
Response to Reviewer #1 

Dear Anonymous Referee #1: 

Thank you for reviewing our manuscript. We have carefully considered all your 

comments and revised the manuscript accordingly. In particular, we appreciate 

your suggestion to add details about the selection of the reference DEM and 

filtering method of the dh values. We have reprocessed all the DEM data (1) taking 

the penetration of SRTM DEM over the snow and ice area into consideration and 

(2) using new outlier-filtering standard. Also, we have added two new figures 

depicting annual and monthly glacial velocities of different points along centerline 

of the western branch. 

Here, we respond (in black plain text) to your comments (in blue italics) one by one. 

We also attach a marked-up version of the revised manuscript and supplementary 

information. 

Best regards, 

Mingyang Lv, Guanyu Li and other co-authors 

L54: The GLOF was in 2015. Check the reference. It is from 2014. 

Response: Thanks for this suggestion. The GLOF early warning system was 

implemented between 2011 and 2013 (hence the reference of Haemmig et al., 

2014), and a GLOF occurred in June 2015 while the early warning station was 

submerged due to the rapid impoundment of the glacial lake (Round et al., 

2017). Therefore, we have added another reference (Round et al., 2017) to the 

sentence here. 

L58: Why was the risk high? More information would be nice 

Response: Thank you for pointing this out. Written in Round et al. (2017), in the 

period following 2016, ‘GLOF hazard potential is expected to remain high for a 

number of years as the still slightly elevated tongue velocity continues to 

transport mass to the terminus area, potentially increasing the height of the ice 

dam until mass transport to the terminus area falls below the ablation rate’. 

Accordingly, we have added additional information after the sentence in L58. 

The text now reads ‘They also suggested that the potential for further GLOFs 

in the period following 2016 was high, as the glacier tongue continued to supply 

mass to the terminus area, maintaining the height of the existing ice dam.’. 

L59: How did they figure it out that there were some surges before 2000? 



Response: Thanks for picking this up, we have added more information to the 

manuscript.  

Haemmig et al. (2014) and Round et al. (2017) found that peak volumes of 

GLOF in 1978 and 1999 coincide with periods of suspected advance or 

thickening. They speculated that the clustering of peak flood volumes between 

late 1990s and early 2000s might indicate a glacier surge prior to 2000. Zhang 

et al. (2022) found the glacial velocities peaked (surge events) with glacier 

surface characteristics change in 1975-1978 and 1995-1997 respectively, using 

historic Landsat imageries and glacial velocity data. Bhambri et al. (2019) also 

reported one of the surges lasted from 1994 to 1997. 

We have changed the original text to ‘They speculated that the recurring GLOFs 

recorded in 1978 and 1999 could indicate the maximum return period of glacier 

surges. Bhambri et al. (2019) reported one of the surge events lasted from 1994 

to 1997. Another former surge from 1975 to 1978 was confirmed by Zhang et 

al. (2022) using glacial velocity data derived from Landsat images, again 

indicating an approximate surge cycle of 19-20 years.’. 

L62: replace “surface conditions” with “parameters” 

Response: Thanks for this suggestion. We’ve changed it accordingly. 

L63: replace “mass balances” with “surface elevation changes” 

Response: Thanks for this suggestion. We’ve changed it in the new text. 

L78: please provide a reference for “polythermal” 

Response: Thanks for this suggestion. We cited Shi and Liu (2000) in this 

sentence. According to Shi and Liu (2000), glaciers on the northern slope of 

mid to western Himalayas and Karakoram are polythermal ones. 

L143: Which areas did you use for the coregistration? All or only off-glacier? Please 

clarify 

Response: Thank you for pointing this out. We have co-registered the ASTER 

DEMs and HMA DEMs to the reference SRTM DEM using Demcoreg (Shean 

et al., 2016). All ASTER DEMs and HMA DEMs covering Kyagar glacier were 

used for co-registration, including glacier area and off-glacier area. During the 

process of the Demcoreg software, RGI V6.0 data is used to generate glacier 



polygon raster mask for input DEMs, thus technically only off-glacier areas will 

affect co-registration results.  

In the new manuscript, it reads ‘Demcoreg is a collection of Python and shell 

scripts for co-registration of DEMs, which automatically implements the 

correction algorithm using areas of stable terrain, where the DEMs are least 

error-prone (Berthier et al., 2016).’. 

*L146: Why did you compute the elevation difference relative to SRTM? SRTM is 

affected by SAR signal penetration. Why don’t you use a ASTER DEM from 2000 as a 

reference? This would reduce the bias. Moreover, SRTM has considerable voids in HMA, 

filled with other DEM data like ASTER GDEM2. This can lead to some biases in the 

elevation changes and thus in the subsequent analyses by using e.g. BEAST or PWLF. 

You should provide information on which areas of the SRTM DEM were filled by other 

elevation data. 

Response: 

Thank you for this suggestion. 

1. Suffering from heavy cloud and snow cover, and the rough mountainous 

topography, individual ASTER DEMs are usually of poor quality and cannot be 

trusted. ASTER DEMs would not be suitable as a reference for co-registration. 

Although SRTM is affected by SAR signal penetration, there are many 

researches and applications using SRTM to calculate glacier mass balance, 

given its higher precision and well-defined timestamp (Berthier et al., 2016; Lv 

et al., 2020). 

2. Following your suggestion, we are aware that SRTM Non-Void Filled (Digital 

Object Identifier (DOI) number: /10.5066/F7K072R7) elevation data is more 

suitable as a reference DEM in our study. As shown in the figure below (Fig. 

R1), the percentage of void pixels over Kyagar Glacier in SRTM Non-Void Filled 

data is less than 9%, while most of them are located at the highest elevations. 

The area below 5600 m affected by the surge contains very few void pixels. 

3. Given the known penetration of C-band radar waves over snow and glacier-

covered terrain (Gardelle et al, 2013), the SRTM Non-Void Filled data was 

modified based on the identification of snow- and ice-facies, following previous 

study in the nearby region. The related text in Section 3.1.3 is now ‘In order to 

correct for surface penetration, we applied adjustments of +5.5 m over firn and 

snow areas and +1.1 m over clean ice areas following previous studies in the 



nearby region (e.g. Lv et al., 2020a). Identification of ice and snow facies is 

based on a Landsat ETM+ image acquired in February 2000 which was 

approximately coincident with the SRTM mission’. 

 

Figure R1: The distribution of void pixels for Kyagar Glacier and its adjacent 

area in SRTM Non-Void Filled data 

4. Using the resampled non-void filled and penetration-corrected SRTM DEM 

as the new reference DEM, DEM co-registration, outlier filtering and post-

processing of DEM differencing data were totally reprocessed. Parameter maps 

quantifying elevation changes of Kyagar Glacier in related figures were updated, 

as well as elevation-change rates data in Section 4.1. Meanwhile, we provide a 

new version of mean differences and the standard deviation (SD) before and 



after co-registration process in the supplement (Table S1). All the updated 

results are in good agreement with the previous results. 

*L152: You should apply a filter that accounts for the time difference relative to your 

reference DEM. e.g. for a DEM in 2010, the filter should be +/-30 m. Same for the filter 

for areas below 5600 m. 

Response: Thank you for this suggestion. As you suggested, for the pixels 

above 5600 m a.s.l., we applied a threshold that varied with time interval of 

different DEMs. The surface elevation changes below 5600 m a.s.l. could be 

highly affected by the glacier surge, especially over the terminus area of the 

Kyagar glacier. Thus, pixels below 5600 m a.s.l. were filtered with a threshold 

of ±150 m to avoid excluding any real values associated with the surge event. 

Even though some outliers might still exit after the filtering, they could hardly 

affect the final result, as the DEM post-processing would probably rule them 

out. 

We used these new outlier-free elevation-change maps for further processing. 

L214ff: It is hard to obtain the temporal evolution from the plot in Figures 5 and 6. It 

would be helpful if you could provide a plot of the velocity measured at the same spots 

as for the elevation changes (Fig. 4), or even more spots to better evaluate the 

temporal evolution of the velocities, in particular the monthly evolution. 

Response: Thank you for this constructive suggestion. According to Figure 5 

and 6 (Figure 7 in the new manuscript), we have selected six points along the 

centerline of west branch (2, 4, 6, 8, 10 ,12 km from the terminus in Fig. R2) to 

show their annual and monthly velocities (Fig. R3 & R4). These figures and 

related information have been added to the manuscript. 



 

Figure R2: The points we selected along the western branch which is 2, 4, 6, 8, 

10 ,12 km from the terminus respectively.  

 

Figure R3: Annual velocities of different points along the western branch of 

Kyagar Glacier from 1989 to 2021. The points are selected at 2, 4, 6, 8, 10 ,12 

km from the terminus. 



 

Figure R4: Near monthly velocities of different points along the western branch 

of Kyagar Glacier during two surging periods. The points are selected at 2, 4, 6, 

8, 10 ,12 km from the terminus. 

L230: Any explanation why this area did not show any signal? 

Response: Thanks for pointing this out. As shown in Fig. 7 and Fig. 8 (Fig. 9 

and Fig. 10 in new manuscript), the elevation change over 4-7 km before and 

after the surge was much smaller than those of regions over 0-4 km and 7-10 

km. Combined with the relatively poor quality of the DEMs we used, especially 

the ASTER DEMs, very few abnormal change points could be detected by the 

BEAST and PWLF model over 4-7 km. With better quality DEMs and finer 

temporal coverage, a clear change signal could also be detected over 4-7 km, 

even though the signal might be small. 

We added a sentence at the end of this paragraph ‘This unclear change 

signal could result from the limited quality of the DEMs at this time’. 

L242: Annual GLOF? You are talking about a single event. If not please provide more 

information. 

Response: Thank you for this suggestion. We are talking about annual lake 

outbursts from 1996 to 2009 here. We have changed the original text to ‘After 

reaching its maximum area in each year, the lake discharged almost entirely 

within about two days, likely resulting in annual GLOFs to the downstream 

valley from 1996 to 2009’. 

L243: A graph showing the temporal evolution of the lake area (time vs. lake area) 

would be helpful to illustrate the variations in the lake area. 



Response: We investigated the evolution of the ice-dammed lake using visual 

interpretation of satellite images and the SRTM DEM (Fig. S1-S11). Meanwhile, 

we also provide a graph showing the temporal evolution of the lake area and 

surface elevation in Fig. 9, which is now Fig. 11 in the new manuscript. 

L245: what do you mean by historic? Which period? 

Response: Sorry for the misleading sentence. We have changed the original 

sentence into two sentences which are now written as ‘In contrast to the earlier 

period, the lake did not fully disappear during each drainage event. The timing 

of each reduction in lake area suggests historic lake outbursts took place during 

every summer since 1996 (July to September).’. 

L252: “At the beginning of the surge….” when? Please provide a date information 

Response: Thanks for this suggestion. As shown in Fig. 5e, velocities along the 

glacier surface 2-4 km from the terminus started to increase slightly since 

October 2012, which can be considered as the buildup phase before the glacier 

surge. We have changed the original sentence to ‘At the beginning of the surge, 

velocities increased uniformly and slowly along the glacier tongue since 

October 2012 (Fig. 5e, 6)’ as an independent sentence. 

L254: You mention in the previous sentence that no surge front was formed. And now, 

you are talking about a surge front. Please clarify 

Response: Sorry for the clumsy expression. We have changed the original 

sentence “… with no obvious surge front forming until April 2014 (Fig. 5e,6a)” 

to “It was not until April 2014 that an obvious surge front formed (Fig. 7a), …”. 

L255: How did you figure out that there was compression? 

Response: Thanks for this suggestion. For the 3-4 km region, the velocity didn’t 

change obviously from November 2011 to November 2013, while Ts values in 

2012 and 2013 were detected. Thus, we suggest that a notable surface 

elevation increase in 2012 and 2013 over 3-4 km resulted from a compression 

of ice that could not be transported further downglacier. 

In order to clearly express the compression, we have changed the original 

sentence ‘There was a zone of intense compression 3-4 km from the terminus 

resulting in a notable elevation increase. Consequently, Ts values in 2012 and 

2013 were detected over the middle part of the receiving zone (Fig. 8d), while 

elevations over the reservoir zone had no obvious change during this period 



(Fig. 10)’ to ‘Ts values in 2012 and 2013 were detected over the area 3-4 km 

from the terminus (Fig. 10d), indicating a notable elevation increase, which we 

speculate resulted from intense compression of ice that could not be 

transported into the middle part of the receiving zone, while elevations over the 

reservoir zone had no obvious change during this period (Fig. 12)’. 

L280: which profile? Unclear sentence. Please rephrase this explanation. 

Response: Thanks for pointing this out. We identified the last profile with a 

decreasing velocity after the peak profile as the surge termination, even though 

the reduction may be small (e.g.<10 m a-1), and this profile is 2019/08-2020/09 

profile in Fig. 5f. Now we have changed the original sentence to ‘the lattermost 

profile (2019/08-2020/09 in Fig. 5f)’. 

L302: Why does BEAST contain more information? Please explain 

Response: Thanks for the comment. Compared to the PWLF process, BEAST 

model was the first step processing the time-series DEMs, which made R2 and 

standard deviation calculated by BEAST contain more information about raw 

data quality and spatial-temporal distribution. Now we have changed the 

explanation to ‘R2 in PWLF is higher than that in BEAST, while the standard 

deviation in PWLF is less than that in BEAST. On the other hand, as the BEAST 

model is firstly conducted to process the time-series DEMs, the results of 

BEAST could contain more information about raw data quality and spatial-

temporal distribution’.  

L307: Please introduce high abnormal change probability and add a cross-link to the 

respective figure 

Response: Thank you for this suggestion. 

1. BEAST model can estimate many parameters of time series data, such as 

probability of being a changepoint, number of changepoints, probability 

distribution of total changepoint number (Zhao et al., 2019). BEAST model 

gives not only a probability distribution of having a changepoint in the trend at 

each point of time (named as cpOccPr), but also the probabilities associated 

with the changepoints (named as cpPr). Changepoint is at last identified by the 

cpPr value, which is calculated by a sum-filtering to the cpOccPr curve. Now 

we have added the summed cpPr values in the new version Figure 4b,e,h,k. 

We add the necessary explanation text in Section 3.3 as ‘The abnormal 

changes in an time-series elevation data were identified by the probability 



parameters, which are calculated by summing the probability distribution in the 

trend signals (Fig. 4b,e,h,k)’. 

2. The IPCC Likelihood Scale indicates an event is ‘more likely than not’ to 

occur when the probability of occurrence is greater than 0.50, ‘likely’ with 

probabilities above greater than 0.66, ‘very likely’ with probabilities above 0.9 

and ‘virtually certain’ when the probability is above 0.99, as shown in Table R1 

(Mastrandrea et al., 2010). Thus, we set probability>=0.5 as the threshold to 

find the changepoints which is more likely than not to occur in this research. We 

consider that the pixels with probability value large than 0.50 are high enough 

as possible abnormal change points. Now we have added these information 

and reference in Section 3.3 as ‘According to IPCC Likelihood Scale, the 

abnormal elevation change is ‘more likely than not’ to occur when the probability 

is greater than 0.50 (Mastrandrea et al., 2010). Therefore, we suggest the pixels 

with probability value larger than 0.50 are credible enough to be considered as 

abnormal changes’. 

Table R1: Confidence and Likelihood in the IPCC Fifth Assessment Report 

FACT SHEET 

 

L313: You should also mention that a large amount of DEMs is needed to apply this 

approach. This might be a limiting factor. 

Response: Thanks for the suggestion. We have added “The only limiting factor 

for applying this approach would be that a large amount of DEMs with good 

spatial and temporal coverage are needed.” at the end of this paragraph.  
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Response to Prof. Rakesh Bhambri 

Dear Prof. Rakesh Bhambri, 

Thank you for your time reviewing our manuscript. Your valuable comments are 

very helpful in improving the content. We have adjusted the manuscript 

accordingly, including adding some further references and making changes to 

related sentences and figures as you suggested. In particular, we appreciate your 

suggestion of adding detailed descriptions of how we extracted the lake area and 

elevation. 

We respond (in black plain text) to all your comments (in blue italics) in-turn, and 

attach a marked-up version of the revised manuscript and supplement, combined 

with the changes suggested by our second reviewer. 

Best regards, 

Mingyang Lv, Guanyu Li, and other co-authors 

This study presented a detailed study of surges of Kyagar Glacier and associated ice-

dammed outburst burst floods using a time series of Landsat satellite imagery and 

ASTER digital elevation models. The manuscript is well-written and nicely structured, 

and I have given a few minor suggestions for improvement.  

In the introduction, there is a need to highlight gap areas in previous studies. 

Response: Thanks for the constructive suggestion. We have added necessary 

information at the end of Paragraph 4 in the Introduction Section to highlight 

research gaps. It now reads ‘… Like other glacier surge studies utilizing remote 

sensing, most of them primarily focused on the evolution of surface velocity and 

description of related surface features, with limited DEMs used to discuss the 

amplitude of surface elevation change caused by the surges and analyse mass 

balance conditions.’. 

L21: ‘from’ 2000 to 2001. 

Response: Thanks for this suggestion. We’ve added ‘from’ here. 

L23: data‘sets’. 

Response: Thanks for this suggestion. We’ve changed accordingly. 



L25: Seasonal variations in ‘surface’ flow. 

Response: Thanks for this suggestion. We’ve changed it in the new text. 

L26: Surge activity ‘of Kyagar’ 

Response: Accepted and changed. 

L29-75: Please refer basic papers on Surge glaciers in the introduction (Jiskoot 2011; 

Truffer et al. 2021). 

Response: Thanks for listing these helpful references. We have cited Jiskoot 

(2011) and Truffer et al. (2021) in the first paragraph of the Introduction. 

L35: “The Karakoram is one such zone (Guillet et al., 2022; Sevestre and Benn, 2015).” 

You can merge a very small sentence with the previous or later sentence. 

Response: Thanks for this suggestion. We have changed the original sentence 

to “Sometimes, climate conditions, topographic and geologic features can 

intensify such imbalances, and the Karakoram is one such zone (Guillet et al., 

2022; Sevestre and Benn, 2015).” 

L40: You can replace Bhambri et al. (2017) with Bhambri et al. (2019), as the previous 

reference is related to only the surging process. In contrast, the 2019 reference is based 

on GLOFs events associated with Surging glaciers. 

Response: Thank you for this suggestion. We’ve replaced Bhambri et al. (2017) 

with Bhambri et al. (2019) in this sentence. We still cite Bhambri et al. (2017) in 

other sentences as we believe it is also supportive to the Introduction Section. 

L56: over previous surge events. You can refer more references (Haemmig et al., 2014; 

Bhambri et al., 2019). 

Response: Thank you and we have cited Haemmig et al. (2014) and Bhambri 

et al. (2019) in this sentence. 

L60: Bhambri et al. (2019) also reported a 1990s surge from 1994 to 1997 (Fig 3). You 

may mention it here. 



Response: Thanks for your suggestion. We have changed the original text to 

‘… They speculated that the recurring GLOFs recorded in 1978 and 1999 could 

indicate the maximum return period of glacier surges. Bhambri et al. (2019) 

reported one of the surge events lasted from 1994 to 1997. Another former 

surge from 1975 to 1978 was confirmed by Zhang et al. (2022) using glacial 

velocity data derived from Landsat images, again indicating an approximate 

surge cycle of 19-20 years. …’. 

L66: “Kyagar Glacier is an ideal case on which to test a new approach for describing 

glacier surge events using DEMs generated from ASTER images”. Bhambri et al. (2019) 

also used time series (10 DEMs) of ASTER DEMs to understand the evolution of surge 

(Supplementary Fig. S6). However, your study used a large number of ASTER DEMs, 

and you may highlight this here. 

Response: Thanks for this suggestion. We have cited Bhambri et al. (2019) in 

this sentence, and we add extra sentences to highlight the difference of our 

study at the end of this paragraph. ‘As well as using an overall larger number 

of DEMs to reconstruct the surging process than previous studies (Pitte et al., 

2016; Bhambri et al., 2019), we also applied HMA DEMs for the first time to 

better understand the evolution of the Kyagar Glacier surge.’ 

L66: “Kyagar Glacier is an ideal case on which to test a new approach for describing 

glacier surge events using DEMs generated from ASTER images”. You may refer here 

Pitte et al. (2016), possibly the first used time series of ASTER DEMs for glacier surge 

study. 

Response: Thank you for mentioning this valuable study. We have cited Pitte 

et al. (2016) in this sentence. 

L69: the best of our knowledge, no earlier study used HMA DEMs for understanding 

the evolution of the Kyagar Glacier surge, and you may highlight this here. 

Response: Thanks for this suggestion. We’ve added this information to the end 

of this paragraph reading ‘As well as using an overall larger number of DEMs 

to reconstruct the surging process than previous studies (Pitte et al., 2016; 

Bhambri et al., 2019), we also applied HMA DEMs for the first time to better 

understand the evolution of the Kyagar Glacier surge.’. 



L83: You may replace Bolch et al. (2012) with Bookhagen and Burbank (2006) and 

Thayyen, and Gergan (2010). 

Response: Thank you for this suggestion. We’ve removed Bolch et al. (2012) 

in the Reference, and add Bookhagen and Burbank (2006) and Thayyen and 

Gergan (2010) here. 

L93: ice crevasses and “ice pinnacles” (old 1920s field photographs show this). 

Response: Thanks for your suggestion. We’ve added ‘ice pinnacles’ in the new 

text. 

L148-149: “Non-glacier pixels with values greater than 3 standard deviations from the 

mean were discarded (Ragettli et al., 2016), and the vertical offsets of most selected 

ASTER/ HMA DEMs relative to SRTM over stable terrain were reduced to within ±2 m.” 

Non-glacier pixels and stable terrain are mentioned in this sentence. Are Non-glacier 

pixels not containing stable terrain pixels? Please check. 

Response: Sorry for the misleading sentence. The definition of non-glacier 

pixels and stable terrain are the same in our DEM co-registration and outlier 

filtering processing. We’ve changed the ‘stable terrain’ to ‘non-glacierised 

terrain’. 

L184: Landsat 7. You can shift lines 191-192 on SLC here and link with this sentence. 

Response: Thanks for this suggestion. We’ve shifted the sentence accordingly. 

The text now reads ‘Panchromatic bands of Landsat-7 and Landsat-8 with a 

resolution of 15 m were selected as the potential image pairs between 1999 

and 2021. Despite the Scan Line Corrector failure in May 2003 (Markham et al., 

2004), we found that feature tracking of Landsat-7 image pairs from 2003 to 

2013 was still viable for tracking features between the data gaps.’. 

L204: You may replace one with the first surge and the other with the second surge. 

Response: Thanks for this suggestion. We’ve changed the original sentence to 

‘The first surge occurred from 1992 to 1998 and the second surge from 2012 to 

2019’. 



L238-239: “We investigated the evolution of the ice-dammed lake using visual 

interpretation of satellite images and the SRTM DEM (Fig. S1-S11).” You can shift this 

line in the method part. 

Response: Thanks for this suggestion. We add a new Section 3.6 ‘Visual 

interpretation of ice-dammed lake evolution’ in the method part, and shifted line 

238-239 to it. According to the suggestion from Anonymous Referee #1, we 

replaced original reference 1-arc SRTM data with 3-arc SRTM Non-Void Filled 

data, which is not good enough for extracting surface elevation of the ice-

dammed lake. Therefore, we used HMA DEM on 13 January 2013, when the 

lake area fully disappeared, as the reference DEM for estimating ice-dammed 

lake surface elevation. We found that the updated elevation results are in good 

agreement with our previous results. 

The text in Section 3.6 now reads as below: 

‘We investigated the area of the ice-dammed lake using visual interpretation of 

satellite images. 148 Landsat images were selected and manually digitised to 

extract near-monthly lake boundaries (Fig. S1-S11). The HMA DEM obtained 

on 13 January 2013, when the lake was completely discharged, was taken as 

reference DEM. We assume the lake bed remained stable during the studied 

period, and the lake surface elevations at different times were then estimated 

using the extracted lake boundaries and the reference HMA DEM.’ 

Fig 1: Some north-facing glaciers do not contribute to Kaygar glacier ice-dammed lake. 

Please carefully check. 

Response: Thank you for pointing this out. As shown in the figure below (Fig. 

R1), The upstream basin of the ice-dammed lake was calculated by ArcGIS 

hydrology tools. Figure R1 shows that some glaciers in the northern part of the 

basin have tributaries flowing to the north and south respectively, and the 

southern tributary contributes to the lake. The glacial boundaries are directly 

from RGI 6.0, thus we did not manually remove the northern tributaries from the 

glaciers. 



 

Figure R1: The upstream basin of Kyagar Glacier ice-dammed lake 

Fig 2: In this figure, you may mark the western and eastern branches. 

Response: Thanks for this suggestion. We’ve marked the western and central 

branches of Kyagar Glacier in the new Figure 2. 

Fig 5 and 6: The legend of this fig may be improved, and image pair information may 

be present in the same line. 

Response: Thank you for this suggestion. We’ve improved the legend of related 

figures to make them clearer to readers. 

Fig 7: You may also add non-glacier elevation change in this fig which will present the 

accuracy of elevation change at the non-glacier area. 

Response: Thanks for this suggestion. We’ve added non-glacier elevation 

change in Figure 7 (Figure 9 in the new manuscript) accordingly. 
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Abstract. Glacier surges are prevalent in the Karakoram and occasionally threaten local residents by inundating land and 

initiating mass movement events. The Kyagar Glacier is well-known for its surge history, and in particular its frequent-blocking 

of the downstream valley, leading to a series of high-magnitude glacial lake outburst floods. Although the surge dynamics of 15 

the Kyagar Glacier have been broadly described in the literature, there remains an extensive archive of remote sensing 

observations that have great potential for revealing specific surge characteristics and their relationship with historic lake 

outburst floods. In this study, we propose a new perspective on quantifying the surging process using successive Digital 

Elevation Models (DEMs), which could be applied to other sites where glacier surges are known to occur. Advanced 

Spaceborne Thermal Emission and Reflection Radiometer DEMs, High Mountain Asia 8-meter DEMs and the Shuttle Radar 20 

Topography Mission DEM were used to characterize surface elevation changes throughout the period from 2000 to 2021. We 

also used Landsat time-series imagery to quantify glacier surface velocities and associated lake changes over the course of two 

surge events between 1989 and 2021. Using these datadatasets, we reconstruct the surging process of Kyagar Glacier in 

unprecedented detail and find a clear signal of surface uplift over the lower glacier tongue, along with uniformly increasing 

velocities, associated with the period of surge initiation. Seasonal variations in surface flow are still evident throughout the 25 

surge phase indicating the presence of water at the glacier bed. Surge activity of Kyagar Glacier is strongly related to the 

development and drainage of the terminal ice-dammed lake, which itself is controlled by the drainage system beneath the 

glacier terminus. 

1 Introduction 

A glacier surge is defined as a quasiperiodic oscillating glacial motion switching between rapid and slow flow, periods that 30 

are known as the active and quiescent phase respectively (Benn and Evans, 2010; Jiskoot, 2011). Surge-type glaciers account 
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for less than 1% of mountain glaciers, but they are important for studying ice flow instabilities and advancing knowledge of 

glacier processes and how they respond to a capricious climate (Benn, 2021; Clarke, 1987; Sevestre and Benn, 2015).; Truffer 

et al., 2021). Surging glaciers are usually clustered, and are found within areas where inputs and outputs of enthalpy cannot 

keep balance (Benn et al., 2019). In this context, enthalpy refers to thermal energy and water gained at the glacier bed resulting 35 

from friction and geothermal heat. Sometimes, climate conditions, topographic and geologic features can intensify such 

imbalances. The, and the Karakoram is one such zone (Guillet et al., 2022; Sevestre and Benn, 2015). In contrast to most 

glacierised regions, the Karakoram has experienced balanced to slightly positive ice mass change in recent decades (Hewitt, 

2005; Gardelle et al., 2013; Farinotti et al., 2020; Hugonnet et al., 2021), and surge activity has been common (Copland et al., 

2011; Bhambri et al., 2017; Paul, 2020). 40 

Glacier surges and related glacial lake outburst floods (GLOFs) occasionally cause catastrophic damage to local residents and 

infrastructure in high mountain regions of Asia (Hewitt and Liu, 2010; Bhambri et al., 20172019; Ding et al., 2018; Bazai et 

al., 2021). Most recently (2018-19) the Shispare Glacier in the central Karakoram surged, forming an ice-dammed lake (Rashid 

et al., 2020). The lake partially drained in June 2019 and then again in May 2020 affecting the Karakoram Highway and the 

neighboring village of Hasanabad (Bhambri et al., 2020). Similarly, the surge of Kelayayilake Glacier in the Pamir, which 45 

occurred in the spring of 2015, destroyed dozens of herders’ huts and inundated valuable grazing meadow (Shangguan et al., 

2016). A better understanding of surge dynamics, how they evolve, and their relationship with GLOFs would therefore be 

highly informative for local stakeholders. 

Although among hundreds of other surge-type glaciers in the Karakoram, Kyagar Glacier has attracted a lot of attention in the 

literature (Haemmig et al., 2014; Round et al., 2017; Zhang et al., 2020). It is well known for blocking the Shaksgam valley 50 

and thus damming the river, which results in the formation of a large ice-dammed lake. It has been a threat over the past two 

centuries to more than one million people living in the Yarkant River basin (Yin et al., 2019). GLOFs caused by the Kyagar 

Glacier have been recorded by two gauging stations, at Kuluklangan and Kaqun, since the 1960s (Zhang, 1992; Haemmig et 

al., 2014). Attempts to provide an early warning system to alert local communities of an imminent flood have had limited 

success. Although the early warning station was submerged due to the rapid impoundment of the glacial lake in June, 2015, 55 

the system did warn the downstream communities and decision-makers about the coming GLOF (Haemmig et al., 2014; Round 

et al., 2017). 

Previous work has focused on observational data and satellite images to characterize surface velocities and elevation changes 

over previous surge events (Haemmig et al., 2014; Round et al., 2017; Bhambri et al., 2019) and to discuss their relationship 

with ice-dammed lake evolution. Round et al. (2017) drew the conclusion that outburst events at the Kyagar Glacier are 60 

controlled by basal and subglacial hydrological conditions. They also suggested that the potential for further GLOFs in the 

period following 2016 was high., as the tongue continued to supply mass to the terminus area, maintaining the height of the 

existing ice dam. Haemmig et al. (2014) and Round et al. (2017) both inferred that previous surge activity had occurred prior 

to 2000, but did not give direct evidence of it. Two former surges in the 1970s and 1990s were confirmed by Zhang et al. 

(2022) indicating an approximate surge cycle of 19-20 yearsThey speculated that the recurring GLOFs recorded in 1978 and 65 
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1999 could indicate the maximum return period of glacier surges. Bhambri et al. (2019) reported one of the surge events lasted 

from 1994 to 1997. Another former surge from 1975 to 1978 was confirmed by Zhang et al. (2022) using glacial velocity data 

derived from Landsat images, again indicating an approximate surge cycle of 19-20 years. Like other glacier surge studies 

utilizing remote sensing, most of them primarily focused on the evolution of surface velocity and description of related surface 

features, with limited DEMs used to discuss the amplitude of surface elevation change caused by the surges and analyse mass 70 

balance conditions. 

Remote sensing images provide an excellent means of characterizing glacier surface conditionsparameters, through the 

calculation of glacier flow fields and mass balancesurface elevation changes for example. In particular, the long archive of 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) stereo images collected since 2000 can provide 

an insight into seasonal and annual changes in glacier surface elevation, especially for surge-type glaciers which experience 75 

more dramatic surface changes than non-surging glaciers. With a surge cycle comparable to the ASTER archive length, the 

Kyagar Glacier is an ideal case on which to test a new approach for describing glacier surge events using DEMs generated 

from ASTER images. (Pitte et al., 2016; Bhambri et al., 2019). The primary aim of this study was, therefore, to investigate the 

use of the ASTER archive to quantify glacier surge elevation change before, during, and after surge events. The High Mountain 

Asia 8-meter (HMA) DEMs (Shean, 2017a, 2017b) and the Shuttle Radar Topography Mission (SRTM) DEM (EROS Center, 80 

2018) were added to narrow down uncertainties, with a view to developing a workflow that could be universal and popularized 

to other surging studies. As well as using an overall larger number of DEMs to reconstruct the surging process than previous 

studies (Pitte et al., 2016; Bhambri et al., 2019), we also applied HMA DEMs for the first time to better understand the 

evolution of the Kyagar Glacier surge. 

To aid discussion of surge dynamics of Kyagar Glacier and GLOF assessment, we used Landsat time-series imagery to generate 85 

annual and monthly glacial surface velocity maps from 1989 to 2021 covering two surge events. In addition, we characterized 

the evolution of the ice-dammed lake up to 2022 and evaluated the potential for outburst floods emanating from this site in the 

future. 

2 Study area 

Kyagar Glacier is located on the southern slope of Shaksgam Valley near the boundary of Tarim River basin and Indus River 90 

basin (Fig. 1). To the northwest of Kyagar Glacier stands Mount Chogori, known as ‘K2’. The glacier is polythermal in nature 

(Shi and Liu, 2000) and the meltwater that is discharged from the Kyagar Glacier supplies the Keleqin River, which is the 

largest tributary of Yarkant River. Regional temperatures range from -25 °C to +10 °C and the peak melt season runs from 

June to September (Zhang et al., 2020). Records from meteorological stations in the neighboring Tibet Plateau and Tarim 

Basin show an increase of ~2 °C in mean annual temperature since the 1960s (Lv et al., 20202020a). Precipitation in this 95 

region is primarily controlled by the Asian monsoon during summer months, and westerly circulation during winter months 

(Bolch et al., 2012).Bookhagen and Burbank, 2006; Thayyen and Gergan, 2010). Due to its continental nature and high 
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elevation situation, there is relatively little precipitation to nourish the glacier accumulation zone. Precipitation of just 8.87 

mm a-1 was recently recorded by the Kyagar automatic monitoring station at an elevation of 4810 m above sea level (a.s.l.) 

(Wei et al., 2018) (Fig. 2c). 100 

Composed of three tributaries, Kyagar Glacier has a glacierized area of 97.3 km2, flowing from its maximum elevation of 7196 

m a.s.l. down to the glacier terminus at 4738 m a.s.l. It is at the glacier terminus where small fluctuations in ice flux can result 

in a blockage of the Keleqin River in the Shaksgam Valley, and the formation of an ice-dammed lake (Fig.2a). Meltwater from 

several other glaciers in the broader catchment also contribute to the lake volume. Glacier centerline elevation profiles (Fig. 

2a) show that the western branch is higher than the central branch above the confluence (Fig. 2b). The glacier hypsometry 105 

indicates a bottom-heavy morphology (Fig. 2c). The glacier tongue is densely covered by ice crevasses and ice pinnacles, but 

there is a general absence of ‘classic’ surge-type surface features (e.g. looped-moraines) (Copland et al., 2003; Sevestre and 

Benn, 2015). 

 

3 Data and methods 110 

3.1 Multi-source remote sensing data 

We used three DEM products in addition to Landsat series satellite imagery to facilitate this study (Table 1). DEMs were 

mostly derived from stereo ASTER imagery and supplemented by the HMA DEM and the SRTM DEM. In total we compiled 

85 DEMs presenting elevation conditions from 2000 to 2021. These DEMs were co-registered and differenced to generate 

elevation change maps over the glacierized area and surrounding stable terrain. Post-processing was conducted to identify the 115 

glacier surge period and quantify elevation changes before, during, and after the surge on a pixel level. 373 images acquired 

by Landsat 5 TM, Landsat 7 ETM+, and Landsat 8 OLI were collected to extract annual and monthly glacial surface velocities 

and investigate glacial lake evolution between 1989 and 2021. 

3.1.1 ASTER DEM 

The Terra ASTER DEM, also known as the AST14DEM data product (NASA/METI/AIST/Japan Spacesystems and 120 

U.S./Japan ASTER Science Team, 2001), is produced by the Land Processes Distributed Active Archive Center (LP DAAC) 

using two stereo images in the near-infrared (Bands 3N and 3B). AST14DEM images have a spatial resolution of 30 m under 

the Universal Transverse Mercator (UTM) coordinate system and is more accurate than 25 m root mean square error in all 

dimensions. The ASTER DEM product was ordered through NASA’s Earthdata Search (https://search.earthdata.nasa.gov). In 

this study, the acquisition dates of 67 ASTER DEMs with less than 75% cloud cover are evenly spread between February 2001 125 

and September 2021 (Table S1). Having a width of 60 km, a single granule was sufficient to cover the entire Kyagar Glacier. 

Therefore, we used the ASTER DEM as the primary data source for quantifying surface elevation changes. 
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3.1.2 HMA DEM 

The HMA DEM dataset is generated from stereoscopic DigitalGlobe satellite imagery released by the National Snow and Ice 

Data Center (NSIDC) in 2017 (Shean, 2017a, 2017b). Benefiting from the high spatial resolution of predominantly commercial 130 

satellites, the HMA DEM has a finer resolution of 8 m than the ASTER DEM. Seventeen HMA DEM strips (with cloud cover 

lower than 75%) cover the Kyagar Glacier with a temporal coverage from June 2011 to October 2016 (Table S1). Before co-

registration, these DEMs were resampled to 30 m and reprojected to the UTM grid as per the ASTER and SRTM DEMDEMs. 

Due to the fewer number than ASTER DEMs, HMA DEMs were taken as the supplementary data for quantifying surface 

elevation changes (Table S1).  135 

3.1.3 SRTM DEM 

The Shuttle Radar Topography Mission (SRTM) collected near-global C-band radar data during 11 days in February 2000. 

Two different radar antennas onboard the shuttle formed a single-pass interferometry, which was used to calculate surface 

elevation. Released by United States Geological Survey (USGS) in 2015, SRTM 1 arc-second global DEM (version 3.0)The 

SRTM DEM has an accuracy better than 10 m in both horizontal and vertical directions, at least in areas of low relief (Farr et 140 

al., 2007). The SRTM DEMWe used SRTM Non-Void Filled DEM released by United States Geological Survey (USGS) in 

which the data gaps are neither interpolated nor filled using other DEMs. The SRTM DEM was resampled to 30 m and 

reprojected to the UTM grid. It was used as reference elevation for co-registration with other DEM datasets. Penetration of the 

radar signal can be up to several meters in snow- and ice-covered areas leading to uncertainty in the surface elevation retrieval 

(Rignot et al., 2001), but the impact of this is small when compared to the elevation changes caused by a surge event2001). In 145 

order to correct for surface penetration, we applied adjustments of +5.5 m over firn and snow areas and +1.1 m over clean ice 

areas following previous studies in the nearby region (e.g. Lv et al., 2020a). Identification of ice and snow facies is based on 

a Landsat ETM+ image acquired in February 2000, which was approximately coincident with the SRTM mission. 

3.1.4 Landsat series imagery 

As the longest continuous satellite mission observing the Earth, Landsat imagery is perfect for monitoring environment 150 

evolution over the past half century. As a consequence of coarse spatial resolution and data scarcity, images acquired by 

Landsat-1, -2, and -3 with resolution of approximate 60 m would be extremely challenging for feature tracking. Therefore, a 

total of 373 radiometrically and geometrically corrected images from Landsat 5, 7 and 8 imageries were downloaded from 

USGS Earth Resources Observation and Science Center (EROS) (https://glovis.usgs.gov/) (Wulder et al., 2022) to investigate 

glacial lake area changes. Additionally, feature tracking was applied to all acquired images and the results from 60 pairs with 155 

good correlation performance were finally selected to present annual surface displacements from 1989 to 2021 as well as 

monthly displacements during surge events. 
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3.2 DEM co-registration and outlier filtering 

Multi-source DEMs are known to have inconsistent geolocations due to varying data acquisition models, inadequate ground 

survey conditions, different data post-processing methods, and other sources (Nuth and Kääb, 2011). Following the workflow 160 

in Figure 3, we co-registered the ASTER DEMs and HMA DEMs to the reference SRTM DEM using Nuth and Kääb (2011) 

and demcoreg (Shean et al., 2016). Demcoreg is a collection of Python and shell scripts for co-registration of DEMs, which 

automatically implements the correction algorithm by Nuth and Kääb (2011).using areas of stable terrain, where the DEMs 

are least error-prone (Berthier et al., 2016). The mean and standard deviations of DEM offsets over off-glacier areas before 

and after co-registration are shown in Table S1. After the co-registration, we resampled all DEMs to the resolution of the 165 

coarsest ASTER DEM (30 m) using a cubic convolution interpolation, and then we generated difference maps between 

ASTER/HMA DEMs and the reference SRTM DEM in order to obtain regional elevation change data. 

To remove outliers in each elevation-change map, glacierised and non-glacierised areas were handled separately. Non-glacier 

pixels with values greater than 3 standard deviations from the mean were discarded (Ragettli et al., 2016), and the vertical 

offsets of most selected ASTER/ HMA DEMs relative to SRTM over stablenon-glacierised terrain were reduced to within ±170 

2 m. We assumed elevation changes over the accumulation zone did not exceed 3 m in each year from 2000 to 2021 and 

therefore filtered pixels above 5600 m a.s.l. with values ±63accounting for each timestep (e.g., for a 10 year interval, the filter 

value was ±30 m) (Lv et al., 20202020b). Pixels at elevations below 5600 m a.s.l. were filtered with a threshold of ±150 m to 

avoid excluding real values associated with surging. Outlier-free elevation change maps were arranged in chronological order 

ready for further processing. 175 

3.3 Post-processing of DEM differencing data 

Using the elevation change data of Kyagar Glacier as a basis, we here present a time series processing method for long-term 

elevation change monitoring and for the detection of possible surge events. 

The Bayesian Estimator of Abrupt change, Seasonality and Trend (BEAST) is a Bayesian model averaging algorithm to 

decompose time series data into components, including seasonality, trend, and abrupt changes (Zhao et al., 2019). Compared 180 

with conventional change point detection algorithms, BEAST does not seek a single best model that may result in poor fitting, 

but rather combines kinds of models into an ensemble model and fits the seasonal and trend signals based on Bayesian model 

averaging and Markov Chain Monte Carlo strategies (Cai et al., 2020). Applying the BEAST model to DEM differencing data 

over Kyagar Glacier pixel by pixel, we fitted trend signals and located periods of abnormal change from 2000 to 2021, on a 

six-month rolling basis (Fig. 4). Given that BEAST is a general linear regression model using Bayesian probability, we 185 

evaluated its performance by common measures such as probability, R-square (R2), and root-mean-square error (RMSE). The 

abnormal changes in an time-series elevation data were identified by the probability parameters, which are calculated by 

summing the probability distribution in the trend signals (Fig. 4b,e,h,k). According to IPCC Likelihood Scale, the abnormal 

elevation change is ‘more likely than not’ to occur when the probability is greater than 0.50 (Mastrandrea et al., 2010). 
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Therefore, we suggest the pixels with probability value larger than 0.50 are credible enough to be considered as abnormal 190 

changes. We also compared the findings from BEAST to the known timing of surge events as recorded in the literature. 

We then applied the PieceWise Linear Functions (PWLF) Python package to further decompose the trend in elevation change 

into multiple piecewise linear function models (Jekel and Venter, 2019). PWLF is based on a differential evolution 

optimization algorithm, where users can specify the location or numbers of break points (Storn and Price, 1997). For linear 

function models, the slope of each segment represents the elevation-change rate within the corresponding period, and the 195 

breakpoints represent the abrupt time of elevation -change time resulting from the glacier surge event.  

The results of the BEAST process clearly indicated the presence of a surge event between 2010 and 2018. Thus, we limited 

the detection of break points to this period. After the PWLF process, every pixel over Kyagar Glacier was assigned 6 

parameters; elevation-change rates before, during, and after the surge, the dates of surge initiation and termination, and the 

duration of the surge impact using labels of k1, k2, k3, Ts, Te, and I respectively (Fig. 3, Fig. 4i).  200 

3.4 Extraction of glacial velocities 

In order to measure surface displacements, feature tracking was conducted using COSI-Corr (Leprince et al., 2007). After co-

registration, image pairs were cross-correlated using a sliding window between 32 ൈ 32 and 8 ൈ 8 to measure horizontal 

displacements between corresponding surface features along the north-south and east-west directions. Glacial velocity (𝑉𝑒𝑙) 

was then calculated through Eq. (1). 205 

 𝑉𝑒𝑙 ൌ
ൈටషೞ

మାషೢ
మ


           (1) 

Where: 

𝐷 is the period in days between acquisition of each image pair and 𝐷௬ is assigned 365 which is the number of days in a year. 

𝑃ି௦ and 𝑃ି௪ are the displacements in north-south and east-west directions respectively. Panchromatic bands of Landsat-7 

and Landsat-8 with a resolution of 15 m were selected as the potential image pairs between 1999 and 2021. Despite the Scan 210 

Line Corrector failure in May 2003 (Markham et al., 2004), we found that feature tracking of Landsat-7 image pairs from 2003 

to 2013 was still viable for tracking features between the data gaps. To cover the period before 1999, band 4 of Landsat-5 was 

used as features over ice and snow are more recognizable in the near-infrared spectrum. Velocity profiles along centerlines of 

west and central branches in Figure 2 were extracted and presented in chronological order so as to consider variabilities among 

different years and during surge events. We manually removed blunders with differences more than 20 m a-1 compared to 215 

surrounding areas in each velocity profile. It has previously been shown this method is applicable for velocity analysis of 

mountain glaciers with varying degrees of debris cover (Lv et al., 2019). 

Despite the Scan Line Corrector failure in May 2003 (Markham et al., 2004), we found that feature tracking of Landsat-7 

image pairs from 2003 to 2013 was still viable for tracking features between the data gaps.  
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3.5 Uncertainty of velocity extraction 220 

We took the residual velocity value over ice-free regions as the uncertainty of the velocity extraction. Landsat sensors have 

different spectral features and spatial resolutions leading to different correlation qualities between image pairs. We generated 

detailed residual value statistics on hillside and valley areas for the three image categories. The mean uncertainties of Landsat 

7 and Landsat 8 image correlation results were 1.29 m a-1 and 0.69 m a-1 respectively, with standard deviations of 5.36 m a-1 

and 1.01 m a-1. Correlation results of Landsat 5 were a little worse having a mean uncertainty of 6.72 m a-1 and a standard 225 

deviation of 7.12 m a-1. Considering that the annual velocities of Kyagar Glacier reach more than 50 m a-1 even during the 

quiescent phase, we consider those uncertainties acceptable for studying Kyagar Glacier motion characteristics. 

3.6 Visual interpretation of ice-dammed lake evolution 

We investigated the area of the ice-dammed lake using visual interpretation of satellite images. 148 Landsat images were 

selected and manually digitised to extract near-monthly lake boundaries (Fig. S1-S11). The HMA DEM obtained on 13 January 230 

2013, when the lake was completely discharged, was taken as reference DEM. We assumed the lake bed remained stable 

during the studied period, and the lake surface elevations at different times were then estimated using the extracted lake 

boundaries and the reference HMA DEM. 

4 Results 

4.1 Surging characteristics 235 

Velocity data indicate that the western branch of Kyagar Glacier experienced two surges from 1989 to 2021, and this was 

validated by visual interpretation. OneThe first surge occurred from 1992 to 1998 and the othersecond surge from 2012 to 

2019, confirming the previously inferred return period of ~20 years (Fig. 5,6). The first surge peaked in November 1995 

following three years of acceleration and declined thereafter to a minimum level over the next three years. The second surge 

peaked in September 2014 after a two-year acceleration and declined to a minimum over the next five years (Fig. 67,8). 240 

The two surges both reached a peak monthly velocity of ~800 m a-1, 2-6 km from the terminus (Fig. 6a7a,c). During the 

quiescent phase (i.e. before 1992 and from 2000 to 2012), the western branch had an average annual velocity of 40-80 m a-1 

(Fig. 5c,d). Velocities of the two branches differed above the confluence (after 7 km) and the central part of the tongue also 

experienced coincident acceleration and deceleration, albeit at a slightly slower rate (Fig. 5a,b,e,f). This implies the surging 

activity of the western branch did not block the motion of the central branch, rather it promoted ice mass transportation of the 245 

central branch to some extent. 

Monthly velocity profiles provide more detail of the dynamic evolution of the surge during the active phase. Figure 6d7d 

suggests that seasonal variations in flow are still an important control on velocity rates, peaking during April to October. The 

two surges both exhibit abrupt acceleration after spring (2014/04-2014/06 in Fig. 6a7a and 1995/04-1995/11 in Fig. 6c7c, Fig. 
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8). They reached a maximum by the end of the same year and started to decline at the beginning of the next year (2014/10-250 

2015/01 in Fig. 6b7b and 1996/02-1996/04 in Fig. 6c7c, Fig. 8). However, the deceleration was temporally variable; abnormal 

increases in both 2015/06-2015/07 and 1996/05-1996/09 suggest this was not a single event of summer re-acceleration after 

the peak velocity in winter. (Fig. 8). 

Kyagar Glacier entered the quiescent phase after 1998. The large volume of ice in the receiving zone rapidly ablated and the 

reservoir began to recharge, preparing for the next surge (Fig. 7a9a). During the period 2012 to 2016, the second surge event 255 

occurred. The surface elevation of the central branch lowered by 20-30 m in the accumulation zone, evidencing that the surge 

impact was wider than just on the western branch (Fig. 7b9b). This is consistent with the velocity profiles, which show that 

the central branch also experienced surge-like acceleration and deceleration. Although the active phase ended in 2020, part of 

the reservoir zone had already started to recharge during the latter part of the surge (Fig. 7c9c).  

The multi-temporal DEM analysis (Section 3.3) revealed that elevation-change rates in the quiescent phase (k1) reached 53 to 260 

75 m a-1 in the reservoir and -7 to -9 m a-1 in the receiving zone (Fig. 8a10a). During the surge, change rates (k2) had peak 

values ranging from -45 to -55 m a-1 in the reservoir and 55 to 65 m a-1 in the receiving zone (Fig. 8b10b). In the following 

few years after the surge impact, change rates (k3) were 43 to 76 m a-1 in the reservoir and -31 to -52 m a-1 in the receiving 

zone (Fig. 8c10c). Elevation-change rates right after the surge event (Fig. 8c10c) are lower than those during the entire 

quiescent phase (Fig. 8a10a). It is notable that only the lower region (0-4 km from the terminus) and another area (7-10 km 265 

from the terminus) exhibited abnormal elevation changes, while changes over the glacier surface 4-7 km from the terminus 

were small during the surge. This unclear change signal could result from the limited quality of the DEMs at this time. 

Results of k1, k2, and k3 suggest many pixels over Kyagar Glacier did not experience abrupt elevation changes. Therefore, we 

only show here the surge initiation (Ts) and termination (Te) of the pixels with probabilities greater than 0.5 in the BEAST 

process. The earliest Ts was in 2012 detected over part of the receiving zone (Fig. 8d10d). The latest Te was in 2017 at the edge 270 

of the terminus (Fig. 8e10e). 

4.2 Evolution of the ice-dammed lake 

We investigated the evolution of the ice-dammed lake using visual interpretation of satellite images and the SRTM DEM (Fig. 

S1-S11). The lake exhibited an irregular change from 1989 to 2021 (Fig. 911). In the early 1990s, the lake remained stable and 

grew slowly. From 1996 to 2009, the lake experienced yearly oscillations both in area and surface elevation. Before 2000, the 275 

annual maximum area of the lake exceeded 2 km2 and reached the maximum of 3.21 km2 in September 1998. Within two days 

ofAfter reaching theits maximum area in each year, the lake discharged almost entirely within about two days, likely resulting 

in annual GLOFs to the downstream valley. from 1996 to 2009. No lake existed between 2009 and 2015 suggesting an open 

channel developed beneath the glacier. From 2015 to 2021, the lake entered another period of yearly oscillations reaching a 

maximum area of 2.76 km2 in August 2017. In contrast to the earlier period, the lake did not fully disappear, and the during 280 

each drainage event. The timing of each reduction in lake area suggests historic lake outbursts usually took place during every 

summer since 1996 (July to September). 
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5 Discussion 

5.1 Surging process of Kyagar Glacier 

The semi-automated parameters extracted from successive DEMs have the advantage of being objectively derived and appear 285 

to show a clearer pattern than the elevation change descriptions that former studies have relied on. Combining these values 

with the velocity profiles, we could robustly rebuild the surging process during the last decade. 

At the beginning of the surge, velocities increased uniformly and slowly along the glacier tongue, with no since October 2012 

(Fig. 5e, 6). It was not until April 2014 that an obvious surge front forming until April 2014formed (Fig. 5e,6a7a, 8), a pattern 

which was also recorded by Round et al. (2017). However, the surge front did not impact the terminus, most likely due to 290 

frictional stress at the bed and the disconnected englacial hydrological system (Björnsson, 1998). There was a zone of intense 

compression Ts values in 2012 and 2013 were detected over the area 3-4 km from the terminus resulting in(Fig. 10d), indicating 

a notable elevation increase. Consequently, Ts values in 2012 and 2013 were detected over the , which we speculate resulted 

from intense compression of ice that could not be transported into the middle part of the receiving zone (Fig. 8d),, while 

elevations over the reservoir zone had no obvious change during this period (Fig. 1012).  295 

The surge front was clearly evident in the velocity profiles after April 2014 (Fig. 6a7a). The previous surge in the 1990s also 

underwent abrupt acceleration after spring (April 1995) (Fig. 6c7c, 8). We suggest this spring speed-up could be attributed to 

two reasons. The first relates to a reduction in till strength brought about by an increase in water at the bed during spring, as 

discussed in previous studies (Cuffey and Paterson, 2010; Round et al., 2017). The second relates to the extrusion stress of the 

accumulated ice in the receiving zone during 2012 and 2013, which likely reached the deformation threshold. The abrupt 300 

speed-up along the entire glacier tongue caused the reservoir surface started to rapidly decline in 2014, transporting a massive 

volume of ice to the receiving zone (Fig. 1012).  

Velocities reached a maximum of ~800 m a-1 in October 2014 and declined again in the coming winter and spring (Fig. 6b7b, 

8). However, velocities increased again in June-August of 2015, which is coincident with the summer speed-up that is evident 

in the quiescent phase. Re-acceleration after the peak velocity was also found in May-September of 1996 during the previous 305 

surge (Fig. 6c7c, 8). We suggest seasonal variations could still play a role in controlling glacial motion during surges. After 

the summer of 2015, velocities decreased rapidly to ~ 200 m a-1 within one year and decreased slowly henceforth from 2016 

to 2019 (Fig. 5f). In the meantime, a mass wave was generated in the receiving zone propagating towards the terminus (Fig. 

8d10d,e). 

We interpret the surge initiation most likely coincided with the maximum volume of ice that could be stored in the reservoir 310 

zone being exceeded, as suggested by Barrand and Murray (2006). The reservoir zone was at capacity at the end of quiescent 

phase and transported more ice to downstream than before causing a slow and uniform speed-up from the reservoir to the 

receiving zone. Hydrologic processes within and beneath the glacier became important at the same time the surge front was 

formed. Once the surge front had passed through the system and the reservoir zone was largely drained, the glacier resumed 

its quiescent state, still maintaining a basal hydrology, but with much reduced effect. 315 
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5.2 Methodological consideration of DEM difference post-processing 

The identification of the surge period (2012-2017) using multi-temporal DEM processing is shorter than that when using 

velocity profiles alone (2012-2019). This can most likely be attributed to the nature of the method. Specifically, we identified 

the lattermost profile (2019/08-2020/09 in Fig. 5f) with a decreasing velocity as the surge termination, even though the 

reduction may have been small (e.g. <10 m a-1). The consequent effect of such velocity changes on the surface elevation would 320 

go undetected given the vertical resolution of our data, meaning this period was likely already defined as the start of quiescent 

phase in PWLF process. The duration of the surge impact (I) on individual pixels varied from one to three years (Fig. 8f10f), 

meaning that the surge affected most parts of the glacier for discrete periods, rather than for the whole of the active phase. 

Uncertainties of elevation change point detection and elevation change rate calculation raised from the processing of BEAST 

model and PWLF model are shown in Figure 1113. For the BEAST model, there exists three parameters to evaluate the 325 

uncertainties of the model processing, including the occurrence probability of abnormal change over time, regression 

evaluation parameters such as R2 and RMSE, as well as the estimated variance of the model error (Zhao et al., 2019). For the 

PWLF model, various statistics can be calculated if we assume that the breakpoint locations and model form are correct. 

Similar to the BEAST model, the PWLF model provides the R2 and standard deviation based on prediction variance to evaluate 

the uncertainty due to the lack of data in the time series (Jekel and Venter, 2019). 330 

In both models, the output result will be nan/null if the model fitting fails or identified changepoints are not enough. Possible 

failure reasons include poor data quality, too few data points in time series, or too little variation in the time series. A lower 

number of null values and highly concentrated valid pixel distributions over the glacier region, indicate a higher reliability of 

the model analysis results. As shown in Figure 1113, valid pixels are filled in the flatter, lower part of the glacier, while many 

null pixels exist at high elevation and over steep slopes. This means the model has higher reliability over glacier tongue. 335 

The BEAST and PWLF models are based on general linear regression, so we evaluated the performance of the time series 

fitting and change point detection by regression parameters including R2 and standard deviation. There are a large number of 

pixels with high standard deviation and low R2 in the higher part of glacier (Fig. 11a,b,d,e). Due to the BEAST and PWLF 

model processing order,13a,b,d,e). R2 in PWLF is higher than that in BEAST, while the standard deviation in PWLF is less 

than that in BEAST. On the other hand, as the processingBEAST model is firstly conducted to process the time-series DEMs, 340 

the results of BEAST modelcould contain more information about theraw data quality and spatial-temporal distribution in time 

series. However, the coefficient of determination does not necessarily reflect the accuracy of detecting true trend change points 

(TCPs) in time series. HereAs introduced in Section 3.3, the BEAST algorithm evaluated not only the most likely timings and 

numbers of TCPs at any given time for each pixel in the glacier, but also the probability of each TCP being true (Zhao et al., 

2019). Compared to the linear regression processing, the detection of TCPs is much stricter. As a result, the pixels with higher 345 

R2 and lower standard deviation does not necessarily mean high probability of the TCP being true. In Kyagar Glacier, the 

pixels with high abnormal change probability (>= 0.5) were mainly detected in the reservoir and receiving regions. 
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Although the uncertainty of this approach requires further evaluation, it can quantify surging process in an unprecedented 

detail. Using this approach, we can investigate elevation-change rates during each period of surge-type glacier, the time of 

surge initiation and termination, and the surge duration. Compared to manually identifying surges from abrupt changes in 350 

DEMs, this approach is much more efficient and objective, only consuming a certain amount of computation load. It would be 

a valuable attempt to extend the approach to other surge-type glaciers of the whole HMA and even globally, which also makes 

it possible to identify surge events in a semi-automatic manner based on elevation change data. The only limiting factor for 

applying this approach would be that a large amount of DEMs with good spatial and temporal coverage are needed. 

5.3 Relationship between ice-dammed lake and surges 355 

Previous studies revealed the ice-dammed lake outbursts were related with dynamics of Kyagar Glacier, especially surging 

events (Haemmig et al., 2014; Zhang et al., 2020). By providing detailed lake evolution data we can offer more comprehensive 

insights into the relationship between surge and lake outburst events. 

We identified two oscillating periods of lake area and surface elevation, which occurred from 1996 to 2009 and 2015 to 2021. 

Round et al. (2017) also suggested historic lake outbursts could indicate surge activities of Kyagar Glacier. The lake burst 360 

every year during these two periods, although not every GLOF was detected at the gauging station hundreds of kilometers 

downstream (Chen et al., 2010). This suggests the surge was not the direct reason for triggering the GLOFs. However, we did 

find a relationship between them, which is that the ice-dammed lakes reached maximum areas after three years when the surge 

peaked in velocities. For instance, the velocity peaked in 1995 with a maximum lake area of 3.21 km2 in 1998, and in the next 

surge, velocity peaked in 2014 with a maximum lake area of 2.76 km2 in 2017. We suggest that it would take three years for 365 

the terminus to build a sufficiently large barrier for the lake to develop to its greatest extent after the surge peak. 

As a polythermal glacier, it is likely that the nature and efficiency of the hydrological system of the glacier varies greatly on a 

seasonal basis. Lakes from 1996 to 2009 nearly disappeared every time after outbursts. We suggest that the lake forged an 

englacial channel through the dam every summer. This interpretation is supported by an evident residual channel in the 

downstream valley flowing from the terminus area without any obvious changes on the glacier surface (Fig. S1-S6). 370 

Most lake areas from 2015 to 2021 were smaller than during the previous cycle, suggesting the danger associated with the 

outburst events could be diminishing. During this period, the lake drainage events did not entirely empty the basin (Fig. 911, 

Fig. S7-S11). This was probably because the connected channel was part way up the ice dam such that the lower part of the 

lake could not drain. It is therefore likely that it was the alteration of the drainage system beneath (or within) the glacial 

terminus that controlled the occurrence of each individual GLOF event. 375 

6 Conclusion 

Using SRTM, ASTER and HMA DEMs, as well as Landsat time-series images, we detected and described the vertical and 

horizontal glacial motion of Kyagar Glacier and assessed its relationship with GLOFs. By proposing a new quantifying 
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approach based on patterns shown in successive DEMs and combining velocity profiles during last three decades, we 

constructed the surging process of Kyagar Glacier in an unprecedented detail. As the first aim of this study, (1) we suggest the 380 

new quantifying approach of surging activities basing on the BEAST and PWLF processes could be popularized to other surge-

type glaciers in the HMA or specific regions of Arctic ring. We also find that (2) abnormal uplift over the lower glacier tongue, 

combined with a uniform increase in velocities, is the clearest indicator of surge initiation. (3) Seasonal variations in flow 

could still play a role in controlling glacial motion during surges. (4) Surge activities have a strong relationship with the ice-

dammed lake evolution, but it is likely to be the alteration of the drainage system within the terminus area that triggered the 385 

GLOF events. 
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 555 

Figure 1. Location of the Kyagar Glacier and regional geographical conditions. Labelled Mount Chogori is to assist orientation. The 
background is Landsat OLI image (band 6-5-4) acquired on 6 September 2021. 
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Figure 2: (a) Location of the ice-dammed lake and elevation profiles of the Kyagar Glacier. The background is a sharpened Landsat 560 
OLI image (band 6-5-4) acquired on 4 July 2015. Red dots indicate points along the western branch in Figure 6 and 8. (b) Elevation 
along two centerlines from the terminus; the western branch is shown in red and the central branch shown in yellow. (c) Hypsometry 
curve of Kyagar Glacier. 

 



21 
 

 565 

Figure 3: Workflow to quantify glacial behaviour using multi-temporal DEMs 
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Figure 4: Presentation of DEM differencing data post-processing. Four random pixels were selected along the central profile of the 
western branch. The green spots in c, f, i, and l represented the timing of each pixel starting to endure surge impact. The red spots 570 
represented the end of surge impact on each pixel. Parameters identified in i are shown in Figure 810. 
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Figure 5: Annual velocity profiles along the western and central branches of Kyagar Glacier from 1989 to 2021. The centerline of 
the western branch is formed by square dots and the centerline of the central branch is formed by crosses. 575 



24 
 

 

Figure 6: Annual velocities of different points along the western branch of Kyagar Glacier from 1989 to 2021. The points are shown 
in Figure 2a and selected at 2, 4, 6, 8, 10 ,12 km from the terminus. 

 

 580 

Figure 7: Near monthly velocity profiles along western branch centerline of Kyagar Glacier during two surging periods. 
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Figure 8: Near monthly velocities of different points along the western branch of Kyagar Glacier during two surging periods. The 
points are shown in Figure 2a and selected at 2, 4, 6, 8, 10 ,12 km from the terminus. 585 

 

 

Figure 9: Surface elevation changes of Kyagar Glacier during three periods (a: 2001 - 2012, b: 2012 - 2016, c: 2016 – 2020). 
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 590 

Figure 810: Parameter maps quantifying elevation changes of Kyagar Glacier. Elevation-change rates before, during, and after the 
surge of each pixel are labeled as k1, k2, and k3. Ts and Te represent the dates of surge impact initiated and terminated on each pixel. 
I represents the duration of surge impact. 
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 595 

Figure 911: Evolution of ice-dammed lake surface elevation and area from 1989 to 2021. 

 

 

 

Figure 1012: Details of Landsat 8 OLI images and elevation changes over reservoir zone. Elevation changes between HMA DEM 600 
and SRTM DEM are shown. 
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Figure 1113: R2 (a), standard deviation (b), and abnormal change probability (c) in BEAST process; R2 (d) and standard deviation 
(e) in PWLF process. 605 

 

Table 1: Details of the Landsat series images and DEMs used in this study 

 Product/Sensor Resolution (m) Date of acquisition Scenes 

DEMs 

ASTER DEM 30 2001 Feb 27 – 2021 Sep 30 67 

HMA DEM 8 2011 Jun 25 – 2016 Oct 2 17 

SRTM DEM 30~90 2000 Feb 11-22 1 

Landsat imagery 
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Landsat-5 TM 30 1989 Aug 6 – 2000 Mar 20 85 

Landsat-7 ETM+ 30/15(band 8) 1999 Jul 25 – 2013 May 19 147 

Landsat-8 OLI 30/15(band 8) 2013 Jun 5 – 2021 Dec 11 141 

 



Table S1. Mean differences and the standard deviation (SD) of elevation difference maps over off-glacier 

areas before and after co-registration process. 

DEM Product ID Date 

Statistics of stable ground differences 

(Product vs SRTM) (m) 

Pre-mean Pre-SD Post-mean Post-SD 

AST14DEM_00302272001055811 2001/2/27 

5.8334  

10.517

6  -0.3708  10.1930  

AST14DEM_00303312001055714 2001/3/31 

10.609.81  

23.502

2.63  1.660.67  

16.4815.

19  

AST14DEM_00304252001055043 2001/4/25 

33.7919  

22.402

0.55  1.8920  

19.53 

21.46 

AST14DEM_00308022002054207 2002/8/2 

6.3614  

13.303

3  0.8668  10.5674  

AST14DEM_00305082003054658 2003/5/8 

10.4044  

38.213

7.89  0.3115  39.5634  

AST14DEM_00305032004054046 2004/5/3 

5.096.36  

20.661

8.78  2.081.56  

16.0014.

29  

AST14DEM_00305032004054037 2004/5/3 

7.1311  

16.846

5  1.9171  12.2707  

AST14DEM_00306112004054637 2004/6/11 

2.5711  

18.622

6  -0.1538  

17.1816.

93  

AST14DEM_00310202005054549 2005/10/20 

-2.3396  

12.361

1.45  0.6614  9.9558  

AST14DEM_00311142005053944 2005/11/14 25.9824.8

6  

24.192

2.21  2.181.06  

24.1322.

32  

AST14DEM_00311142005053953 2005/11/14 32.0025.2

4  

21.462

7.54  3.421.45  

31.5421.

73  

AST14DEM_00311302005053951 2005/11/30 28.5020.1

4  

25.231

7.15  4.911.83  

26.8716.

77  

AST14DEM_00302092006054532 2006/2/9 -

14.7415.2

9  

18.748

4  0.5500  15.1628  

AST14DEM_00305282007054024 2007/5/28 

6.9571  

15.410

0  1.8775  11.1123  

AST14DEM_00305282007054033 2007/5/28 

3.822.53  

19.151

7.41  1.4520  

13.5712.

86  

AST14DEM_00307312007054050 2007/7/31 

5.3620  

13.040

2  0.4624  10.8164  

AST14DEM_00307312007054059 2007/7/31 

-4.436.05  

20.391

8.55  0.2969  

16.9015.

64  

AST14DEM_00312222007054044 2007/12/22 

13.106.90  

34.162

9.90  2.911.93  

34.1928.

56  

AST14DEM_00312222007054035 2007/12/22 

7.166.46  

27.502

6.46  1.1737  

25.2524.

60  

AST14DEM_00303112008054024 2008/3/11 

4.7345  

18.614

7  1.2308  17.6680  

AST14DEM_00310212008054055 2008/10/21 15.8611.4

5  

34.072

8.96  2.320.82  

29.8123.

80  

AST14DEM_00310212008054046 2008/10/21 

11.5712  

29.322

8.09  1.6704  

23.3022.

37  

AST14DEM_00311222008054054 2008/11/22 

5.3503  

23.631

9  2.191.98  17.2744  

AST14DEM_00311222008054103 2008/11/22 

-1.953.23  

20.651

9.74  0.6131  12.5630  

AST14DEM_00304222009054745 2009/4/22 

0.2503  

15.747

3  -0.1510  14.4764  



AST14DEM_00308212009054049 2009/8/21 

14.3117  

24.762

3  1.4724  

25.4724.

45  

AST14DEM_00310312009054651 2009/10/31 

-2.873.46  

12.053

9  -0.0354  12.0336  

AST14DEM_00312022009054657 2009/12/2 

-6.1168  

10.548

4  -0.2923  10.1622  

AST14DEM_00302042010054646 2010/2/4 

2.9340  

14.405

7  -0.2223  

13.0412.

96  

AST14DEM_00304092010054648 2010/4/9 

0.4103  

11.455

2  -0.2316  11.1923  

AST14DEM_00309162010054631 2010/9/16 

-7.548.04  

17.590

4  -0.3613  12.6049  

AST14DEM_00301312011054004 2011/1/31 

1.230.92  

36.384

8  1.1277  36.2112  

AST14DEM_00305072011054026 2011/5/7 

-0.0548  

15.986

2  1.4001  11.3847  

AST14DEM_00305072011054035 2011/5/7 

-1.232.42  

16.691

5.77  1.0506  11.2841  

AST14DEM_00306082011054011 2011/6/8 

2.021.83  

16.913

5  0.5750  10.4875  

AST14DEM_00306082011054020 2011/6/8 

-1.762.75  

20.461

8.02  0.6656  

12.6811.

64  

AST14DEM_00306242011054010 2011/6/24 

7.5234  

11.041

0.86  0.431.29  9.7587  

AST14DEM_00306242011054019 2011/6/24 

4.86 6.05 

13.471

2.41  0.4233  

12.2511.

58  

AST14DEM_00303222012054024 2012/3/22 

16.7538  

18.581

7.56  1.080.76  15.7625  

AST14DEM_00304142012054630 2012/4/14 

4.44 5.09 

12.001

1.84  -0.0141  11.9879  

AST14DEM_00304232012054026 2012/4/23 

24.9370  

25.852

3.33  0.561.03  

18.7716.

94  

AST14DEM_00304232012054035 2012/4/23 22.3419.8

7  

26.472

2.19  1.610.35  

18.0014.

93  

AST14DEM_00305092012054029 2012/5/9 22.0821.5

1  

15.371

4.29  1.380.77  

14.4213.

97  

AST14DEM_00305162012054638 2012/5/16 

-3.3495  

12.414

0  0.3780  12.4129  

AST14DEM_00307032012054636 2012/7/3 

2.251.64  

20.881

9.03  0.8340  13.6105  

AST14DEM_00310192013054017 2013/10/19 

10.429.86  

26.292

5.58  1.7312  

26.2625.

53  

AST14DEM_00310192013054025 2013/10/19 

9.615.59  

32.002

7.38  1.920.90  

32.6126.

71  

AST14DEM_00308192014054100 2014/8/19 

3.182.97  

13.311

1  1.2801  11.2809  

AST14DEM_00308192014054109 2014/8/19 

-3.944.98  

16.421

4.77  0.2428  

13.6712.

40  

AST14DEM_00302112015054102 2015/2/11 

0.33-2.36  

22.802

1.49  2.171.39  

22.5820.

93  

AST14DEM_00309142015054723 2015/9/14 

-2.0057  

12.472

5  -0.3801  

11.0110.

97  

AST14DEM_00312032015054715 2015/12/3 -

16.5017.0

6  

16.773

3  -0.1538  14.2308  



AST14DEM_00303082016054644 2016/3/8 -

15.7816.3

1  

12.986

2  -0.1331  11.1600  

AST14DEM_00303242016054647 2016/3/24 

-4.815.15  

11.141

6  -0.1750  10.2943  

AST14DEM_00305142017054652 2017/5/14 

-4.655.32  

16.581

5.79  0.681.04  13.5202  

AST14DEM_00305302017054652 2017/5/30 

2.480.33  

25.142

0.98  1.480.40  

23.4619.

87  

AST14DEM_00312082017054653 2017/12/8 

-1.2081  

11.051

0.84  0.6201  10.6242  

AST14DEM_00305262018054155 2018/5/26 23.4822.8

7  

27.182

4.62  1.1413  

16.2914.

22  

AST14DEM_00305262018054204 2018/5/26 

14.9589  

37.112

7.46  2.150.71  

27.2716.

47  

AST14DEM_00305292019054059 2019/5/29 

-0.591.98  

20.111

8.08  1.7820  

13.3112.

09  

AST14DEM_00305292019054050 2019/5/29 

2.8063  

16.350

5  0.9888  11.2948  

AST14DEM_00303032020054720 2020/3/3 

-6.988.20  

16.321

4.70  0.50  

15.5014.

35  

AST14DEM_00306232020054643 2020/6/23 

1.6114  

21.382

0.40  0.4202  14.60  

AST14DEM_00305092021054453 2021/5/9 

2.231.55  

23.642

1.98  0.69 1.38 

19.1617.

79  

AST14DEM_00306032021053822 2021/6/3 17.2116.5

7  

30.012

8.27  1.6528  

16.0814.

69  

AST14DEM_00306032021053813 2021/6/3 

20.4022  

22.975

4  1.6943  12.7748  

AST14DEM_00309302021054225 2021/9/30 

7.326.90  

20.551

9.68  -0.2904  11.7782  

HMA_DEM8m_AT_20110625_0602_103

001000B995100_103001000B62DE00 
2011/6/25 

-21.3973  6.0368  0.2216  5.796.30  

HMA_DEM8m_AT_20110625_0602_103

001000C6D7F00_103001000B48A500 
2011/6/25 

-18.5374  

5.806.3

8  0.1411  5.5295  

HMA_DEM8m_AT_20120817_0555_103

001001ABA5800_103001001BA72400 2012/8/17 

-

17.3818.0

2  

5.676.3

0  0.1507  6.055.54  

HMA_DEM8m_AT_20121002_0548_102

001001D519C00_102001001E5C8700 
2012/10/2 

-14.1060  6.1184  0.2213  6.0259  

HMA_DEM8m_AT_20130121_0537_102

001001E3AD500_102001001FD84200 
2013/1/21 

-17.3177  6.1082  0.3231  5.926.53  

HMA_DEM8m_AT_20150321_0533_104

001000970E100_1040010009200000 
2015/3/21 

-18.94  6.08  0.23  5.67  

HMA_DEM8m_AT_20150409_0533_104

001000A61D300_104001000A3BBC00 
2015/4/9 

-17.3271  

5.586.0

7  0.2825  5.4281  

HMA_DEM8m_AT_20150409_0534_104

001000A8D7900_104001000955A900 
2015/4/9 

-17.5365  5.0955  0.2017  5.0033  

HMA_DEM8m_AT_20150507_0542_105

0410012A5C000_1050410012A5BF00 2015/5/7 

-

18.7119.0

5  6.3097  0.2014  5.846.33  

HMA_DEM8m_AT_20150523_0550_103

0010042AEB200_103001004177F700 2015/5/23 

-

22.8523.1

4  

5.526.0

9  0.1109  5.3881  

HMA_DEM8m_AT_20151016_0545_104

0010012C70E00_104001001380D500 
2015/10/16 

-16.5788  

5.756.3

4  0.2622  5.3579  



HMA_DEM8m_AT_20151128_0742_102

00100481CBF00_10200100470C5800 2015/11/28 

-

19.9621.6

1  

7.638.1

6  -0.0307  7.3856  

HMA_DEM8m_AT_20160730_0547_103

0010058028600_103001005A695500 2016/7/30 

-

18.6619.0

6  

5.706.3

4  0.1513  5.556.10  

HMA_DEM8m_AT_20161002_0535_105

0010006818700_1050010006818900 2016/10/2 

-

17.7518.0

7  5.4197  0.1004  5.1354  

HMA_DEM8m_AT_20161002_0534_105

0010006818800_1050010006818600 
2016/10/2 

-19.26  6.36  0.23  5.79  

HMA_DEM8m_CT_20141025_1736_104

0010003AC5200_10300100388CC800 2014/10/25 

-

11.8312.4

7  6.6181  0.0209  6.5057  

HMA_DEM8m_CT_20141129_1801_103

001003CC3F400_1020010038C4A900 2014/11/29 

-

17.9818.4

9  6.1156  0.2018  5.836.12  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S1. Sharpened Landsat images showing ice-dammed lake evolution (1).  

 



Figure S2. Sharpened Landsat images showing ice-dammed lake evolution (2).  

 



Figure S3. Sharpened Landsat images showing ice-dammed lake evolution (3).  

 



Figure S4. Sharpened Landsat images showing ice-dammed lake evolution (4). 

 



Figure S5. Sharpened Landsat images showing ice-dammed lake evolution (5). 

 



Figure S6. Sharpened Landsat images showing ice-dammed lake evolution (6).  

 



Figure S7. Sharpened Landsat images showing ice-dammed lake evolution (7). 

 



Figure S8. Sharpened Landsat images showing ice-dammed lake evolution (8). 

 



Figure S9. Sharpened Landsat images showing ice-dammed lake evolution (9).  

 



Figure S10. Sharpened Landsat images showing ice-dammed lake evolution (10).  

 



Figure S11. Sharpened Landsat images showing ice-dammed lake evolution (11).  
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