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Abstract. The investigation of surging glaciers using remote sensing has recently seen a strong increase as freely
8 available satellite data and digital elevation models (DEMs) can provide detailed information about surges that
9 often take place in remote or inaccessible regions. Apart from analysing individual surges, satellite information is

10 increasingly used to collect capable data on surging glaciers. Related inventories have recently been published for

11 several regions in High Mountain Asia including the Karakoram, parts of the Pamir and western Kunlun Shan,

12 but information for the entire Pamir is solely available from a historic database listing about 80 glaciers with

13 confirmed surges. Here we present an updated inventory of confirmed glacier surges for the Pamir that considers

14 results from earlier studies and is based on a systematic analysis of Landsat image time series (1988 to 2018) and

15 DEM differences. Actively surging glaciers were identified from animations, flicker images and the typical

16 elevation change patterns. Selected historic and contemporary very high-resolution imagery were used to confirm

17 surges. In total, we identified 206 spatially distinct surges within 186 glacier bodies, mostly clustered in the

18 northern and central part of the Pamir. Where possible, minimum and maximum glacier extents were digitized,

19 but often interacting tributaries made a clear separation challenging. Most surging glaciers (n=70) are found in

20 the larger size classes (>10 km2), but two of them are very small (<0.5 km?). We found also several surges where

21 the length of the glacier increased by more than 100%. The created datasets are available at:

22 https://doi.pangaea.de/10.1594/PANGAEA.914150 (Goerlich et al., 2020).

23

24 1 Introduction

25 The investigation of surging glaciers using satellite data received recently increased attention among scientists, in
26 particular for the Karakoram mountain range but also other regions of the world (Berthier and Brun, 2019;
27 Bhambri et al., 2017; Bolch et al., 2017; Falaschi et al., 2018; Minora et al., 2016; Paul, 2015; Quincey et al.,
28 2015; Rankl and Braun, 2016; Round et al., 2017; Steiner et al., 2018). This has several reasons, for example (a)
29 the free access to long (Landsat) and dense (TerraSAR-X / TanDEM-X, Sentinel-1/2) time series of high-
30 resolution satellite data, (b) the limited understanding of why some glaciers in this region are surging while
31 others do not, (c) a high-amount of on-going surges at any point in time, (d) the large variations of surge
32 behaviour in a small region, () the long history and still occurring surge-related hazards (mostly due to damming
33 of a river and related outburst of lakes), and (f) the very difficult field access. Thereby, most of-the-studies

34 document the variations in glacier extent / length changes, flow velocities and elevation / mass changes in the
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35 course of a surge or surge-related hazards. These studies revealed unprecedented details about surge dynamics
36 and variations that already helped in improving our understanding of related surge mechanisms.

37

38 In contrast, the surging glaciers in the Pamir mountain ranges to the north of the Karakoram received less
39 attention, but recently some studies were published (e.g. Lv et al. 2019; Osipova 2015; Wendt et al. 2017; Holzer
40 etal. 2016). This might be due to the fact that several surges during the Soviet era have already been described in
41 detail (e.g. the surges of Medvezhy and Geographical Society glaciers are well documented, see Dolgushin and
42 Osipova (1971, 1975), Kotlyakov et al. (2003) and Osipova (2015) and a detailed inventory describing a high
43 number (>800) of surge-type glaciers based on satellite data and aerial images was published (Osipova et al.
44 1998). However, this and many of the publications are in Russian and are therefore little known internationally.
45

46 When speaking about surging glaciers, we first have to differentiate between surge-type glaciers and other
47 glaciers. This is important when interpreting glacier changes in the context of climate change, e.g. their length or
48 mass changes over a time period where surges have occurred (Bolch et al., 2017; Brun et al., 2017; Gardelle et
49 al., 2013). Secondly, it is also important to distinguish surge-type from surging glaciers. The former have surged
50 at some point in the past and show indirect evidences (e.g. looped or distorted moraines, post-surge down-
51 wasting features) of a former surge, whereas the latter surged actively within the observation period. We here
52 only investigate the latter. The globally most complete compilation of surge-type glaciers by Sevestre and Benn
53 (2015) is a most valuable starting point but is based on literature sources up to the year 2013 only. In the
54 meantime, numerous further surge-type glaciers have been identified across High Mountain Asia (HMA) from
55 the analysis of multi-temporal satellite imagery, e.g. in the Karakoram (Bhambri et al., 2017), Kunlun Shan
56 (Yasuda and Furuya, 2015), central Tibet (Zhang et al., 2018), eastern Pamir (Lv et al., 2019) and Tian Shan
57 (Mukherjee et al., 2017), but an update of confirmed surges for the entire Pamir Mountains is yet missing. With
58 this study we aim at identifying them and providing detailed information (e.g. timing and typology) about
59 confirmed surges in the Pamir Mountains.

60
61 Surge-type glaciers are included in the inventory by Osipova et al. (1998) and Sevestre and Benn (2015). The

62 information from the former study is also available in the Randolph Glacier Inventory (RGI) version 6 (RGI
63 Consortium 2017) using the simplified classification scheme developed by the latter study (with three instead of
64 six classes). We have revisited existing literature, the RGI and the new study by Lv et al. (2019) as a starting
65 point for our inventory of confirmed glacier surges. It is primarily based on the analysis of animated multi-
66 temporal (1988-2018) time-series of Landsat data, but also on elevation difference maps showing the typical
67 mass transfer pattern of glacier surges. For some less clear cases, we also analysed very high-resolution images
68 from the Corona and Hexagon missions and the maps in Google Earth and bing.com for confirmation.

69

70 There are thus important differences in our approach compared to the methodology used for the ‘catalogue’ by
71 Osipova et al. (1998), implying that both are not directly comparable: (i) our satellite image time series (Landsat)
72 has a lower spatial resolution (30 m) than the KFA1000 data (3-5 m) used by Osipova et al. (1998), (Dowdeswell
73 et al. 1993, 1995), (ii) we cover a different period (1988-2018) than Osipova (1998), have (iii) used different
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74 indicators for surge identification (e.g. animations, DEM difference patterns), (iv) assigned only one surge class
75 instead of six. and (v) our glacier entities have different boundaries as we used the most recent inventory by Mélg
76 etal. (2018) as a base for the analysis.

7
78 For this study, we revisited this inventory (here named GI-1) by adding ice divides for glacier units that surged

79 but were so far connected with other glaciers in GI-1, resulting in a new inventory GI-2. In a second step, three
80 inventory subsets are created that provide (a) the selection of surging glaciers only from the GI-2 inventory (GI-
81 3), (b) minimum (GI-3min), and (c) maximum (GI-3max) extents of all surging glaciers. The number in brackets
82 after a glaciers name refers to its ID in the GI-3min inventory. We also present a rough classification of the
83 different surge-types, the timing of surges during the observation period (1988-2018), a comparison of
84 geomorphometric characteristics (other glaciers in GI-2 vs. GI-3), and an analysis of the geometric changes (e.g.

85 minimum elevation) due to a surge.

86 2 Study region

87 The Pamir is one of highest mountain ranges within HMA and of the world extending from about 36°35’ to
88 39°35’ N and 70°35 to 75°35° E (Fig. 1). The northern part belongs to the Osh region of Kyrgyzstan, the eastern
89 parts to the Xinjiang Uighur Autonomous Region of China, the most southern regions to Badakhshan in
90 northeastern Afghanistan and the main part to Gorno-Badakhshan in Tajikistan. The highest peak (Mt. Kongur)
91 reaches up to 7649 m a.s.l. and enthrones over the Kongur Shan in the eastern part of the Pamir (all names are
92 based on selected transliterated Russian topographic maps at a 1:500.000 and 1:100.000 scale).

93

94  Figure 1

95

96 Typical glaciers in the Pamir are long and dendritic or multi-basin valley glaciers, but other types such as

97 mountain glaciers and cirques exist as well. Due to the steep and ice-free surrounding rock walls, most glaciers

98 are at least partly debris covered, which simplifies the identification of typical surge marks (e.g. looped moraines)

99 from space (e.g. Kotlyakov et al. 2008). Most glaciers are concentrated in the central part around Ismoil Somoni
100 Peak (7495 m a.s.l.) including Fedchenko Glacier, which is with a length of >70 km the longest valley glacier in
101 the world outside the polar regions (Machguth and Huss, 2014). Additionally, the region is home of abundant
102 rock glaciers that are not always clearly separable from debris-covered glaciers and other ice-debris landforms
103 (Mélg et al., 2018).
104
105 The glaciers in the western and central part of the Pamir (Tadjik, Kyrgyz and Afghan regions) are of winter
106 accumulation type where most precipitation (~90%) falls between December and May (Maussion et al., 2014)
107 with annual amounts of up to 1285 mm a® at Fedchenko weather station (Finaev et al., 2016). Contrary, the
108 glaciers in the eastern part are mainly (50 to 60%) fed by precipitation in the summer months between June and
109 August, which can be seen as an eutpest of the monsoon (Maussion et al., 2014). The total annual precipitation is
110 very low in some regions, reaching only ~70 mm a* at Murgab (3576 m a.s.l.) and Toxkargan weather stations,
111 both located in valleys (3090 m a.s.l.) (Finaev et al., 2016). Hence, the glaciers in the western and central part are

3
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112 situated in a somewhat warmer and more humid climate whereas the eastern ranges are dry and cold.
113 Accordingly, mean elevations of the former can be found at lower altitudes (~4740 m a.s.l.) than in the eastern
114 regions (~5050 m a.s.l.) (Mdlg et al., 2018).

115

116 The likely best-investigated glacier in the region is Fedchenko (Lambrecht et al., 2014, 2018) that is so far
117 considered as not surging. Of the glaciers with confirmed surges, Medvezhy Glacier (29) is likely the best
118 investigated (see Kotlyakov et al., 2008). This latter study is-also-reporting details about surges of several other
119 glaciers in the region, partly back to 1959.

120 3 Datasets and pre-processing
121 3.1 Satellite data
122 3.1.1 Landsat

123 For the detection of glacier surges and determination of surge start, end and possibly cycle, we used freely
124 available Landsat imagery (Level 1T) from earthexplorer.usgs.gov including Landsat 5 TM (Thematic Mapper),
125 Landsat 7 ETM+ (Enhanced Thematic Mapper plus) and Landsat 8 OLI (Operational Land Imager) sensors.
126 Additionally, we used some very good scenes (no snow outside glaciers) from Landsat MSS (Multispectral
127 Scanner) from the 1970s and 1980s. The three sensors TM, ETM+ and OLI acquire data with a horizontal
128 resolution of 30 m for the visible, near-infrared (NIR) and shortwave infrared (SWIR) bands at a repeat rate of 16
129 days. Key characteristics of the datasets are shown in Table 1, the full list of scenes used for this study is
130 presented in Table S1 in the Supplementary material.

131

132 In general, cloud-free scenes from the end of the summer (July to October) are used from all sensors, but for
133 some regions, also earlier acquisitions are considered to have images available for as many years as possible.
134 With a focus on the changes near the glacier terminus, the remaining seasonal snow at higher elevations in these
135 images was unproblematic. Unfortunately, it was not possible to find suitable scenes for each year in most
136 regions so that the determination of the onset or end of a surge has at least a +1 year uncertainty. Priority was
137 given to Landsat 5 TM scenes to limit using Landsat 7 ETM+ scenes after 2002 when the Scan Line Corrector
138 (SLC) stopped working (resulting in so-called SLC-off scenes). For the animations we use the standard colour-
139 balanced and orthorectified image quicklooks that are provided in false-colours (glacier ice and snow is depicted
140 in cyan) at the original resolution and were downloaded from earthexplorer.usgs.gov. The jpg-compression of
141 these images results locally in blurred details but they had only very small impact on surge identification.

142

143 Table 1

144

145 3.1.2 Corona and Hexagon

146 The Corona Keyhole (KH) 4B scenes from August 1968 (Table S1) cover the central and northern Pamir (see
147 Fig. 1) and were also downloaded from earthexplorer.usgs.gov. The Corona images are panchromatic, recorded
4
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148 in stereo mode and have a ground resolution of up to 1.8 m (Galiatsatos, 2009). We processed 11 scene pairs to
149 generate a DEM and corresponding orthophotos with 5 m resolution following Goerlich et al. (2017). Due to the
150 high effort of processing Corona stereo scenes, the orthoimages cover the region with the most surging glaciers.
151 The orthoimages revealed details in surface morphology that are typical for surging glaciers but barely visible for
152 the largest glaciers at the 30 or 15 m resolution of Landsat images. We also used Hexagon KH-9 scenes from July
153 1975 and June 1980 to generate orthoimages following Pieczonka et al. (2013). The scenes depict the regions

154  west of Fedchenko Glacier up to a resolution of 6 m.

155 3.1.3 Google Earth and bing.com

156 The very high-resolution satellite images available in Google Earth (GE) have been widely used for numerous
157 geoscientific applications (Liang et al., 2018). We used them here together with the satellite images available on
158 bing.com to confirm identified surging glaciers in the Landsat period, i.e. for visual checks only. Sometimes the
159 available time series in GE also allowed a proper identification of glacier surges when the quiescent and/or active
160 phases are captured (see examples in Lv et al., 2019). Interestingly, the images used in bing.com were often
161 complimentary to GE, i.e. provided excellent coverage when nothing useful was available in GE and vice versa.
162

163 In Fig. 2 we provide a visual comparison of image sources displaying three surging glaciers in the central Pamir
164 to illustrate the visibility of details. We include examples from Corona, Hexagon, Landsat OLI as well as geo-eye,
165 (from bing.com). The high-resolution images from Corona and bing.com show clearly the highly crevassed
166 surfaces (mainly for the two larger glaciers) that are not visible in the Landsat image. In the Landsat image, the
167 glacier boundary and debris-covered parts can be identified, but it is almost impossible to reveal the terminus of
168 Walter 731 (19) and Soldatov (20) glaciers in the static image. This is different when using animations that reveal
169 glacier termini clearly when they change position (Paul, 2015).

170

171 Figure 2

172

173 3.2 Digital elevation models (DEMs)

174 Several DEMs are freely available for the study region. This includes the Shuttle Radar Topography Mission
175 (SRTM) DEM (Rabus et al., 2003), the Advanced Spaceborne Thermal Emission and Reflection Radiometer
176 (ASTER) GDEMv2 (Tachikawa et al., 2011), the ALOS PRISM DEM AW3D30 (Takaku et al., 2014), the High
177 Mountain Asia (HMA) DEM (Shean, 2017) and the DEM from the TanDEM-X mission (TDX) provided by DLR
178 (German Aerospace Centre) (Wessel, 2016). They have different characteristics (sensor types, spatial resolution,
179 artefacts, data voids, acquisition dates) and — apart from the HMA DEM - are used here for several purposes such
180 as calculation of topographic characteristics and surface elevation changes (Table 2). A direct comparison of the
181 DEMs using hillshades and DEM differences revealed that only the GDEMv2 and the AW3D30 DEM are free of
182 data voids but that the GDEMv2 has partly strong artefacts over glacier surfaces. We thus used the AW3D30
183 DEM to determine topographic characteristics for all glaciers.

184
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185 Besides the orthoimages, we created DEMs from the 1968 Corona stereo pairs (cf. Goerlich et al., 2017) and used
186 DEMSs from 1975 Hexagon data (cf. Pieczonka et al., 2013). The AW3D30 DEM served as a height reference
187 (Ground Control Points, Disparity Predictions) for the Corona DEM processing and the SRTM DEM for
188 Hexagon. The main difference of the final DEMs is the coverage where Corona covers only a small area (~15 x
189 180 km?) per stereo image pair compared to Hexagon (~130 x 130 km?). This results in a far larger effort to
190 generate DEMs and orthophotos from Corona for a larger region.

191

192 We have used the temporarily better constrained DEMs from Corona (1968), SRTM (2000), AW3D30 (2006-
193 2011), and TDX (2011-2014) to determine elevation changes over the periods of 1968 to 2000, 2000 to ~2009,
194 and ~2009 to ~2012/14. Elevation differences were interpreted in a qualitative sense only as the typical pattern of
195 elevation changes for surging glaciers (strong elevation gain/loss in the lower and vice versa in their upper region
196 during the active/quiescent phase of a surge) can be clearly identified in most cases, i.e. changes are often much
197 higher (100+ m) than the combined uncertainties of the two DEMs (e.g. Gardelle et al. 2013).

198

199 Table 2

200

201 3.3 Glacier outline datasets

202 We used the Karakoram / Pamir glacier inventory (GI-1) created by Mélg et al. (2018) as a basis for glacier
203 identification and extent modification. This inventory provides a consistent dataset of manually corrected glacier
204 outlines based on Landsat scenes acquired between 1998 and 2002 for the entire Pamir, including the ranges
205 Kingtau, Ulugarttag and Muztagh in the Chinese part. As the inventory is a temporal snap shot and surge-type
206 glaciers are in various stages of their surge cycle, they can be connected to a larger main glacier and thus not be
207 analysed separately. To overcome this restriction, we have separated all part-time tributaries exhibiting their own
208 dynamics from the glaciers they connect with and added the required new ice divides in the accumulation
209 regions. This revised inventory (GI-2) is used as the base for all subsequent geomorphometric calculations. The
210 separation follows the natural flow and extent of the larger glacier and required several iterations, as the surge
211 characteristic was often not clear from the beginning. After all surges have been identified, a sub-sample of GI-2
212 was created that only includes the glaciers that surged (inventory GI-3). The GI-3 sub-sample served as a base to
213 digitise minimum and maximum glacier extents for all glaciers exhibiting a visible change in terminus position.

214 These datasets are saved in two additional inventories (GI-3min and GI-3max, respectively).

215 4. Methods

216 4.1 Surge identification

217 Glacier surges can occur in very different forms and-flavours with a likely continuous transition to instable_flow
218 and regular glacier advances. Hence, a clear identification of surge-type glaciers is not trivial even in their active
219 phase and a wide range of identification criteria has been suggested to distinguish them from all other glaciers
220 (e.g. Sevestre et al., 2015; Bhambri et al., 2017; Mukherjee et al., 2017). In this study, we focus on glaciers that

6
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221 had an active surge phase during the investigated period 1988-2018, i.e. indirect evidences alone such as distorted
222 or looped moraines are not considered. In-consequence, our sample is smaller than the one presented in the
223 ‘catalogue’ by Osipova et al. (1998), who listed 845 surge-type glaciers for the Pamir (i.e. 35% of the global
224 sample by Sevestre and Benn (2015)) in six distinct classes. Their inventory is also digitally available in the RGI
225 using the simplified classification scheme by Sevestre and Benn (2015), with the classes (their Table 4):
226 confirmed (Category 1), probable (2) and possible (3). With our focus on observed surges (with few exceptions)
227 our sample would be in the ‘confirmed’ type of which Osipova et al. (1998) list 61 and Sevestre and Benn (2015)
228 90 glaciers.

229

230 To identify surging glaciers, we started with the ‘confirmed’ samples listed by Osipova et al. (1998, 2010),
231 Kaotlyakov et al. (2008) and Lv et al. (2019). These studies included all mountain ranges where we searched for
232 surging glaciers except the Rushanskii and Muztagh ranges. Our identification consists of four steps:

233

234 (1) At first, we analysed the-animations from the Landsat quicklooks to validate the findings of the four studies.
235 Each frame set was animated with slightly different samples to facilitate visibility of glacier dynamics in each
236 region similar to Paul (2015). The qualitative analysis tracked surface feature displacements and was applied to
237 the entire study region. Collectively, this step revealed 139 surging glaciers during the study period (including
238 (glaciers that have just started surging).

239 (1) In the next step, we analysed the elevation change patterns of the various DEM difference maps in a
240 qualitative way (Mukherjee et al., 2017). Glaciers showing an opposing pattern of surface elevation change
241 (lowering and thickening) were digitally marked and added to the sample, yielding 35 further glaciers from the
242 1968 to 2000 and 2000 to c. 2009 elevation difference maps. An example of the DEM difference map is
243 displayed in Fig. 3, revealing for some glaciers the typical surge pattern. This method helped in detecting internal
244 surges with limited changes of the terminus and/or where crevasses or shear margins are difficult to detect.

245

246 Figure 3

247

248 (11 In this step, we analysed individual image pairs in detail using flicker images, i.e. going back and forth
249 between two images only (K&4b et al. 2003). For a clear before/after distinction, this analysis was restricted to the
250 best scenes available for a specific region (e.g. without clouds, seasonal snow or deep shadows). We here also
251 used the contrast-enhanced false colour infrared images from the MSS scenes, several 15 m panchromatic images
252 of ETM+ and OLI and the declassified orthoimages. Additional 27 glaciers could be identified this way.

253

254 (1V) In the final step, we checked the identified glaciers with the partially very high-resolution images available
255 in GE and bing.com to also analyse morphological characteristics of the glacier surfaces in detail, their shape and
256 also possible changes in extent (Lv et al., 2019). Despite the variability in acquisition years, this allowed us
257 remewving a few glaciers (7) from the sample (in most cases the ‘surges’ were likely just advances) and also
258 adding 12 new ones. At this stage, we started introducing indirect evidence to the classification and thus checked

suolssnasig


 
Cross-Out

 
Cross-Out

 
Inserted Text
Consequently

 
Cross-Out

 
Comment on Text
Suggest changing 'study period' to 'period 1988-2018' (assuming that this is what you're referring to here?), to avoid any potential amibguity

 
Cross-Out

 
Inserted Text
An additional

 
Inserted Text
surging

 
Inserted Text
surging

 
Cross-Out

 
Inserted Text
to remove


https://doi.org/10.5194/essd-2020-79
Preprint. Discussion started: 16 April 2020
(© Author(s) 2020. CC BY 4.0 License.

Earth System
Science

Data

Open Access

259 back if the (mostly small) glaciers have really surged using animations. In some cases it was necessary to
260 interpret results from steps (1) to (111) collectively for a reasonable result.

261

262 Based on the created inventory subset with surging glaciers only (GI-3), we digitised the minimum (GI-3min)
263 and maximum (GI-3max) extent of all glaciers based on the satellite images described in Section 3.1. For glaciers
264 with more than one surge, the respective largest and smallest extents were digitised (Fig. 4). Whereas maximum
265 extents are in most cases well identifiable, outlines for GI-3min can have larger uncertainties due to the
266 difficulties in clearly identifying the new terminus among the often debris-covered and down-wasting ice from
267 the previous surge. Ideally, the minimum extent is identified once the next surge started, but for many glaciers
268 this did not happen during the observation period.

269

270 Figure4

271

272 4.2 Surge characteristics and classification

273 There ig a wide range of possibilities to characterise surges as they have a high variability of appearance and
274 dynamics (e.g. Bhambri et al. 2017). For the GI-3min inventory we have determined a series of key surge
275 characteristics in the attribute table (e.g. surge start / end / duration, and distance) and a simplified classification
276 according to a pre-defined criteria set for statistical analysis and comparison with other regions. It has to be noted
277 that a precise start/end year was often difficult to determine either due to missing satellite data, but also when
278 surge initiation is related to a mass wave coming down from higher elevations (taking a few years) or when
279 remaining dead ice from a previous surge was reactivated. We here defined the start of a surge as the year when
280 an advance of the terminus or a mass wave higher up the glacier (as not all surges show a terminus advance) is
281 detectable. The end of the active phase (maximum extent) is reached when all surge dynamics settle and the
282 quiescent phase begins. This was easier to determine than minimum extents in most cases.

283

284 To illustrate a few of the possible surge types and interactions, Fig. 5 displays a sketch map of three glaciers that
285 are all surging at some stage. Starting with a surge of the permanently connected tributary (2) in Fig. 5a, this
286 surge is at its maximum extent in Fig. 5b and the ice from the surge is already slightly moved downstream by the
287 flow of the main glacier (1). In addition, glacier (3) started surging in the meantime, connects to the main glacier
288 in Fig. 5b and enters glacier (1) in Fig. 5¢ where it also reaches its maximum extent. Some time later (Fig. 5d),
289 also the main glacier (1) is in full surge mode and transports the surge marks of both tributary surges
290 downstream, stretching and possibly deforming them. This should-illustrate the variety of surge interactions (by
291 far not all) and the difficulty to define maximum extents of tributary glaciers. Their surge marks are moved
292 downstream by the main glacier during or near the end of their own surge due to its normal flow or its own surge.
293 Accordingly, there is also some uncertainty in the timing of the surge end for glaciers (2) and (3). In this case the
294 main glacier body would have listed 2 surges in the attribute table of GI-3min and has been selected to receive
295 the classification code.

296
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297 Figure5

298

299 For the classification scheme, we used the following criteria and values for each glacier:

300 (A) ‘surging?’: no 0, yes 1, if yes:

301 (B) glacier tongue: free end 1, connects to another glacier 2, tributary 3

302 (C) type of surge: advancing 1, internal 2, combined 3

303 (D) active phase duration: 1-3 years 1, 4-10 years 2, >10 years 3

304 (E) terminus advance: none 0, short (<1 km) 1, medium (1-2.5 km) 2, long (> 2.5 km) 3.

305 Hence, the entry in the attribute table of GI-2 is either 0 or 1 and stored in a separate ‘surge’ column. The
306 resulting code from our classification in GI-3min is then for example 2123. This means that the glacier is
307 connected to another glacier during its surge, that it has an advancing tongue and surged over a period of 4-10
308 years over a medium distance. In the case the glacier already surged in 1988 or was still surging in 2018, these
309 two years were used as the start or end date. Such dates indicate that the real surge duration is likely longer than
310 given in the table.

311 4.3 Topographic and other information

312 For all glaciers in GI-2, we calculated the following attributes: centre point latitude and longitude, area in km?,
313 minimum, maximum, mean, and median elevation, mean slope and aspect, and aspect sector. All attributes are

314 also transferred to GI-3, and additionally calculated for GI-3min and GI-3max.

315 5. Results

316 5.1 Distribution and topographic characteristics of surge and other glaciers

317 From the ~13500 glaciers in the study region, 186 have been separated as surging glaciers of which 206 spatially
318 distinct surges have been identified between 1988 and 2018. Their occurrence is clustered in the central, northern
319 (central and western Pamir Alai, Fedchenko and ‘Petr Alervogo East’) and eastern ranges (Muztagh and
320 Ulugarttag) (Fig. 6). This pat-tern leaves a large gap for glacier surges in the central Pamir (around lake Karakul)
321 and to the south of the study region with few exceptions. Overall, the latter regions are dominated by comparably
322 smaller glaciers and drier climate, indicating that there might be a size and climatic threshold for surge activity as
323 suggested by Sevestre and Benn (2015).

324

325 Figure 6

326

327 The 186 surging glaciers cover a total area of ~2670 km2 (with ~110 km?2 variability due to the surges). About
328 5% of them are smaller than 1 km? covering an area of ~7 km?2, whereas 38% are larger than 10 km? covering an
329 area of 2170 km? (or 81%) (Table 3). The largest non-surging glacier, Fedchenko, is a huge dendritic valley
330 glacier with a size of ~580 km? (without the Bivachny tributary) and is covering 6% of the total glacier area. The

331 region is thus dominated by the vast size of Fedchenko Glacier with impacts on size-related distributions. Eight
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332 surging glaciers are smaller than 1 km? at their minimum extent (the smallest has a size of 0.3 km?) and the
333 largest surging glacier is the Garmo Glacier main trunk (80) with a minimum extent of ~83 km?.

334

335 Table3

336 The created inventories have a different count of entries due to different glacier states and topologic relations.
337 The generalised statistics for the sample with observed surges refer to the GI-3 inventory with 186 entries whilst
338 statistics for GI-3min and GI-3max have different numbers. Compared to the full sample of glaciers in GI-2
339 (13495), surging glaciers constitute 77% by number and 80% by area in the area class 50-100 km? (Fig. 7). They
340 are also dominating the size classes 10-50 and 100-500 km? (51% and 63% by area, respectively). When
341 considering all three size classes from 10 to 500 km?, two thirds of the glaciers are surging, i.e. they are the rule
342 rather than the exception. The 22 largest surging glaciers cover almost the same area (1338 km?) than the 163
343 smaller ones (1332 km?).

344

345 Figure 7

346

347 The mean aspect sector distribution of surge glaciers is only slightly different from all other glaciers (Fig. 8a).
348 Surging glaciers exposed to SW contribute almost 14% to the sample whereas only 3% of the other glaciers are
349 facing in this direction. The same applies to the area covered (Fig. 8b), where surging glaciers cumulate ~370
350 km? and thus % more area than the other glaciers (~300 km?) in this sector. On the other hand, the latter have
351 higher percentages facing NW, N and NE. The strong difference towards the NE is due to Fedchenko Glacier.
352

353 Figure 8

354

355 The scatter plot showing mean elevation vs. mean aspect (Fig. 9) reveals that mean elevations cover a wide range
356 of values (from about 3500 to 6000 m) and that there is some dependence on aspect, i.e. glaciers facing south
357 have a few hundred metres higher mean elevations. The surging glaciers largely follow the distribution, but have
358 somewhat higher elevations in the southern and lower values in the northern aspect ranges compared to the other
359 glaciers when considering mean values per sector. On average, their mean elevation is 4800 m a.s.l.

360

361 Figure9

362

363 Median glacier elevations increase from west to east and show a small decrease in the most eastern and northern
364 ranges (Pamir Alai) towards the outer glaciers (Fig. 10). The marked surging glaciers are mostly found along the
365 outer boundary of the study region with generally lower median elevations. The near absence of surging glaciers
366 in the inner Pamir with its generally higher median elevations is noteworthy. However, in the Mustagh region,
367 glaciers with observed surges have the highest (5646 m) and surging glaciers in the ‘Petr Alervogo west’ region
368 the lowest values (3429 m).

369

10
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370 Figure 10

371

372 As surging glaciers have a bias towards larger sizes compared to all other glaciers (see Fig. 7), they also have
373 slightly higher elevation ranges (Fig. 11a) and form the upper end of the sample. However, the spread of values
374 for glaciers with a size of about 50 km? is very large, ranging from about 2000 to nearly 5000 m. The area-
375 elevation distribution in Fig. 11b displays a smaller amount of area around the mean elevation compared to all
376 other glaciers, which is likely due to the many small glaciers in these altitudes (see black circles in Fig. 10).

377

378 Figure 11

379

380 5.2 Observed changes

381 For a sample of 169 and 160 glaciers, we could map their minimum and maximum extent, respectively, and for
382 148 surges determine the surge duration. For 15 glaciers, we observed a full surge cycle with the onset of the next
383 surge and for six glaciers (Bivachny 63, Dzerzhinsky 104, Medvezhy 29, Right Dustiroz 31, Yazgulemdara 35, 1)
384 two or more surges were observed over the study period. Both, the timing of the surges and their durations are
385 highly variable (Fig. 12). Moreover, one has to consider that several glaciers (>30) were already surging on the
386 first available Landsat TM images (in 1988) and several (>20) are still surging in 2017/2018. For both cases the
387 surge duration could not be fully determined and is thus longer than the herepresented-values,

388

389 Figure 12

390

391 The two histograms in Fig. 13 display a counting of the surges that started in a particular period (Fig. 13a) and of

392 the surge durations in 4-year bins (Fig. 13b). For both graphs it has to be considered that the first period

393 (1988/89) is including all glaciers that are already surging at that time. This gives a much higher number of

394 surges (66) compared to those that have only started in 1989 (27). For the surge duration counting in Fig. 13b this

395 means that shorter surge periods are over-represented and are indeed longer. Furthermore, the last period is not

396 complete (i.e. surges are on-going), which has the same effect on the counting. This results in possibly too high

397 and too low values in the first and last period, respectively. To circumvent this problem, we have also counted all

398 surges that took place fully within the period, i.e. started in 1989 or later and ending in 2017 or before (black bars

399 in Fig. 13b). This sample is much smaller but has still a reasonable amount of glaciers in all classes. Figure 13a

400 reveals that the number of surges that have started in the second and third period is the same and slowly declining

401 afterwards. The surge duration counting displayed in Fig. 13b has a peak at 1-5 years and very similar numbers

402 for the next four intervals. Only few glaciers (9) have surge durations exceeding 21 years.

403

404 Figure 13

405

406 The simplified typology counting presented in Table 4 is revealing that 75% of all glaciers have freely advancing

407 tongues, whereas 18% connect to another glacier at least in their maximum extent. From the total sample of
11
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408 identified surging glaciers, 85% (176 glaciers) are considerably advancing whereas the remaining 15% (26) are
409 surging internally with none or only a minor terminus advance. The latter were sometimes hard to detect and
410 required application of additional measures (see Section 3). From the glaciers with a substantial terminus
411 advance, most (49%) advance up to 1 km. Larger advances of up to 2.5 km are found for 27% of the glaciers and
412 8.5% advanced more than 2.5 km (up to 6.7 km). Most of the advancing glaciers are situated in the central
413 mountain ranges around Fedchenko Glacier, whereas the eastern ranges are dominated by stable glaciers and
414 internal surges (but with a high variability). The strongest advance has Garmo Glacier (80) in the Garmo
415 mountain range with 6665 m.

416

417 Table 4

418

419 One of the most active glaciers is Medvezhy Glacier (29) with a surge cycle of only ~10 years and an active
420 period of just 2 years (Kotlyakov et al., 2018). Further glaciers with relatively short (< 5 years) active phases are
421 spread all over the study region. During the active surge phase, 128 glaciers increased their area by a total of
422 ~119 kmz, which is 6% of their total area (GI-3min) and 4% of the total area in the GI-2 inventory. On average,
423 the minimum elevation decreased from 3953 m a.s.l. to 3789 m a.s.l., but individual glaciers are reaching up to
424 ~1300 m further down at their maximum extent. The change in minimum elevation due to a surge does not
425 depend on the elevation range (or size) of the glacier. This is also related to the fact that several large glaciers
426 show mostly internal surges with maybe only a small advance of the tongue. On the other hand, several smaller
427 glaciers with a comparably small elevation range (less than 1000 m) increase their elevation range by a factor of
428 two and more. Similarly, also length changes due to a surge do not depend on glacier size or length. However, it
429 is noteworthy that some glaciers change their length by about a factor of two or even more. The two most

430 extreme glaciers are just 1.8 and 1.9 km long and surge over a distance of ~ 3.5 km.

431 6. Discussion

432 6.1 Characteristics of the surging glaciers and their surges

433 Surging glaciers dominate the area classes above 10 km2, which would confirm earlier observations that surging
434  glaciers are comparably large (Barrand and Murray, 2006; Clarke et al., 1986; Mukherjee et al., 2017). However,
435 we found that they can also be smaller than 1 km?, down to 0.3 km?. Why such small glaciers surge, often
436 increasing their length considerably, needs to be further investigated. We also have to mention that there might be
437 even smaller glaciers that were not detected due to the coarse resolution of the satellite data, i.e. our sample is
438 somewhat biased towards larger glaciers. Whereas the aspect distribution of surging glaciers is very similar to all
439 other glaciers (Fig. 8), they seem to have lower median elevations than other glaciers when facing north and
440 higher ones when facing south (Fig. 9). We do not have a physical explanation for this and assume it might only
441 be an artefact of the sampling. Their spatial distribution, on the other hand, is more peculiar as they are mostly
442 found in the outer regions of the study site (Figs. 5 and 10). Their higher share of large elevation ranges (Fig.
443 11a) is related to their generally larger size and their hypsometry is very similar to other glaciers.

444
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445  Within the period considered here, the starting dates of surges are comparably random (Fig. 12), indicating a
446 limited impact of climatic trends on the timing. Surge durations (11 years in the mean) are as diverse as in the
447 Karakoram (Bhambri et al., 2017; Paul, 2020). However, complete surge cycles are not observed for many
448 glaciers (from one start of an active phase to the next), so this impression is biased by the observation window.
449 Due to gaps in satellite data availability, we might have missed a few glaciers displaying only (short) internal
450 surges, so the real number of surging glaciers might be even higher and the number of glaciers with a short

451 duration of active phases higher than in our sample.

452 6.2 Criteria to identify surges

453 The criteria we applied to identify surges were handled flexible to consider the wide range of surge types found
454 in the region. However, the differentiation between surging and ‘only’ advancing glaciers is sometimes
455 challenging and other interpretations are possible. The very high-resolution images as available for our study site
456 from Corona / Hexagon and Google Earth / bing.com did not help much in determining the timing of a surge (due
457 to the large temporal gaps), but were most helpful in confirming the surge nature of a glacier in previous and
458 recent times, respectively (Lv et al. 2019, Paul 2020). The historic images clearly reveal that many glaciers in the
459 Pamir Mountains have also surged in the 1970s, however we have not used them here to derive the timing of
460 these earlier surges as this would be a large additional exercise and the temporal density of available images

461 might not be sufficient. However, we used them to confirm additional minimum and maximum extents.

462 6.3 Uncertainties

463 Regarding the uncertainties of the derived topographic characteristics, one has to consider that we used the GI-1
464 basis inventory from around 2000 with a DEM (AW3D30) from around 2009 (Takaku et al., 2014). The DEM
465 has local artefacts and the timing of both datasets does not match. The latter is in particular the case for glaciers
466 that surged between 2000 and 2009 and had strong changes in geometry. The strongest impact is likely on
467 minimum elevation and glacier length, but also median elevation, aspect and mean slope are impacted. There is
468 little we can do about this uncertainty, as otherwise we would need a DEM from nearly every year, synchronous
469 with the timing of the minimum glacier extent. However, for the overall statistical analysis of the datasets
470 presented here, the impact of the temporal mismatch on the graphs is likely small. Of course, when individual
471 glaciers are analysed, this mismatch has to be considered (Frey and Paul, 2012).

472

473 Regarding the timing of the observed surges, we face the following uncertainties:

474 a) We have only analysed the time window 1988 to 2018; the assigned duration of surges starting before 1988 or
475 ending after 2018 is thus too short,

476 b) we only include glaciers with an active surge phase between 1988 and 2018; the real number of surging
477 glaciers in the study region might thus be higher,

478 c) for most regions we do not have usable satellite images in every year (e.g. due to snow and clouds); this adds
479 to the uncertainty of the start/end assignment and could even result in completely missed short-lived internal
480 surges,
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481 d) the spatial resolution of Landsat sometimes impact-on a proper identification of the terminus, in particular
482 when debris-covered; this leads to uncertainties in the timing,

483 e) due to residual dead ice in the glacier forefield and debris cover, the timing of the minimum extent is more
484 difficult to define than the maximum; in uncertain cases we used the extent from GI-3, and

485 f) when surges start with a mass wave and/or stay internal (no terminus advance), the timing derived from visual
486 analysis will likely be different from studies analysing flow velocities.

487 Collectively, it is likely that other analysts derive different start/end dates of a surge, but in most cases the
488 difference will not exceed a few years. This will thus not affect the overall conclusions about the highly variable
489 timing of surges and surge durations.

490

491 The here presented assignment of surge classes should be robust as we basically-used qualitative and categorised
492 criteria that will not change much for a different interpretation. However, not all surges of the same glacier end
493 up in the same class. For example, if a recent surge is more dynamic than a previous one, it might reach another
494  glacier and become a part-time tributary. Also internal surges might have shown advancing termini before and

495 are thus not strictly internal. Hence, the assigned classes can vary for other surges.

496 6.4 Comparison to other inventories

497 Compared to previous studies, we identified several new surging glaciers. Some of the probable or possible
498 (category 2 and 3) surges listed in Osipova et al. (1998) have indeed surged and are now included in our
499 inventory. Most others found in these categories could not be confirmed as the morphological details used to
500 identify surge activities are only visible in very high-resolution imagery (at least 2 m) rather than with 30 or 15 m
501 Landsat data we used here. Of course, it is well possible that they surged outside our observation window.

502

503 Sevestre and Benn (2015) presented 561 possible surge-type glaciers in the Pamir based on the inventory by
504 Osipova et al. (1998). Our findings are in good agreement with the 51 most reliably classified (3) surge-type
505 glaciers marked in the RGI (we include 45 of them). Our 132 additional surging glaciers belong mostly (55 of
506 188) to category (2) in the RGI, and a few (18 of 322) belong to category (1). The remaining 52 surging glaciers
507 were not indicated as surge-type in the RGI. Outlines from two of our surging glaciers (65 and 64) are missing in
508 the RGI 6.0.

509

510 Compared to Lv et al. (2019), we identified three further surging glaciers (16 in total) in the King Tau and
511 Ulugarttag sub-regions. Apart from surge-type glaciers, their study also classified four glaciers as advancing,
512 eleven as stable and one retreating. We classified one of their advancing and three of their stable glaciers as
513 surging. This new interpretation results from our longer observation period and the DEM difference images
514 revealing the typical mass redistribution patterns. The surging glaciers described by Kotlyakov et al. (2008) is in
515 full agreement with our findings. The above-mentioned numbers have to be handled with care as we had to
516 compare two different inventories with individual glacier divides. Thus, a direct and one-to-one comparison is
517 challenging.
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518 7. Conclusions

519 In this study, we presented a new inventory of surging glaciers for the Pamir Mountains. The analysis is based on
520 results from earlier studies, Landsat imagery acquired over the period 1988 to 2018, the SRTM and ALOS DEM
521 and declassified very-high resolution images from Corona and Hexagon. Using animations and flicker images for
522 the Landsat time series in combination with the elevation change patterns from DEM differencing, we detected
523 206 spatially distinct glacier surges within 186 glacier bodies. The new dataset is in good agreement with
524  previous compilations of surging glaciers and confirmed surges for 133 new glaciers that were so far only marked
525 as surge-type probable or possible. We further digitized minimum and maximum extent of 169 and 160 glaciers,
526 respectively, and determined the timing for about % of all surges. The temporal distribution is random in regard
527 to timing and surge duration (mean value 11 years). The distribution of surging glaciers is biased towards the
528 central, northern and eastern mountain ranges. Their sizes range from 0.3 to 143 km? and they are dominating the
529 size-class distribution above 10 km2. Several glaciers descend by more than 800 m (one glacier) or increased their
530 length by a factor of more than 2 (5) during a surge. However, advance distances are not related to original
531 glacier length as several large glaciers only show internal surges or very small advances. The three inventories

532 created in this study (GI-3, GI-3min/max) are available to serve as a base for further investigations.

533 8. Data availability

534 The dataset can be downloaded from: https://doi.pangaea.de/10.1594/PANGAEA.914150 (Goerlich et al., 2020).
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680 Tables

681

682 Table 1: Main characteristics of the satellite scenes used (see Table S1 for scene list).

683
684

Satellite Sensor Resolution Period Purpose
Corona KH-4 2-5m 1968 | DEM generation, high-res. info
Hexagon KH-9 5-10 m| 1975/1980 | Additional DEM and high-res. info
Landsat MSS 60 m| 1972-1980 | Extension back in time
Landsat ™ 30m| 1989-2012 | Animation
Landsat ETM+ 30 m| 1999-2018 | Animation
Landsat oLl 30 m| 2013-2018|Animation

685 Table 2: Selected characteristics of available DEMs and their usage in this study.

Open Access

Resolu | Acquisition | Date of
DEM Type Sensor tion period tiles? Usage
GDEM2 |optical |[ASTER 30 m| 1999-2015|No Heights for Corona
SRTM SAR-C |SRTM 30m Feb 2000 | Yes Elevation changes
ALOS optical |PRISM 30 m| 2007-2011|No Topographic parameters, elevation
changes 2000 to 2009
TDX SAR-X | TanDEM-X 90 m| 2012-2015|No Elevation changes ~2009 to ~2014
Corona |optical |KH4-B 15m 1968 | Yes Elevation changes 1968 to 2000;
Orthophoto
686
687 Table 3: Size class distribution of surge-type glaciers and other glaciers of GI-2 and GI-3.
Size Class km? <0.05 | 0.05 0.1 0.5 1 5 10 50 100 >500
0.1 0.5 1 5 10 50 100 500
other km2 | 103.7 | 154.7 1104 | 1090.7 | 3353.4 | 1172.7 | 1190.1 | 167.8 154 | 580.3
glaciers % 1.1 1.7 12.2 12 37 12.9 13.1 1.9 1.7 6.4
surge km2 0 0 0.4 6.1 174.2 319.7 1229 | 682.9 | 262.6 0
glaciers % 0 0 0 0.2 6.5 12 46 | 255 9.8 0
all km2 | 103.7 | 154.7 | 1104.5 | 1096.9 | 3527.6 | 1492.3 | 2419.2 | 850.6 | 416.6 | 580.3
glaciers % 0.9 1.3 9.4 9.3 30 12.7 20.6 7.2 3.5 4.9
Surge-type 0 0 0 0 0 21.4 50.8 | 80.3 63 0
proportion in %
688
689

Earth System
Science

Data

690 Table 4: Results of the surge-type classification (counting per class). Glaciers without terminus advance (marked
691 with a “0” for the duration criteria) are not listed here.

DEM 1 2 3 Total
Tongue| 150 32 16 198
Type| 169 25 4 198
Duration 21 63| 114 198
Distance 98 53 17 168
692
693
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695

696
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697 Fig. 1: Location of the study region (white square in the inset) and footprints of the Corona (blue), Hexagon
698 (black) and Landsat (red) scenes used in this study. The dashed yellow line marks the perimeter of the study
699 region. The location of the sub-regions displayed in Figs. 2, 3 and 4 are marked with their respective numbers.

700 Image sources: screenshots from © Google Earth.

701

20

suoIssnasiq



https://doi.org/10.5194/essd-2020-79 § Earth System
Preprint. Discussion started: 16 April 2020 &5’ SC| ence
(© Author(s) 2020. CC BY 4.0 License. s

iData

702

703
704
705
706

707

708

709
710

711

Fig. 2: Comparison of satellite images for the same sub-region (see Fig. 1 for location) showing the following
glaciers: F: Fortambek (18), W: Walter 731 (19), and S: Soldatov (20). The images are acquired by a) Corona in
1968, b) Hexagon in 1975, ¢) Landsat in 2017, and d) bing.com (date unknown). Image sources: Panels a) to c)
earthexplorer.usgs.gov, panel d) screenshot from bing.com ©2020 DigitalGlobe.

SR

Fig. 3: Two examples of colour-coded DEM difference images used to identify surging glaciers (marked with
their ObjectID). A) SRTM-Corona and b) AW3D30-SRTM.
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other glaciers N
l:l surging glaciers
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Fig. 4: Comparison of glacier outlines from the original inventory GI-2 (blue/white) and the additional GI-3min /
Gl-3max (yellow/red) showing the minimum and maximum extents of two surging glaciers. Image source:

earthexplorer.usgs.gov.

(a)

(b)

(c)

(d)

Fig. 5: Sketch map of selected possible interactions among surging glaciers of different types. a) At the

beginning, b) surge start glacier 2, c) surge start glacier 3, d) surge of glacier 1. See text for discussion.
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Fig. 6: Overview of the identified surging glaciers (red) in the Pamir Mountains. Small black numbers refer to

their ObjectID in the GI-3min dataset and numbers in circles indicate glaciers mentioned in the text. DEM
source: AW3D30.

Glacier Area (%)

surging

other
O A T S
e $ N o © K o’ ) K
N o 3 &

Glacier Size Class (km?)

Fig. 7: Size class distribution (in relative terms) of surging and other glaciers in GI-2. The upper bold numbers
provide the count for surge glaciers, the lower one for all other glaciers.
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731 Fig. 8: Aspect sector distribution for surging and other glaciers (in relative terms) per a) count and b) area
732  covered.
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735 Fig. 9: Mean aspect vs. median glacier elevation for surging and other glaciers. The connected lines are
736 averages per aspect sector.
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739 Fig. 10: Colour-coded median elevation map with surging glaciers marked (circles with outlines). DEM source:
740 AW3Da30.
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743 Fig. 11: Comparing topographic characteristics of surging glaciers to all others. a) Scatterplot of the elevation
744 range vs. glacier size. b) Glacier hypsometry for surging and other glaciers.

745

25

suoIssnasiq



Earth System
Science

Data

https://doi.org/10.5194/essd-2020-79
Preprint. Discussion started: 16 April 2020
(© Author(s) 2020. CC BY 4.0 License.

Open Access

140 |-

120 |- = — e ...........................

100 |-

8ol — | — ———— —

Number

60 |-

40 |- — ............................ e ............................

O 1

1990 1995 2000 2005 2010 2015 2020

746 Year

747 Fig. 12: Surge periods vs. glacier ID for all glaciers with observed surges. Those starting (ending) in 1988
748 (2018) might have started earlier / last longer than indicated by the line.
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751 Fig. 13: Histograms of surge characteristics. a) Periods in which the surges have started, b) surge durations. The
752 charts provide greater detail than the classification code to allow for a better analysis and keep the glacier code
753 in the inventory simple. The grey bars in b) refer to the surges that occurred completely within the study period,
754 i.e. started after 1988 and ended before 2018.
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