 95–98, doi:10.1002/ppp.478, 2004. 1025 

Gruber, S., Fleiner, R., Guegan, E., Panday, P., Schmid, M. O., Stumm, D., Wester, P., Zhang, Y. and Zhao, L.: Review 

article: Inferring permafrost and permafrost thaw in the mountains of the Hindu Kush Himalaya region, Cryosphere, 11(1), 

81–99, doi:10.5194/tc-11-81-2017, 2017. 

Guglielmin, M., Ponti, S. and Forte, E.: The origins of Antarctic rock glaciers: periglacial or glacial features?, Earth Surf. 

Process. Landforms, 43(7), 1390–1402, doi:10.1002/esp.4320, 2018. 1030 

Guo, W., Liu, S., Xu, J., Wu, L., Shangguan, D., Yao, X., Wei, J., Bao, W., Yu, P., Liu, Q. and Jiang, Z.: The second 

Chinese glacier inventory: Data, methods and results, J. Glaciol., 61(226), 357–372, doi:10.3189/2015JoG14J209, 2015. 

Häberli, W. and Vonder Mühll, D.: On the characteristics and possible origins of ice in rock glacier permafrost, Zeitschrift 

fur Geomorphol. Suppl., 104, 43–57, 1996. 

Haeberli, W., Hallet, B., Arenson, L., Elconin, R., Humlum, O., Kääb, A., Kaufmann, V., Ladanyi, B., Matsuoka, N., 1035 

Springman, S. and Mühll, D. V.: Permafrost creep and rock glacier dynamics, Permafr. Periglac. Process., 17(3), 189–214, 

doi:10.1002/ppp.561, 2006. 

Halla, C., Blöthe, J. H., Baldis, C. T., Trombotto, D., Hilbich, C., Hauck, C. and Schrott, L.: Ice content and interannual 

water storage changes of an active rock glacier in the dry Andes of Argentina, Cryosph. Discuss., (March), 1–35, 2020. 

Hartmeyer, I., Keuschnig, M. and Schrott, L.: A scale-oriented approach for the long-term monitoring of ground thermal 1040 

conditions in permafrost-affected rock faces , Kitzsteinhorn , Hohe Tauern Range , Austria, Austrian J. Earth Sci., 105(May 

2014), 2012. 

Hauck, C. and Kneisel, C.: Applied Geophysics in Periglacial Environments, Cambridge University Press, Cambridge., 

2008. 

Hauck, C. and Vonder Mühll, D.: Evaluation of geophysical techniques for application in mountain permafrost studies, 1045 

Zeitschrift für Geomorphol. N.F., 132, 161–190, 2003. 



44 

 

Hauck, C., Bach, M. and Hilbich, C.: A four-phase model to quantify subsurface ice and water content in permafrost regions 

based on geophysical data sets, Proc. 9th Int. Conf. Permafr., (Archie 1942), 675–680, 2008. 

Hedding, D. W.: Pronival ramparts: A review, Prog. Phys. Geogr., 40(6), 835–855, doi:10.1177/0309133316678148, 2016. 

Hock, R., Rasul, G., Adler, C., Cáceres, B., Gruber, S., Hirabayashi, Y., Jackson, M., Kääb, A., Kang, S., Kutuzov, S., 1050 

Milner, A., Molau, U., Morin, S., Orlove, B. and Steltzer, H.: High Mountain Areas, in IPCC Special Report on the Ocean 

and Cryosphere in a Changing Climate, edited by H.-O. Pörtner, D. c. Roberts, V. Masson-Delmote, P. Zhai, M. Tignor, E. 

Poloczanska, K. Mintenbeck, A. Alegriá, M. Nicolai, A. Okem, J. Petzold, B. Rama, and N. M. Weyer, p. 94., 2019. 

Höllermann, P.: Blockgletscher als Mesoformen der Periglazialstufe, Bonner Geogr. Abhandlungen, 67, 1983. 

Hu, G., Zhao, L., Li, R., Wu, X., Wu, T., Xie, C., Zhu, X. and Hao, J.: Estimation of ground temperatures in permafrost 1055 

regions of the Qinghai-Tibetan Plateau from climatic variables, Theor. Appl. Climatol., (February), doi:10.1007/s00704-020-

03135-1, 2020. 

Hu, J., Li, Z.-W., Li, J., Zhang, L., Ding, X.-L., Zhu, J.-J. and Sun, Q.: 3-D movement mapping of the alpine glacier in 

Qinghai-Tibetan Plateau by integrating D-InSAR, MAI and Offset-Tracking: Case study of the Dongkemadi Glacier, Glob. 

Planet. Change, 118, 62–68, doi:10.1016/j.gloplacha.2014.04.002, 2014. 1060 

Humlum, O.: The climatic significance of rock glaciers, Permafr. Periglac. Process., 9(4), 375–395, doi:10.1002/(SICI)1099-

1530(199810/12)9:4<375::AID-PPP301>3.0.CO;2-0, 1998. 

Immerzeel, W. W., Lutz, A. F., Andrade, M., Bahl, A., Biemans, H., Bolch, T., Hyde, S., Brumby, S., Davies, B. J., Elmore, 

A. C., Emmer, A., Feng, M., Fernández, A., Haritashya, U., Kargel, J. S., Koppes, M., Kraaijenbrink, P. D. A., Kulkarni, A. 

V., Mayewski, P. A., Nepal, S., Pacheco, P., Painter, T. H., Pellicciotti, F., Rajaram, H., Rupper, S., Sinisalo, A., Shrestha, 1065 

A. B., Viviroli, D., Wada, Y., Xiao, C., Yao, T. and Baillie, J. E. M.: Importance and vulnerability of the world’s water 

towers, Nature, 577(7790), 364–369, doi:10.1038/s41586-019-1822-y, 2020. 

Jarvis, A., Guevara, E., Reuter, H. I. and Nelson, A. D.: Hole-filled SRTM for the globe: version 4: data grid, 2008. 

Jones, D. B., Harrison, S., Anderson, K. and Betts, R. A.: Mountain rock glaciers contain globally significant water stores, 

Sci. Rep., 8(1), 1–10, doi:10.1038/s41598-018-21244-w, 2018a. 1070 

Jones, D. B., Harrison, S., Anderson, K., Selley, H. L., Wood, J. L. and Betts, R. A.: The distribution and hydrological 

significance of rock glaciers in the Nepalese Himalaya, Glob. Planet. Change, 160(November 2017), 123–142, 

doi:10.1016/j.gloplacha.2017.11.005, 2018b. 

Jones, D. B., Harrison, S., Anderson, K. and Whalley, W. B.: Rock glaciers and mountain hydrology: A review, Earth-

Science Rev., 193(March), 66–90, doi:10.1016/j.earscirev.2019.04.001, 2019. 1075 

Kääb, A.: PERMAFROST AND PERIGLACIAL FEATURES | Rock Glaciers and Protalus Forms, in Encyclopedia of 

Quaternary Science (Second Edition), edited by S. A. Elias and C. J. Mock, pp. 535–541, Elsevier, Amsterdam., 2013. 

Kang, S., Chen, F., Gao, T., Zhang, Y., Yang, W., Yu, W. and Yao, T.: Early onset of rainy season suppresses glacier melt: 

A case study on Zhadang glacier, Tibetan Plateau, J. Glaciol., 55(192), 755–758, doi:10.3189/002214309789470978, 2009. 

Kapp, J. L. D. A., Harrison, T. M., Kapp, P., Grove, M., Lovera, O. M. and Lin, D.: Nyainqentanglha Shan: A window into 1080 



45 

 

the tectonic, thermal, and geochemical evolution of the Lhasa block, southern Tibet, J. Geophys. Res. Solid Earth, 110(8), 1–

23, doi:10.1029/2004JB003330, 2005. 

Keil, A., Berking, J., Mügler, I., Schütt, B., Schwalb, A. and Steeb, P.: Hydrological and geomorphological basin and 

catchment characteristics of Lake Nam Co, South-Central Tibet, Quat. Int., 218(1–2), 118–130, 

doi:10.1016/j.quaint.2009.02.022, 2010. 1085 

Kenner, R., Phillips, M., Beutel, J., Hiller, M., Limpach, P., Pointner, E. and Volken, M.: Factors Controlling Velocity 

Variations at Short-Term, Seasonal and Multiyear Time Scales, Ritigraben Rock Glacier, Western Swiss Alps, Permafr. 

Periglac. Process., 28(4), 675–684, doi:10.1002/ppp.1953, 2017. 

Kidd, W. S. F., Yusheng, P., Chengfa, C., Coward, M. P., Dewey, J. F., Gansser, A., Molnar, P., Shackleton, R. M. and 

Yiyin, S.: Geological Mapping of the 1985 Chinese--British Tibetan (Xizang--Qinghai) Plateau Geotraverse Route, Philos. 1090 

Trans. R. Soc. A Math. Phys. Eng. Sci., 327(1594), 287–305, doi:10.1098/rsta.1988.0130, 1988. 

Kneisel, C. and Kääb, A.: Mountain permafrost dynamics within a recently exposed glacier forefield inferred by a combined 

geomorphological, geophysical and photogrammetrical approach, Earth Surf. Process. Landforms, 32(12), 1797–1810, 

doi:10.1002/esp.1488, 2007. 

Kneisel, C., Lehmkuhl, F., Winkler, S., Tressel, E. and Schröder, H.: Legende für geomorphologische Kartierungen in 1095 

Hochgebirgen (GMK Hochgebirge), Trierer Geogr. Stud., 18, 1998. 

Kneisel, C., Hauck, C., Fortier, R. and Moorman, B.: Advances in Geophysical Methods for Permafrost Investigations, 

Permafr. Periglac. Process., 178(March), 157–178, doi:10.1002/ppp, 2008. 

Knight, J., Mitchell, W. A. and Rose, J.: Chapter Six - Geomorphological Field Mapping, in Geomorphological Mapping, 

vol. 15, edited by M. J. Smith, P. Paron, and J. S. Griffiths, pp. 151–187, Elsevier., 2011. 1100 

Knight, J., Harrison, S. and Jones, D. B.: Rock glaciers and the geomorphological evolution of deglacierizing mountains, 

Geomorphology, 324, 14–24, doi:10.1016/j.geomorph.2018.09.020, 2019. 

Krautblatter, M., Verleysdonk, S., Flores-Orozco, A. and Kemna, A.: Temperature-calibrated imaging of seasonal changes in 

permafrost rock walls by quantitative electrical resistivity tomography (Zugspitze, German/Austrian Alps), J. Geophys. Res. 

Earth Surf., 115(2), 1–15, doi:10.1029/2008JF001209, 2010. 1105 

Lambiel, C. and Pieracci, K.: Permafrost Distribution in Talus Slopes located within the Alpine Periglacial Belt, Swiss Alps, 

Permafr. Periglac. Process., 19(January), 293–304, doi:DOI: 10.1002/ppp.624, 2008. 

Li, J., Sheng, Y., Wu, J., Chen, J. and Zhang, X.: Probability distribution of permafrost along a transportation corridor in the 

northeastern Qinghai province of China, Cold Reg. Sci. Technol., 59(1), 12–18, 

doi:https://doi.org/10.1016/j.coldregions.2009.05.012, 2009a. 1110 

Li, M., Ma, Y., Hu, Z., Ishikawa, H. and Oku, Y.: Snow distribution over the Namco lake area of the Tibetan Plateau, 

Hydrol. Earth Syst. Sci., 13(11), 2023–2030, doi:10.5194/hess-13-2023-2009, 2009b. 

Liu, S. and Guo, W.: GLIMS Glacier Database, , doi:10.7265/N5V98602, 2014. 

Loke, M. H. and Barker, R. D.: Least-squares deconvolution of apparent resistivity pseudosections, Geophysics, 60(6), 



46 

 

1682–1690, doi:10.1190/1.1443900, 1995. 1115 

López-Martínez, J., Serrano, E., Schmid, T., Mink, S. and Linés, C.: Periglacial processes and landforms in the South 

Shetland Islands (northern Antarctic Peninsula region), Geomorphology, 155–156, 62–79, 

doi:10.1016/j.geomorph.2011.12.018, 2012. 

Lu, Q., Zhao, D. and Wu, S.: Simulated responses of permafrost distribution to climate change on the Qinghai-Tibet Plateau, 

Sci. Rep., 7(1), 1–13, doi:10.1038/s41598-017-04140-7, 2017. 1120 

Ma, W., Shi, C., Wu, Q., Zhang, L. and Wu, Z.: Monitoring study on technology of the cooling roadbed in permafrost region 

of Qinghai–Tibet plateau, Cold Reg. Sci. Technol., 44(1), 1–11, doi:10.1016/j.coldregions.2005.06.002, 2006. 

Mewes, B., Hilbich, C., Delaloye, R. and Hauck, C.: Resolution capacity of geophysical monitoring regarding permafrost 

degradation induced by hydrological processes, Cryosphere, 11(6), 2957–2974, doi:10.5194/tc-11-2957-2017, 2017. 

Mollaret, C., Hilbich, C., Pellet, C., Flores-Orozco, A., Delaloye, R. and Hauck, C.: Mountain permafrost degradation 1125 

documented through a network of permanent electrical resistivity tomography sites, Cryosph., 13, 2557–2578, 

doi:10.5194/tc-2018-272, 2019. 

Monnier, S., Kinnard, C., Surazakov, A. and Bossy, W.: Geomorphology, internal structure, and successive development of 

a glacier foreland in the semiarid Chilean Andes (Cerro Tapado, upper Elqui Valley, 30°08’ S., 69°55’ W.), Geomorphology, 

207, 126–140, doi:10.1016/j.geomorph.2013.10.031, 2014. 1130 

Mudler, J., Hördt, A., Przyklenk, A., Fiandaca, G., Kumar Maurya, P. and Hauck, C.: Two-dimensional inversion of 

wideband spectral data from the capacitively coupled resistivity method - First applications in periglacial environments, 

Cryosphere, 13(9), 2439–2456, doi:10.5194/tc-13-2439-2019, 2019. 

Mügler, I., Gleixner, G., Günther, F., Mäusbacher, R., Daut, G., Schütt, B., Berking, J., Schwalb, A., Schwark, L., Xu, B., 

Yao, T., Zhu, L. and Yi, C.: A multi-proxy approach to reconstruct hydrological changes and Holocene climate development 1135 

of Nam Co, Central Tibet, J. Paleolimnol., 43(4), 625–648, doi:10.1007/s10933-009-9357-0, 2010. 

Von der Mühll, D., Hauck, C. and Gubler, H.: Mapping of mountain permafrost using geophysical methods, Prog. Phys. 

Geogr., 26(4), 643–660, 2002. 

N El Sayed, A., SM Barseem, M., M Ezz El Deen, H. and A Ezz El Din, H.: Using of Geo-electrical and Geochemical 

Techniques to Investigate the Change in Ground Water Quality-South West El Khtatbah City - Cairo-Alexandria Desert 1140 

Road, Egypt, Adv. Appl. Sci. Res., 8, 2018. 

Notti, D., Herrera, G., Bianchini, S., Meisina, C., García-Davalillo, J. C. and Zucca, F.: A methodology for improving 

landslide PSI data analysis, Int. J. Remote Sens., 35(6), 2186–2214, doi:10.1080/01431161.2014.889864, 2014. 

Obu, J., Westermann, S., Bartsch, A., Berdnikov, N., Christiansen, H. H., Dashtseren, A., Delaloye, R., Elberling, B., 

Etzelmüller, B., Kholodov, A., Khomutov, A., Kääb, A., Leibman, M. O., Lewkowicz, A. G., Panda, S. K., Romanovsky, V., 1145 

Way, R. G., Westergaard-Nielsen, A., Wu, T., Yamkhin, J. and Zou, D.: Northern Hemisphere permafrost map based on 

TTOP modelling for 2000–2016 at 1 km2 scale, Earth-Science Rev., 193(October 2018), 299–316, 

doi:10.1016/j.earscirev.2019.04.023, 2019. 



47 

 

Onaca, A., Ardelean, F., Ardelean, A., Magori, B., Sîrbu, F., Voiculescu, M. and Gachev, E.: Assessment of permafrost 

conditions in the highest mountains of the Balkan Peninsula, Catena, 185(March), 104288, 1150 

doi:10.1016/j.catena.2019.104288, 2020. 

Osmanoğlu, B., Sunar, F., Wdowinski, S. and Cabral-Cano, E.: Time series analysis of InSAR data: Methods and trends, 

ISPRS J. Photogramm. Remote Sens., 115, 90–102, doi:10.1016/j.isprsjprs.2015.10.003, 2016. 

Otto, J. C. and Dikau, R.: Symbols for geomorphologic mapping in high mountains for ArcGIS; Geomorphologic System 

Analysis of a High Mountain Valley in the Swiss Alps., Zeitschrift für Geomorphol. 48 323-341 [online] Available from: 1155 

http://geomorphology.sbg.ac.at/research/map-symbols/ (Accessed 15 February 2018), 2008. 

Otto, J. C. and Smith, M. J.: Geomorphological mapping, in Geomorphological Techniques (Online Edition), vol. 2.1.6, 

edited by Cook, S.J., L. E. Clarke, and J. M. Nield, pp. 344–345, British Society for Geomorphology, London., 2013. 

Otto, J. C., Keuschnig, M., Götz, J., Marbach, M. and Schrott, L.: Detection of mountain permafrost by combining high 

resolution surface and subsurface information - an example from the glatzbach catchment, austrian alps, Geogr. Ann. Ser. A 1160 

Phys. Geogr., 94(1), 43–57, doi:10.1111/j.1468-0459.2012.00455.x, 2012. 

Ran, Y., Li, X., Cheng, G., Zhang, T., Wu, Q., Jin, H. and Jin, R.: Distribution of Permafrost in China: An Overview of 

Existing Permafrost Maps, Permafr. Periglac. Process., 23(4), 322–333, doi:10.1002/ppp.1756, 2012. 

Ran, Z. and Liu, G.: Rock glaciers in Daxue Shan, south-eastern Tibetan Plateau: An inventory, their distribution, and their 

environmental controls, Cryosphere, 12(7), 2327–2340, doi:10.5194/tc-12-2327-2018, 2018. 1165 

Rangecroft, S., Suggitt, A. J., Anderson, K. and Harrison, S.: Future climate warming and changes to mountain permafrost in 

the Bolivian Andes, Clim. Change, 137(1–2), 231–243, doi:10.1007/s10584-016-1655-8, 2016. 

Reinosch, E., Buckel, J., Dong, J., Gerke, M., Baade, J. and Riedel, B.: InSAR time series analysis of seasonal surface 

displacement dynamics on the Tibetan Plateau, Cryosph., 14, 1633–1650, doi:10.5194/tc-2019-262, 2020. 

Reynolds, J. M.: An Introduction to Applied and Environmental Geophysics, 2nd ed., edited by J. Reynolds, 1170 

Wiley/Blackwell, Oxford., 2011. 

Rosset, E., Hilbich, C., Schneider, S. and Hauck, C.: Automatic filtering of ERT monitoring data in mountain permafrost, 

Near Surf. Geophys., 11(4), 423–433, doi:10.3997/1873-0604.2013003, 2013. 

Scapozza, C.: Investigation on protalus ramparts in the Swiss Alps, Geogr. Helv., 70(2), 135–139, doi:10.5194/gh-70-135-

2015, 2015. 1175 

Schmid, M. O., Baral, P., Gruber, S., Shahi, S., Shrestha, T., Stumm, D. and Wester, P.: Assessment of permafrost 

distribution maps in the Hindu Kush Himalayan region using rock glaciers mapped in Google Earth, Cryosphere, 9(6), 2089–

2099, doi:10.5194/tc-9-2089-2015, 2015. 

Schrott, L.: Some geomorphological-hydrological aspects of rock glaciers in the Andes (San Juan, Argentina), Zeitschrift für 

Geomorphol., 104, 161–173, 1996. 1180 

Schrott, L. and Sass, O.: Application of field geophysics in geomorphology: Advances and limitations exemplified by case 

studies, Geomorphology, 93(1–2), 55–73, doi:10.1016/j.geomorph.2006.12.024, 2008. 



48 

 

Schrott, L., Otto, J. C. and Keller, F.: Modelling alpine permafrost distribution in the hohe tauern region, Austria, Austrian J. 

Earth Sci., 105(2), 169–183, 2012. 

Song, C., Wang, G., Mao, T., Dai, J. and Yang, D.: Linkage between permafrost distribution and river runoff changes across 1185 

the Arctic and the Tibetan Plateau, Sci. China Earth Sci., 63(2), 292–302, doi:10.1007/s11430-018-9383-6, 2020. 

Sowter, A., Bateson, L., Strange, P., Ambrose, K. and Syafiudin, M. F.: DInSAR estimation of land motion using 

intermittent coherence with application to the South Derbyshire and Leicestershire coalfields, Remote Sens. Lett., 4(10), 

979–987, doi:10.1080/2150704X.2013.823673, 2013. 

Strozzi, T., Caduff, R., Jones, N., Barboux, C., Delaloye, R., Bodin, X., Kääb, A., Mätzler, E. and Schrott, L.: Monitoring 1190 

Rock Glacier Kinematics with Satellite Synthetic Aperture Radar, Remote Sens., 12(3), 559, doi:10.3390/rs12030559, 2020. 

Sun, Z., Zhao, L., Hu, G., Qiao, Y., Du, E., Zou, D. and Xie, C.: Modeling permafrost changes on the Qinghai–Tibetan 

plateau from 1966 to 2100: A case study from two boreholes along the Qinghai–Tibet engineering corridor, Permafr. 

Periglac. Process., 31(1), 156–171, doi:10.1002/ppp.2022, 2020. 

Thompson, S. S., Kulessa, B., Benn, D. I. and Mertes, J. R.: Anatomy of terminal moraine segments and implied lake 1195 

stability on Ngozumpa Glacier, Nepal, from electrical resistivity tomography (ERT), Sci. Rep., 7(January), 1–12, 

doi:10.1038/srep46766, 2017. 

Tian, K., Liu, J., Kang, S. and Li, C.: A Primary Study of the Environment of Frozen Ground in the Nam Co Basin, Tibet, 

Adv. earth Sci., 21(12), 1324–1332, 2006. 

Vanhala, H., Lintinen, P. and Ojala, A.: Electrical resistivity study of permafrost on Ridnitšohkka fell in northwest Lapland, 1200 

Finland, Geophysica, 45(1–2), 103–118, 2009. 

Villarroel, C. D., Beliveau, G. T., Forte, A. P., Monserrat, O. and Morvillo, M.: DInSAR for a regional inventory of active 

rock glaciers in the Dry Andes Mountains of Argentina and Chile with sentinel-1 data, Remote Sens., 10(10), 1–21, 

doi:10.3390/rs10101588, 2018. 

Wang, B. and French, H. M.: Permafrost on the Tibet Plateau, China, Quat. Sci. Rev., 14(3), 255–274, doi:10.1016/0277-1205 

3791(95)00006-B, 1995. 

Wang, J., Zhu, L., Daut, G., Ju, J., Lin, X., Wang, Y. and Zhen, X.: Investigation of bathymetry and water quality of Lake 

Nam Co, the largest lake on the central Tibetan Plateau, China, Limnology, 10(2), 149–158, doi:10.1007/s10201-009-0266-

8, 2009. 

Wang, T., Yang, D., Fang, B., Yang, W., Qin, Y. and Wang, Y.: Data-driven mapping of the spatial distribution and 1210 

potential changes of frozen ground over the Tibetan Plateau, Sci. Total Environ., 649, 515–525, 

doi:10.1016/j.scitotenv.2018.08.369, 2019. 

Wang, Y., Fu, Z., Lu, X., Qin, S., Wang, H. and Wang, X.: Imaging of the internal structure of permafrost in the tibetan 

plateau using ground penetrating radar, Electron., 9(1), doi:10.3390/electronics9010056, 2020. 

Washburn, A. L.: Geocryology: a survey of periglacial processes and environments, The Blackburn press, New Jersey., 1215 

1979. 



49 

 

Wei, D., -Ri, X., Wang, Y., Wang, Y., Liu, Y. and Yao, T.: Responses of CO 2 , CH 4 and N 2 O fluxes to livestock 

exclosure in an alpine steppe on the Tibetan Plateau, China, Plant Soil, 359(1–2), 45–55, doi:10.1007/s11104-011-1105-3, 

2012. 

Wirz, V., Gruber, S., Purves, R. S., Beutel, J., Gärtner-Roer, I., Gubler, S. and Vieli, A.: Short-term velocity variations at 1220 

three rock glaciers and their relationship with meteorological conditions, Earth Surf. Dyn., 4(1), 103–123, doi:10.5194/esurf-

4-103-2016, 2016. 

Wu, T., Li, S., Cheng, G. and Nan, Z.: Using ground-penetrating radar to detect permafrost degradation in the northern limit 

of permafrost on the Tibetan Plateau, Cold Reg. Sci. Technol., 41(3), 211–219, doi:10.1016/j.coldregions.2004.10.006, 

2005. 1225 

Yague-Martinez, N., Rodriguez Gonzalez, F., Brcic, R., Shau, R., Geudtner, D., Eineder, M. and Bamler, R.: Interferometric 

processing of SLC Sentinel-1 TOPS data, IEEE Trans. Geosci. Remote Sens., 54(4), 2220–2234, 

doi:10.1109/TGRS.2015.2497902, 2016. 

Yang, M., Nelson, F. E., Shiklomanov, N. I., Guo, D. and Wan, G.: Permafrost degradation and its environmental effects on 

the Tibetan Plateau: A review of recent research, Earth-Science Rev., 103(1–2), 31–44, doi:10.1016/j.earscirev.2010.07.002, 1230 

2010. 

Yao, T., Guo, X., Thompson, L., Duan, K., Wang, N., Pu, J., Xu, B., Yang, X. and Sun, W.: δ18O record and temperature 

change over the past 100 years in ice cores on the Tibetan Plateau, Sci. China, Ser. D Earth Sci., 49(1), 1–9, 

doi:10.1007/s11430-004-5096-2, 2006. 

Yao, T., Thompson, L., Yang, W., Yu, W., Gao, Y., Guo, X., Yang, X., Duan, K., Zhao, H., Xu, B., Pu, J., Lu, A., Xiang, Y., 1235 

Kattel, D. B. and Joswiak, D.: Different glacier status with atmospheric circulations in Tibetan Plateau and surroundings, 

Nat. Clim. Chang., 2(9), 663–667, doi:10.1038/nclimate1580, 2012. 

Yao, T., Masson-Delmotte, V., Gao, J., Yu, W., Yang, X., Risi, C., Sturm, C., Werner, M., Zhao, H., He, Y., Ren, W., Tian, 

L., Shi, C. and Hou, S.: A review of climatic controls on δ18O in precipitation over the Tibetan Plateau: Observations and 

simulations, Rev. Geophys., 51(4), 525–548, doi:10.1002/rog.20023, 2013. 1240 

You, Y., Yu, Q., Pan, X., Wang, X. and Guo, L.: Application of electrical resistivity tomography in investigating depth of 

permafrost base and permafrost structure in Tibetan Plateau, Cold Reg. Sci. Technol., 87, 19–26, 

doi:10.1016/j.coldregions.2012.11.004, 2013. 

You, Y., Yu, Q., Pan, X., Wang, X. and Guo, L.: Geophysical Imaging of Permafrost and Talik Configuration Beneath a 

Thermokarst Lake, Permafr. Periglac. Process., 28(2), 470–476, doi:10.1002/ppp.1938, 2017. 1245 

Yu, W., Han, F., Liu, W. and Harris, S. A.: Geohazards and thermal regime analysis of oil pipeline along the Qinghai–Tibet 

Plateau Engineering Corridor, Nat. Hazards, 83(1), 193–209, doi:10.1007/s11069-016-2308-y, 2016. 

Yu, Z., Wu, G., Keys, L., Li, F., Yan, N., Qu, D. and Liu, X.: Seasonal variation of chemical weathering and its controlling 

factors in two alpine catchments, Nam Co basin, central Tibetan Plateau, J. Hydrol., 576, 381–395, 

doi:10.1016/J.JHYDROL.2019.06.042, 2019. 1250 



50 

 

Zhang, G., Kang, S., Fujita, K., Huintjes, E., Xu, J., Yamazaki, T., Haginoya, S., Wei, Y., Scherer, D., Schneider, C. and 

Yao, T.: Energy and mass balance of Zhadang glacier surface, central Tibetan Plateau, J. Glaciol., 59(213), 137–148, 

doi:10.3189/2013JoG12J152, 2013. 

Zhang, Q. and Zhang, G.: Glacier elevation changes in the western nyainqentanglha range of the Tibetan Plateau as observed 

by TerraSAR-X/TanDEM-X images, Remote Sens. Lett., 8(12), 1142–1151, doi:10.1080/2150704X.2017.1362123, 2017. 1255 

Zhang, Z. and Wu, Q.: Thermal hazards zonation and permafrost change over the Qinghai-Tibet Plateau, Nat. Hazards, 

61(2), 403–423, doi:10.1007/s11069-011-9923-4, 2012. 

Zou, D., Zhao, L., Sheng, Y., Chen, J., Hu, G., Wu, T., Wu, J., Xie, C., Wu, X., Pang, Q., Wang, W., Du, E., Li, W., Liu, G., 

Li, J., Qin, Y., Qiao, Y., Wang, Z., Shi, J. and Cheng, G.: A new map of permafrost distribution on the Tibetan Plateau, 

Cryosphere, 11(6), 2527–2542, doi:10.5194/tc-11-2527-2017, 2017. 1260 

 


