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Abstract 10 
 11 
Although animated images are very popular on the Internet, they have so far found only 12 
limited use for glaciological applications. With long time-series of satellite images becom-13 
ing increasingly available and glaciers being well recognized for their rapid changes and 14 
variable flow dynamics, animated sequences of multiple satellite images reveal glacier dy-15 
namics in a time-lapse mode, making the otherwise slow changes of glacier movement 16 
visible and understandable for a wide public. For this study animated image sequences 17 
were created from freely available image quick-looks of orthorectified Landsat scenes for 18 
four regions in the central Karakoram mountain range. The animations play automatically 19 
in a web-browser and help demonstrating glacier flow dynamics for educational purposes. 20 
The animations reveal highly complex patterns of glacier flow and surge dynamics over a 21 
22-year time period (1991-2013). In contrast to other regions, surging glaciers in the Ka-22 
rakoram are often small (around 10 km2), steep, debris free, and advance for several years 23 
to decades at comparably low annual rates (a few hundred m a-1). The advance periods of 24 
individual glaciers are generally out of phase, indicating a limited climatic control on their 25 
dynamics. On the other hand, nearly all other glaciers in the region are either stable or 26 
slightly advancing, indicating balanced or even positive mass budgets over the past few 27 
years to decades.  28 
 29 
 30 
1. Introduction 31 
 32 
1.1 Visualizing glacier dynamics 33 

Analysis of sequential satellite images has become a common tool for deriving glacier 34 
changes through time in all parts of the world. A ‘standard’ way of documenting these 35 
changes in scientific journals is the overlay of glacier outlines from different points in time 36 
on one of the images used for the analysis (e.g. Baumann et al., 2009; Bhambri et al., 37 
2014; Paul et al., 2004). In the case of multiple images being available and changes mostly 38 
taking place at the glacier terminus (e.g. during an advance or retreat phase), terminus po-39 
sitions are indicated by multiple lines with years either attached to them (e.g. Jiskot and 40 
Juhlin, 2009) or colour coded (McNabb and Hock, 2014; Quincey et al., 2011; Rankl et 41 
al., 2014). In case of complex interactions taking place between two glaciers (e.g. a tribu-42 
tary is merging with another glacier), phases of the changes are illustrated showing se-43 
quential images side-by-side (e.g. Belò et al., 2008; Bhambri et al., 2013; Copland et al., 44 
2011; Mukhopadhyay and Khan, 2014) or by two-dimensional drawings of changes in ma-45 
jor moraine patterns (e.g. Hewitt, 2007; Meier and Post, 1969; Quincey et al., 2015). 46 
 47 
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Although these representations of changing glaciers are scientifically sound and exact, 57 
they have some limitations in demonstrating dynamic aspects. The key issue is related to 58 
the limited ability of the human brain to recognize differences between two (static) images 59 
when shown side-by-side or to translate various outlines of terminus positions into the cor-60 
rect sequence of changes, in particular when it is out of phase for a couple of glaciers. On 61 
the other hand, the human brain recognizes movement well and tends to compensate miss-62 
ing parts in a sequence of animated images due to the slow processing of visual infor-63 
mation, also known as the ‘phi-phenomenon’ (e.g. MacGillivray, 2007). This helps in 64 
translating time-lapse photography into continuous motion thus making the dynamic na-65 
ture of otherwise slowly moving objects or natural phenomena visible (e.g. cloud devel-66 
opment, aurora, tides). While cameras with an interval timer were not common a decade 67 
ago and related footage was rare, today’s widespread availability of webcams allows pic-68 
tures to be taken remotely and automatically each day (or any period) at regular intervals. 69 
This could be particularly interesting when glaciers are imaged, as their movement is nor-70 
mally much too slow to be recognized (e.g. www.chasingice.com). 71 
 72 
At the satellite scale, the application of ‘flicker’ images (basically a rapid alternation of 73 
two images taken a few years apart) for demonstrating glacier changes is common practice 74 
and has been used to analyse glacier motion (Kääb et al. 2003). In this way, coherent pat-75 
terns of displacement of the glacier surface have long been used to determine surface flow 76 
velocities from feature tracking using cross-correlation or other techniques (e.g. Kääb and 77 
Vollmer, 2000; Scambos et al., 1992; Paul et al., 2015). With the now free availability of 78 
long time-series (starting in 1984) of orthorectified satellite imagery from Landsat (e.g. 79 
Wulder et al., 2012), it is possible to combine sequential satellite images into longer se-80 
quences (>10 years) and demonstrate landscape changes in a time-lapse mode (e.g. 81 
world.time.com/timelapse2) including glacier flow and dynamic changes over large re-82 
gions. This provides new insights and a more intuitive access to phenomena such as the 83 
mutual interaction of different glaciers, fast and slow flow of different glacier segments, 84 
advance and retreat patterns, down-wasting (i.e. surface lowering without retreat), and the 85 
dynamics of supra and pro-glacial lakes and river streams. Depending on the time step be-86 
tween the original images and the flow velocity of the glaciers, the impression of more or 87 
less continuous flow can be obtained by animating the individual images at high speed. 88 
 89 
In this study animated sequences of orthorectified satellite images covering a 22-year time 90 
period (1991-2013) are used to demonstrate glacier dynamics and other landscape changes 91 
in four regions of the central Karakoram. Though this might be seen as a less quantitative 92 
approach than that of studies determining the exact rates of glacier change, the information 93 
obtained by looking at high-speed animations of the individual images provide additional 94 
insight into glacier behaviour. There is also potential for using such animations for educa-95 
tional purposes by visualizing how glaciers flow and change through time. The animations 96 
use the very old (>25 years) image format GIF, which has its drawbacks in terms of the 97 
number of colours that can be used (only 256), but it is the only format that allows a loop-98 
ing of high-frequency animations with screen-size images. The format has recently be-99 
come increasingly popular on the Internet (e.g. giphy.com) and in mobile communication 100 
(Isaac, 2015) for short repetitive animations due to its easy use (no special software re-101 
quired) and relatively small file size. 102 
 103 
1.2 Surge-type glaciers 104 

The Karakoram mountain range has been selected due to its many surging glaciers that 105 
display a very distinct dynamic behaviour (e.g. Copland et al. 2011; Gardelle et al., 2013; 106 
Hewitt, 2007; Rankl et al., 2014). According to Jiskoot (2011), a surge-type glacier oscil-107 
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lates between a period of slow or normal flow (for tens to hundreds of years) named the 123 
quiescent phase and an active or surge phase with flow velocities being increased by a fac-124 
tor of 10 to 1000 over a shorter period (a few months to years) that sometimes results in 125 
marked frontal advances (km scale). During a surge a large amount of ice is transported 126 
from a reservoir area to a receiving area where it melts after a surge predominantly by 127 
down-wasting. All three components (time periods for both phases, velocities, terminus 128 
advance) reportedly vary over a wide range (e.g. Sharp, 1988), resulting in an unclear sep-129 
aration from non-surge-type glaciers (cf. Table 5 in Sevestre and Benn, 2015) that might, 130 
for example, just advance over an extended period of time (Meier and Post, 1969). A 131 
surge-type glacier in its quiescent phase can often also be identified from distortions of the 132 
normally parallel-aligned medial and/or lateral moraines (e.g. Grant et al., 2009; Kotlay-133 
kov et al., 2008). Such distortions may result from the speed-up of either a specific section 134 
of a glacier or the merging of a surging tributary with the main glacier (e.g. Hewitt, 2007). 135 
In the latter case it might be possible that the main glacier is - despite the surge-marks on 136 
its surface - not of surge-type. 137 
 138 
The Karakoram region is well known for it’s many surge-type glaciers (e.g. Copland et al., 139 
2011; Hewitt, 2014), but counting them is challenging as the frequently used criteria for 140 
their identification only partly apply. Many studies have thus introduced a ‘surge-index’ to 141 
indicate the certainty that a specific glacier is of surge-type (cf. Sevestre and Benn, 2015). 142 
The evidence can be divided into geomorphological and dynamic categories (e.g. Jiskoot, 143 
2011). The former include: looped or distorted medial moraines, a glacier tongue that is 144 
largely covered by crevasses and seracs during a surge, a post-surge disconnection of the 145 
tongue well behind the terminus, and rapid down-wasting after the surge with the for-146 
mation of potholes and remaining stranded ice bergs (e.g. Yde and Knudsen, 2005). Dy-147 
namic criteria include (among others): the terminus advance rate, the total advance over a 148 
given period, the duration of the advance and retreat (or quiescent) phase, the relative ad-149 
vance compared to the pre-advance glacier length, absolute values of surface velocity, sig-150 
nificant velocity changes in specific regions of a glacier, surge periodicity, and inverse 151 
thickness changes in the ablation (mass gain) and accumulation (mass loss) regions. For 152 
these dynamic criteria, the values for surging glaciers can be one to three orders of magni-153 
tude higher than for non-surge-type glaciers (e.g. Jiskoot, 2011). However, they can also 154 
be in a similar range thus limiting the possibilities for a clear separation. For this study a 155 
glacier is called ‘surging’ based on its well-identifiable strong and partly rapid advance. 156 
All of these glaciers have been identified as of surge-type or actively surging in previous 157 
studies (Copland et al., 2011; Gardelle et al. 2013; Rankl et al., 2014). 158 
 159 
 160 
2. Study Region, Data Sets and Methods 161 
 162 
The study region is located in the central Karakoram mountain range (Fig. 1) to the north 163 
of – and including – the large and well-studied Baltoro Glacier (Quincey et al., 2009 and 164 
references therein). Four regions are selected for the animations: (1) Baltoro, (2) Panmah, 165 
(3) Skamri / Sarpo Laggo, and (4) Shaksgam. All regions are well known for their many 166 
surge-type glaciers (cf. Copland et al. 2011 and Rankl et al., 2014) of which several have 167 
been studied in more detail (Diolaiuti et al., 2003; Hewitt, 2007; Quincey et al., 2011; 168 
Rankl et al., 2014). The region is characterized by very steep and high terrain (often reach-169 
ing more than 7000 m a.s.l.) with numerous multi-basin valley glaciers, that often have 170 
further tributary glaciers in the ablation region (Iturrizaga, 2011). The anomalous glacier 171 
behaviour in the study region (mass gain and advancing glaciers over the past two dec-172 
ades) relative to most other regions of the world has been named the 'Karakoram Anoma-173 
ly' (e.g. Bolch et al., 2012; Hewitt, 2005). This behaviour might be attributable to an in-174 
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crease in precipitation (e.g. Janes and Bush, 2012), but the large number of actively surg-218 
ing glaciers in the region might also have non-climatic reasons (e.g. Hewitt, 2005; Jiskoot, 219 
2011). A recent study by Sevestre and Benn (2015) has identified that glaciers in this re-220 
gion are located in the climatically ‘correct’ zone for surge-type glaciers. Further details 221 
about the topo-climatic characteristics of the region can be found in Hewitt (2014). 222 
 223 
The study region is completely covered by Landsat scene 148-35 (path-row) and partly by 224 
scene 149-35 (Fig. 1). Useful Landsat scenes (sensors TM, ETM+ and OLI) acquired near 225 
the end of the ablation period (summer) are available for 13 individual years since 1991 226 
and four further scenes for selected regions (see Table 1). For the animations provided in 227 
the supplemental material only a selection of scenes has been used to limit file size. The 228 
animations using the full set of scenes are provided on a separate webpage (http://xxx) 229 
along with the individual scenes. A Landsat MSS scene (path-row: 160-35) from August 230 
1977 was used to provide information on previous glacier extents, but is not integrated in 231 
the animations. Only the orthorectified quick-looks of all scenes were downloaded from 232 
earthexplorer.usgs.gov and used for the animations. They are provided as false colour 233 
composites at the original 30 m resolution showing glaciers in light blue to cyan, clouds in 234 
white, water in dark blue, vegetation in green and bare terrain in pink to purple. All scenes 235 
are processed in a standardized processing line at USGS (with colours balanced) and are 236 
provided with extra files that include projection information and geolocation for easy im-237 
port into GIS software. 238 
 239 
The animations are created by displaying all images in GIS software (e.g. QGIS, 240 
ArcMap), exporting the maps to a 24-bit image file, converting all images to gif format 241 
with xv (that has the best conversion of the 24-bit colour space to 8 bit), and creation of 242 
the animated gif image with a delay of 1/10 seconds using convert from ImageMagick. 243 
Annotated versions of the four sub-regions are shown in Figs. 2 to 5 for orientation and as 244 
a reference (using the scene from 2004). In general, the temporal difference between two 245 
images in the animation is one or two years, but two times it is three and once (from 2004 246 
to 2008) four years (see Table 1).  247 
 248 
 249 
3. Results 250 
 251 
3.1 Observable terminus fluctuations 252 

A wide range of dynamic changes is visible in the animations. In sub-region (1) covering 253 
Baltoro Glacier and its numerous tributaries (Fig. 2), nearly all glaciers show steady flow. 254 
Despite the well recognizable high velocity of the main glacier, its terminus remains in 255 
about the same position and supraglacial lakes on the surface appear and disappear. There 256 
are two surge-type glaciers (with instable flow) in the north and one in the south (Liligo) 257 
that has been studied in detail before (e.g. Belo et al., 2008). However, they are both too 258 
small to affect the main glacier in terms of deformed moraines. Four rather small glaciers 259 
in the south-west corner of the image (marked with an ‘x’) show a mixture of surging and 260 
rapid advance that has not been mentioned in previous studies.  261 
 262 
In the Panmah region (Fig. 3, sub-region 2), the most obvious features of the animation are 263 
the variability in late summer snow extent, and the differences between the behaviour of 264 
the steady flowing versus surging glaciers. While the larger tongues of Biafo, Choktoi and 265 
Nobande Sobonde (NS) glaciers show the steady flow of non-surge-type glaciers, several 266 
(partly tributary) glaciers show unsteady fast flow with strong terminus advances (i.e. ac-267 
tive surging), partly colliding with other glaciers and creating the well-known distorted 268 
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and looped moraines (Hewitt, 2007). The termini of many of the much smaller surround-304 
ing glaciers are either stationary or slowly advancing, i.e. in terms of past mass budgets 305 
they seem to be healthy. Well visible is the asynchronous nature of the advance / retreat 306 
(or down-wasting) phases. While some glaciers had just finished their surge (before 1998), 307 
others started to surge (1st Feriole), were already in full surge mode (e.g. Shingchukpi) or 308 
began to surge later (e.g. in 2006 for Drenmang). It is also noteworthy that even fluctua-309 
tions of glacier tongues with a width of only one or two pixels at the terminus can easily 310 
be followed in the animation, helping in identifying their terminus positions. 311 
 312 
The variability described above for sub-region (2) is also apparent in sub-regions (3) and 313 
(4) depicted in Figs. 4 and 5. While some glaciers are in full surge or started surging after 314 
the year 2000, others just finished their surge and showed the characteristic down-wasting 315 
of the quiescent phase with a separation of the lower-most part of the ice mass after some 316 
years. In sub-region (3) several small but comparably long glaciers are surging and some 317 
merge with a larger main glacier becoming a tributary for some time. A wide range of 318 
terminus advance rates is apparent as well. While one glacier (North Chongtar) in sub-319 
region 3 (Fig. 4) advances very slowly (and might not be identified as surge-type from its 320 
advance rate), one glacier (North Crown) in sub-region 4 (Fig. 5) advances very rapidly 321 
and is clearly surging. In this latter case, ice remnants from a previous surge of a similar-322 
sized neighbouring glacier was incorporated into its surge, resulting in a strong advance 323 
over a short period of time (cf. Quincey et al., 2015). 324 
 325 
3.2 Identification of surging glaciers 326 

The animations reveal that many glaciers have either stable termini or slightly advance 327 
while others show very rapid and/or strong advances that can be named an active surge. 328 
But a closer inspection shows that there is actually a continuum of advance rates with no 329 
clear separation between surging and just advancing glaciers. The same is true for advance 330 
durations that vary from short pulses (1-2 years) of rapid advance (Drenmang) to slow ad-331 
vances taking more than 10 or even 20 years (First Feriole, North Chongtar). In particular 332 
the latter also occurs for non-surge-type glaciers. Moreover, glaciers of nearly any size 333 
seem to surge, from small (<1 km2) and steep, to large (>10 km2) and flat. Geomorpholog-334 
ical evidence such as distorted or looped moraines can also only be found for a few glaci-335 
ers. Hence not all of the advancing glaciers in the animations must be surging glaciers. A 336 
maybe better possibility for separating surging from just advancing / retreating glaciers is 337 
their post-surge behaviour (i.e. the quiescent phase).  338 
 339 
As the animations reveal (for glaciers that do not flow into another glacier from the begin-340 
ning), the way the extended tongue is down-wasting and disintegrating after a surge is ra-341 
ther specific. It seems (e.g. for Liligo in Fig. 2 or Shingchukpi in Fig. 3) that the entire 342 
surged ice mass is transformed into dead ice after a surge and rapidly down-wasting, simi-343 
lar to the ice resulting from a calving event. After some years, this down-wasting is sepa-344 
rating the lower part of the surged ice mass from an upper part at about ¼ to 1/3 of its 345 
length (when measured from the terminus). This is pointing to thicker ice near the termi-346 
nus compared to the rest of the tongue, as ablation should be even higher at the lower ele-347 
vations of the terminus (assuming clean ice). This specific pattern of dead-ice down-348 
wasting after a surge is rather unique for surge-type glaciers and allows distinguishing 349 
them from other glaciers. In the case tributaries join flow with another glacier from the 350 
beginning (Drenmang in Fig. 3, Moni and South Skamri in Fig. 4), marks of surges are 351 
well traceable as looped moraines. Based on the above evidence, surge-type glaciers are 352 
marked in Figs. 2 to 5 with ‘SG’ (in orange for an active surge) and only advancing glaci-353 
ers with an ‘A’. Application of other criteria might come to a different assignment. 354 
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 410 
3.3 Surface elevation changes 411 

On closer examination, surface elevation changes can also be recognized along the lateral 412 
moraines. In sub-region 2 (Fig. 3), no elevation changes are visible for Choktoi glacier 413 
over the 22 year-period, but surface lowering can be seen for the lower part of NS (despite 414 
the three glaciers that surged into it), Sarpo Laggo and Skamri glaciers (sub-region 3), and 415 
a slight increase is visible in the upper part of NS (above the Drenmang tributary), maybe 416 
as a result of the massive 2006 surge blocking the ice flux at this location. Surface in-417 
crease and later lowering is well visible for the upper part of Drenmang in sub-region (2) 418 
and North-Crown in sub-region (4), both revealing how a surge front is moving down 419 
glacier. These regions of thickening and lowering are also well visible in Fig. 9 of the 420 
study by Gardelle et al. (2013), who determined elevation changes over the 2000-2008 pe-421 
riod from DEM differencing.  422 
 423 
3.4 Lakes and debris cover 424 

Another form of variability can be seen for the numerous (hundreds) supraglacial lakes 425 
and ponds covering the lower parts of Baltoro Glacier (sub-region 1), NS (sub-region 2) 426 
and some other glaciers. These lakes seem to be rather short lived (about 2-3 years) limit-427 
ing their use for determining flow velocities from feature tracking to a one-year period. 428 
Most of the lakes have about the same size but their shape varies rather strongly from sce-429 
ne to scene. For Baltoro Glacier it is apparent that supraglacial lakes often form in zones 430 
of compressive flow (where larger tributaries join), indicating that surface meltwater is not 431 
efficiently drained. Stationary lakes outside of lateral moraines show size changes over 432 
time. One glacier (Mundu) in sub-region (1) has regular and similar-sized patches of de-433 
bris on its surface indicating periodic rock fall activity.  434 
 435 
3.5 Accumulation region 436 

Flow dynamics in the accumulation region are more difficult to follow due to lack of 437 
traceable features and the high variability of snow extent. However, some dynamic fea-438 
tures are visible, especially in sub-region (1) below the image centre. They are related to 439 
crevasses in the often very steep parts of glacier headwalls and reveal very high flow ve-440 
locities. The flow speed here is high enough that the 1 to 3 year time step between images 441 
fails to provide the impression of continuous flow.  442 
 443 
3.6 Movement of stable terrain 444 

Finally, sub-region (2) is locally showing movement of terrain that should be stable, most-445 
ly along mountain peaks and ridges. This is likely the result of different DEMs that have 446 
been used for orthorectification of the satellite images. As the movement is concentrated 447 
on regions outside of glaciers (i.e. ‘stable’ terrain), an algorithm calculating flow velocity 448 
would obtain a considerable surface displacement in these regions, which need to be re-449 
moved manually before accuracy assessment over stable terrain can be performed. The 450 
animated images clearly reveal such regions, thus helping in determining the quality of the 451 
orthorectification for an entire time series and the post-processing of velocity data (e.g. 452 
Kääb, 2005). 453 
 454 
 455 
 456 
 457 
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4. Discussion 502 
 503 
4.1 Surge-type glaciers  504 

In agreement with the study by Sevestre and Benn (2015) and several previous investiga-505 
tions (e.g. Copland et al., 2011; Hewitt, 2007; Quincey et al., 2011; Rankl. et al, 2014), the 506 
central Karakoram has a high abundance of surge-type glaciers of which many have been 507 
actively surging in the past 20 years. As ‘normal’ glacier advances are basically a conse-508 
quence of changed climatic conditions while surges largely result from internal mecha-509 
nisms (e.g. Jiskoot, 2011; Meier and Post, 1969; Raymond, 1987; Sharp, 1988), it is im-510 
portant to distinguish both glacier types. However, the animations reveal a large heteroge-511 
neity of the surging glaciers and their surges in terms of size, advance rates, surge dura-512 
tions, hypsometry, exposition, etc. that clearly overlap with the characteristics of advances 513 
from non-surge-type glaciers. This difficulty in distinguishing both glacier types will re-514 
sult in different views on the reasons for the advance, independent of the still limited un-515 
derstanding of surge mechanisms. At least for some of the glaciers the specific post-surge 516 
dead-ice down-wasting pattern might be a reliable indicator for identification. 517 
 518 
The assignment of a glacier as surge-type (white ‘SG’ in Figs. 2 to 5), surging (orange 519 
‘SG’) or just advancing (‘A’) in this study, is based on the inventory by Copland et al. 520 
(2011), the studies by Rankl et al. (2014) and Quincey et al. (2014), geomorphological ev-521 
idence (e.g. distorted moraines or the post-surge down-wasting pattern) and historic satel-522 
lite images (e.g. the MSS scene from 1977). However, glacier 14 in Fig. 6 of the study by 523 
Rankl et al. (2014) is in this study only marked as advancing rather than surging and this 524 
certainly subjective. On the other hand, glacier 15 in their study (North Chongtar) is listed 525 
there as surge-type but is actually slowly advancing since the 1970s, i.e. for more than 40 526 
years. This gives rise to the question how slow and prolonged an advance can be for it to 527 
be considered the outcome of a surge?  528 
 529 
Previous studies that have characterized surge-type glaciers according to their topographic 530 
characteristics (e.g. area, length, slope, debris cover) have found a tendency for surge-type 531 
glaciers to be longer, less steep, with more branches and being more fully debris covered 532 
than non-surge-type glaciers of similar size (e.g. Clarke et al., 1986; Barrand and Murray, 533 
2006; Rankl et al., 2014; Sevestre and Benn, 2015). In contrast, many of the surge-type or 534 
surging glaciers in the study region are comparably small (2-20 km2 range) and steep, de-535 
bris free (apart from medial moraines), and have single or dual-basin accumulation re-536 
gions. It is assumed that this difference is also a result of a missing separation between the 537 
surging tributaries and the not-surging main glaciers in previous studies. Such a separation 538 
would also be required for a precise topographic characterization of the surging tributaries. 539 
 540 
An interesting consequence of the separation issue would be that large glaciers that are not 541 
of surge type (e.g. NS or Sarpo Laggo) carry all the surge marks (e.g. looped or deformed 542 
moraines), while those glaciers that really surge have none of the marks and can only be 543 
identified when observed during a surge. Furthermore, all of the large and debris-covered 544 
glaciers (NS, Sarpo Laggo and Skamri) show nearly stagnant terminus positions combined 545 
with well visible down-wasting in their ablation region. This implies that the mass con-546 
tributed by the surging tributaries is not sufficient to have any effects down-glacier.  547 
 548 
Excluding some exceptions and generalizing the wide range of surge characteristics to 549 
some extent, the surges in this part of the Karakoram can be characterized as having a long 550 
duration of the active phase (several years to decades) with slow to medium advance rates 551 
of the terminus and typical surge distances of a few km. In this regard they differ from the 552 
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surge types described previously by Murray et al. (2003) for Alaska and Svalbard and 651 
might thus also have different reasons (Quincey et al., 2015). 652 
 653 
4.2 Climatic influences 654 

Interpreting glacier changes in this region in climatic terms is challenging not just because 655 
of the lack of climate data from high elevation stations. It seems evident that nearly all 656 
glaciers (including the small ones) are healthy as expressed by their either stable or ad-657 
vancing termini (Bhrambhatt et al., 2015; Rankl et al., 2014). This implies that past mass 658 
budgets have generally been close to zero or even positive (Janes and Bush, 2012). While 659 
this provides a link between the observed changes and climatic conditions, these glaciers 660 
might not show elevation changes that can be measured reliably using satellite data or re-661 
peat DEMs as they are too small. On the other hand, trend analysis of ICESat data (Gard-662 
ner et al., 2013; Kääb et al. 2012) and volume changes derived from DEM differencing 663 
(Gardelle et al. 2013) reveal substantial thickening in the ablation area for most of the ac-664 
tively surging glaciers, consistent with the here reported changes. As the measured mass 665 
gain of these glaciers (the mass loss in the accumulation region is more difficult to quanti-666 
fy) is over a longer term in fact a mass loss, it seems appropriate to exclude surging glaci-667 
ers from climate change impact studies that are related to time scales shorter than a full 668 
surge cycle. 669 
 670 
4.3 Repeat surges 671 

Many of the glaciers in the study region have reportedly surged during the past century 672 
(cf. Copland et al., 2011) and historic satellite imagery (e.g. the MSS scene from 1977) 673 
reveals different extents of the surge-type glaciers analysed here. For example, 1st Feriole 674 
Glacier was in contact to Panmah Glacier back in 1977 and the latest high-resolution satel-675 
lite image from 6. June 2014 available in Google Earth (Fig. 6) reveals that the glacier is 676 
still in full surge mode and might again re-establish contact with Panmah Glacier in two or 677 
three years, resulting in a ca. 40-year surge cycle. A tributary of Sarpo Laggo in sub-678 
region 3 (Nr. 45 in Copland et al., 2011; Nr. 16 in Rankl et al. 2014) had been in contact 679 
with the main glacier back in 1977, 1991 and again in 2007, resulting in a ca. 15-year cy-680 
cle. In Fig. 7 an image of its surge front from July 2006 is shown, about 1.5 years before 681 
the glacier came in contact with Sarpo Laggo Glacier. It would be interesting to analyse if 682 
surges occur regularly also for other glaciers in the region. 683 
 684 
4.4 Special image conditions 685 

The animations like the ones presented here over a period of 22 years are not possible eve-686 
rywhere. The time series includes ETM+ scenes from 2004, 2006, and 2009 (see Table 1), 687 
all normally suffering from severe striping due to the malfunction of the ETM+ scan line 688 
corrector since 2003. This striping has been reduced to a large extent (some artefacts are 689 
still visible) by USGS for these scenes (see Fig. 3), likely by replacing the missing infor-690 
mation from other scenes. Surprisingly, this had no noticeable effect on the boundaries or 691 
surface features of the quickly changing glaciers, e.g. due to clouds or different snow con-692 
ditions. It implies that great care has been taken to correct the striping and/or that the re-693 
placement scenes were acquired close to the date of the corrected scenes. 694 
 695 
Another important issue is the high-quality and consistent orthorectification of all satellite 696 
scenes by USGS. Although in sub-region (2) some mountains move due to differences in 697 
the DEMs used for the correction, such effects are not noticeable in the other sub-regions, 698 
i.e. the accuracy is within one pixel. Without this consistency it would not be possible to 699 
reveal glacier flow dynamics from animations with such clarity. 700 
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 721 
4.5 Educational use of the animations 722 

There is certainly some potential for using the animations for educational purposes, for 723 
example regarding the displayed dynamic changes (glaciers, snow line, lakes, rivers). This 724 
requires knowledge about the number of scenes used and the time period covered (see Ta-725 
ble 1). Remote sensing related questions might focus on the spectral properties of ice and 726 
snow and the false colour composites used (resulting in well-visible glaciers), spatial reso-727 
lution and visibility of details, or the value of long-term time series and free data availabil-728 
ity. The latter might be further explored in summer schools (e.g. Manakos et al., 2007) or 729 
classroom experiments (e.g. creating animations for other regions or with a different 730 
speed), as all image quick-looks that have been used here can be downloaded freely and 731 
individually (e.g. from earthexplorer.usgs.gov) and the required GIS and animation soft-732 
ware is freely available as well.  733 
 734 
 735 
5. Conclusions  736 
 737 
This study discussed and presented (in the supplementary material) animated satellite im-738 
age sequences from four regions in the Karakoram mountain range. The high-repetition 739 
rate of 1/10 second per frame gives the impression of a continuous flow and reveals the 740 
high variability in flow dynamics among the different glaciers with a clarity that is not 741 
possible from static images (side-by-side comparison) or colour coded glacier outlines 742 
from different points in time. Though changes are not determined in a quantitative way, 743 
the time-lapse mode of the animations reveals changes that are otherwise difficult to ob-744 
serve. Such animations might also be used for educational purposes and created for other 745 
regions in the world to reveal glaciers dynamics and interactions.  746 
 747 
Whereas the largest and often debris-covered glaciers in the region (e.g. Baltoro, Choktoi, 748 
Sarpo Laggo) show normal (steady) flow characteristics, their tributaries and several small 749 
to medium-sized (and often debris free) glaciers show unstable flow with surge-like dy-750 
namics. The latter glaciers exhibit a continuum of terminus advance rates, surge durations 751 
and topographic characteristics that overlap with non-surge-type glaciers, thus making 752 
their identification difficult. In particular, the smaller surge-type glaciers often show no 753 
morphological evidence of surging such as looped or distorted medial moraines and their 754 
surges can only be recognized through time-series image analysis. On the other hand, 755 
some of the larger glaciers with debris-covered tongues (e.g. Nobande Sobonde, Sarpo 756 
Laggo, Skamri), have stationary fronts and show considerable surface lowering, despite 757 
the mass contributions from the surging tributaries. The study revealed that some of these 758 
large glaciers are not surging themselves but get their moraines distorted from surging 759 
tributaries. 760 
 761 
Surges are generally out of phase with one another and some glaciers seem to surge peri-762 
odically with repeat cycles of a few decades. It thus seems advisable to exclude surge-type 763 
glaciers from the sample when climate change impacts are investigated on a shorter time 764 
scale (e.g. elevation changes from DEM differencing). Several further geomorphologic 765 
changes are visible (e.g. short-lived supraglacial lakes, variability of river beds, thickening 766 
and thinning, regions of fast and slow flow) that might be of interest for a more detailed 767 
analysis. The time series will likely become more valuable in the future with further satel-768 
lite scenes being added.  769 
 770 
 771 
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over the Pamir-Karakoram-Himalaya during 1999–2011, Cryosphere, 7, 1263-1286, 834 
2013. 835 

Gardner, A.S., Moholdt, G., Cogley, J.G., Wouters, B., Arendt, A.A., Wahr, J., Berthier, 836 
E., Hock, R., Pfeffer, W.T., Kaser, G., Ligtenberg, S.R.M., Bolch, T., Sharp, M.J., Ha-837 
gen, J.O., van den Broecke, M.R., and Paul, F.: A consensus estimate of glacier contri-838 
butions to sea level rise: 2003 to 2009, Science, 340 (6134), 852-857, 2013. 839 

Grant, K.L., Stokes, C.R. and Evans, I.S.: Identification and characteristics of surge-type 840 
glaciers on Novaya Zemlya, Russian Arctic. J. Glaciol., 55(194), 960-972, 2009. 841 

Hewitt, K.: Glaciers receive a surge of attention in the Karakoram Himalaya, EOS Trans-842 
actions, American Geophysical Union, 79(8), 104-105, 1998. 843 

Hewitt, K.: The Karakoram Anomaly? Glacier Expansion and the ’Elevation Effect,’ Ka-844 
rakoram Himalaya, Mt. Res. Dev., 25, 332-340, 2005. 845 

Hewitt, K.: Tributary glacier surges: an exceptional concentration at Panmah Glacier, Ka-846 
rakoram Himalaya, J. Glaciol., 53, 181-188, 2007. 847 

Hewitt, K.: Glaciers of the Karakoram Himalaya. Glacial Environments, Processes, Haz-848 
ards and Resources, Springer, Dordrecht, 2014. 849 

Isaac, M.: GIFs go beyond emoji to express thoughts without words. The New York 850 
Times, Technology, 3. Aug. 2015 (http://nyti.ms/1HlXkOZ), 2015. 851 

Iturrizaga, L.: Trends in 20th century and recent glacier fluctuations in the Karakoram 852 
Mountains, Z. Geomorph., 55, Suppl. 3, 205-231, 2011.  853 



 

 12 

Janes, T.J. and Bush, A.B.G.: The role of atmospheric dynamics and climate change on 854 
the possible fate of glaciers in the Karakoram, J. Climate, 25, 8308-8327, 2012. 855 

Jiskoot, H.: Glacier Surging. In: Singh, V.P., Singh, P., and Haritashya, U.K. (Eds.):  En-856 
cyclopedia of Snow, Ice and Glaciers. Springer, Heidelberg, 415-428, 2011. 857 

Jiskoot, H., and Juhlin, D.T.: Surge of a small East Greenland glacier, 2001-2007, sug-858 
gests Svalbard-type surge mechanism, J. Glaciol., 55 (191), 567-570, 2009.  859 

Jiskoot, H., Murray, T., and Boyle, P. J.: Controls on the distribution of surge-type glaci-860 
ers in Svalbard, J. Glaciology, 46, 412-422, 2000. 861 

Kääb, A. (2005): Combination of SRTM3 and repeat ASTER data for deriving alpine 862 
glacier flow velocities in the Bhutan Himalaya, Remote Sens. Environm., 94 (4), 463-863 
474, 2005. 864 

Kääb, A. and Vollmer, M.: Surface geometry, thickness changes and flow fields on creep-865 
ing mountain permafrost: automatic extraction by digital image analysis, Permafrost 866 
Periglac., 11, 315-326, 2000. 867 

Kääb, A., Isakowski, Y, Paul, F, Neumann, A., and Winter, R.: Glaziale und periglaziale 868 
Prozesse: Von der statischen zur dynamischen Visualisierung, Kartographische Na-869 
chrichten, 53 (5), 206-212, 2003. 870 

Kääb, A., Berthier, E., Nuth, C., Gardelle, J., and Arnaud, Y.: Contrasting patterns of early 871 
twenty-first-century glacier mass change in the Himalayas, Nature, 488, 495-498, 872 
2012. 873 

Kotlyakov, V.M., Osipova, G.B., and Tsvetkov, D.G.: Monitoring surging glaciers of the 874 
Pamirs, central Asia, from space, Ann. Glaciol., 48, 125-134, 2008. 875 

MacGillivray, C.: How Psychophysical perception of motion and image relates to anima-876 
tion practice. IEEE Proceedings of the International Conference on Computer 877 
Graphics, Imaging and Visualisation (CGIV 2007), 81-88, 2007. 878 

McNabb, R. and Hock, R.: Alaska tidewater glacier terminus positions, 19482012, J. of 879 
Geophys. Res., F119, 153-167, 2014. 880 

Meier, M.F. and Post, A.: What are glacier surges? Can. J. Earth Sci., 6 (4), 807-817, 881 
1969. 882 

Mukhopadhyay, B. and Khan, A.: Rising river flows and glacial mass balance in central 883 
Karakoram, J. Hydrol., 513, 192-203, 2014. 884 

Murray, T., Strozzi, T., Luckman, A., Jiskoot, H., and Christakos, P.: Is there a single 885 
surge mechanism? Contrasts in dynamics between glacier surges in Svalbard and other 886 
regions, J. Geophys. Res., 108 (B5), 2237, doi:10.1029/2002JB001906, 2003. 887 

Paul, F., Kääb, A., Maisch, M., Kellenberger, T.W. and Haeberli, W.: Rapid disintegration 888 
of Alpine glaciers observed with satellite data, Geophys. Res. Lett., 31, L21402, 889 
doi:10.1029/2004GL020816, 2004. 890 

Paul, F. and 24 others (2015): The Glaciers Climate Change Initiative: Algorithms for cre-891 
ating glacier area, elevation change and velocity products. Remote Sens. Environm., 892 
162, 408-426. 893 

Quincey, D.J., Copland, L., Mayer, C., Bishop, M., Luckman, A., and Belo, M.: Ice veloc-894 
ity and climate variations for Baltoro Glacier, Pakistan. J. Glaciol., 55, 1061-1071, 895 
2009. 896 

Quincey, D.J., Braun, M., Glasser, N.F., Bishop, M.P., Hewitt, K., and Luckman, A.: Ka-897 
rakoram glacier surge dynamics, Geophys. Res. Lett., 38, L18504, 898 
doi:10.1029/2011GL049004, 2011. 899 

Quincey, D.J., Glasser, N.F., Cook, S.J. and Luckman, A.: Heterogeneity in Karakoram 900 
glacier surges, DOI: 10.1002/2015JF003515, 2015. 901 

Racoviteanu, A.E., Paul, F., Raup, B., Khalsa, S.J.S., and Armstrong, R.: Challenges and 902 
recommendations in mapping of glacier parameters from space: results of the 2008 903 
Global Land Ice Measurements from Space (GLIMS) workshop, Boulder, Colorado, 904 
USA, Ann. Glaciol., 50, 53-69, 2010. 905 

fp � 21 8 15 11:14 AM
Deleted: in press906 
fp � 21 8 15 11:14 AM
Deleted: . 907 



 

 13 

Rankl, M., Kienholz, C., and Braun, M.: Glacier changes in the Karakoram region mapped 908 
by multimission satellite imagery, Cryosphere, 8, 977-989, 2014. 909 

Raymond, C.F.: How do glaciers surge? A review, J. Geophys. Res., 92 (B9), 9121-9134, 910 
1987.  911 

Scambos, T.A., Dutkiewicz, M.J., Wilson, J.C. and Bindschadler, R.A.: Application of 912 
image cross-correlation to the measurement of glacier velocity using satellite image 913 
data, Remote Sens. Environm., 42, 177-186, 1992. 914 

Sevestre, H. and Benn, D.I.: Climatic and geometric controls on the global distribution of 915 
surge-type glaciers: implications for a unifying model of surging. J. Glaciol, 61 (228), 916 
646-662, 2015. 917 

Sharp, M.: Surging glaciers: behaviour and mechanisms. Progr. Phys. Geogr., 12, 349-918 
370, 1988. 919 

Wulder, M. A., Masek, J. G., Cohen, W. B., Loveland, T. R., and Woodcock, C. E.: Open-920 
ing the archive: How free data has enabled the science and monitoring promise of 921 
Landsat, Remote Sens. Environm., 122, 2-10, 2012. 922 

Yde, J.C. and Knudsen, N.T.: Glaciological features in the initial quiescent phase of 923 
Kuannersuit Glacier, Greenland, Geogr. Ann., 87A (3), 473-485, 2005. 924 

 925 
926 



 

 14 

 927 
Tables 928 
Table 1: Overview of the Landsat scenes used to create the animations (Nr. 3 and 8 to 13 929 
without 9) for the supplementary material for the four sub-regions shown in Figs. 2 to 5. 930 
Scenes Nr. 2, 4 to 7 and 9 are available as individual images from http://www.xxx. The 931 
MSS scene is only added for completeness. Abbreviations: Sensor column: MSS: Multi-932 
Spectral Scanner, TM: Thematic Mapper, ETM+: Enhanced Thematic Mapper+, OLI: Op-933 
erational Land Imager, dd.mm: day.month, Day: day number within a year, region codes 934 
in columns 7-10 denote 1: Baltoro, 2: Panmah, 3: Skamri, 4: Shaksgam, GLS: Global 935 
Land Survey. 936 
 937 

Nr. Sensor dd.mm Year Day Path-Row 1 2 3 4 Remarks 
1 MSS 02.08. 1977 214 160-035 - - - - from GLS1975 
2 TM 07.08. 1990 219 149-035 - X - - path 149 
3 TM 19.08. 1991 231 148-035 X X X X used for the animation 
4 TM 07.07. 1993 188 148-035 X X X X  
5 TM 17.07. 1994 198 149-035 - X - - path 149 
6 TM 01.09. 1996 245 148-035 X X X X fresh snow 
7 TM 18.07. 1997 199 148-035 X X X X  
8 TM 07.09. 1998 250 148-035 X X X X  
9 ETM+ 04.09. 2000 248 148-035 X - - -  

10 ETM+ 21.07. 2001 202 148-035 - X X X  
11 ETM+ 09.08. 2002 221 148-035 X X - -  
12 ETM+ 14.08. 2004 227 148-035 X X X X GLS2005, striping removed 

8 ETM+ 26.07. 2006 207 149-035 - X - - striping removed, path 149 
9 TM 04.10. 2008 278 148-035 X X X X not used for the animation 

10 ETM+ 12.08. 2009 224 148-035 X X X X GLS2010, striping removed 
11 TM 23.08. 2010 235 148-035 - X X X  
12 TM 10.08. 2011 222 148-035 X - X X  
13 OLI 14.07. 2013 195 148-035 X X X X  

 938 
This table and the caption will change if supplementary material with a larger file size 939 
(>50 MB) can be uploaded. 940 
 941 
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Figure captions 961 
 962 
Fig. 1 963 
Landsat scene of the study region from 2004 showing footprints of the four sub-regions 964 
depicted in Figs. 2 to 5. The black square in the inset shows the location of the study re-965 
gion in the Karakoram mountain range (map taken from Google Earth). The image centre 966 
is at 36 N, and 76.3 E. 967 
 968 
Fig. 2 969 
Sub-region 1 (Baltoro) shows the tongue of Baltoro glacier and its surrounding tributaries. 970 
SG (orange): actively surging glacier, SG (white): surge-type glacier, A: advancing glaci-971 
er. The Landsat scene 148-035 is from 14 Aug. 2004. 972 
 973 
Fig. 3 974 
Sub-region 2 (Panmah) shows the region around Panmah and Choktoi glacier with sur-975 
rounding tributaries; annotations and Landsat scene as in Fig. 2. 976 
 977 
Fig. 4 978 
Sub-region 3 (Skamri) shows the region between Skamri and Sarpo Laggo glacier; annota-979 
tions and Landsat scene as in Fig. 2. 980 
 981 
Fig. 5 982 
Sub-region 4 (Shaksgam) shows the region to the north of Skamri glacier to both sides of 983 
the Shaksgam valley; annotations and Landsat scene as in Fig. 2. 984 
 985 
Fig. 6 986 
The still advancing (surging) tongue of 1st Feriole Glacier in the Panmah sub-region. The 987 
image is a screenshot from Google Maps acquired on 6 June 2014. 988 
 989 
Fig. 7 990 
An unnamed surging glacier in sub-region 3 as seen from Moni Glacier, a surging tribu-991 
tary of Sarpo Laggo Glacier (see section 5.3 for details). To the left of the middle is anoth-992 
er unnamed surging glacier visible. The photo was taken in 2006 by Michael Beck 993 
(www.himalaya-info.org). 994 
 995 
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Review by Ben Marzeion 1002 
 1003 
The paper presented by Paul is somewhat unusual for TC, since it is more about commu-1004 
nication within science, and to the public, than about new scientific findings. It is not so 1005 
much that the image sequences presented in the paper add scientific insight per se; the 1006 
(important) point is rather that the information – which quantitatively needs to be extract-1007 
ed using other methods – becomes a lot more accessible and intuitive. This point is also 1008 
acknowledged by the author. 1009 
 1010 
I am convinced that there needs to be room in a journal like TC for this kind of publica-1011 
tion, but this should be an editorial decision. Given the format of TC, I also believe it is 1012 
justified to be published as a research article; but should there be reservations, I can imag-1013 
ine that the author might be able to shorten the manuscript and to publish it as a brief 1014 
communication. 1015 
I agree that it would be possible to convert the ms into a brief communication, but 1016 
this would require rather substantial changes to the text and maybe a re-review. 1017 
As the review by D. Quincey identified several points that might warrant a ‘normal’ 1018 
publication in TC I would prefer to stay with the current format. 1019 
 1020 
The manuscript is very well written, and I only have a few suggestions/questions that 1021 
should be addressed before acceptance. 1022 
 1023 
General comment: 1024 
• The greatest value of the submission probably is found in the animated images in the 1025 
supplement. They are great – but I think there are two changes that might enhance their 1026 
use: (i) add a progressing bar showing the time line (at least with start and end year), (ii) 1027 
add a break (perhaps 2-3 frames) between end and beginning of the sequence. (I also find 1028 
the sequences very quick, and slowing down the frame rate might be good – but this is 1029 
probably a matter of taste, and hard to say without trying.) 1030 
Indeed, it is not only a matter of taste; different speeds also reveal different as-1031 
pects of the flow dynamics. As also mentioned in the response to the review by D. 1032 
Quincey, inserting empty frames at the end would introduce a stroboscope effect 1033 
that is hard to watch. Any other markers of progressing time will be difficult to fol-1034 
low (and distracting from the flow dynamics), as the time period of the entire ani-1035 
mation is too short (0.8 sec). Creating time-series with a different frame rate is 1036 
possible but would exclude them from the supplementary material as the 50 MB 1037 
space is already fully used. 1038 
 1039 
As a compromise, I will provide the individual images (plus some new ones) on a 1040 
separate server so that anybody can use its preferred animation speed and anno-1041 
tation. A further point was to show the results that can be obtained with a mini-1042 
mum amount of processing using freely available software. This should also facili-1043 
tate the ‘do it yourself’ idea that is required for related teaching / classroom exper-1044 
iments. 1045 
 1046 
I think particularly adding a bar is essential, as the uneven distribution of images in time 1047 
(P2602, L23-25) implies a non-linear time line. 1048 
As mentioned above, there is no way to follow such a time bar, as the frame rate 1049 
is too high. Moreover, for the visual perception it does not really matter if the tem-1050 
poral difference between the images is 1, 2 or 3 years and unevenly distributed, 1051 
as the brain will average the differences out.  1052 
 1053 
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Specific comments: 1054 
• P2600 L4: I would say that the sequences do not necessarily provide new insights in the-1055 
se phenomena, but they make the insights more intuitive and accessible. 1056 
I fully agree with the latter point, but also think that seeing a glacier flow at about 1057 
800 million times its normal speed (25 years in 1 sec) IS a new insight in itself. 1058 
Converting the ‘normal’ (quantitative) colour-coded maps of glacier flow or eleva-1059 
tion changes to real surface flow, dynamic interactions of tributaries, frontal ad-1060 
vance, mass transfer or down-wasting is in my opinion very difficult. So actually 1061 
seeing how this takes place in a high-speed mode (with all the mutual interac-1062 
tions) is in my opinion providing several new insights. 1063 
 1064 
To give one specific example, I was very surprised to see the very high flow veloc-1065 
ities in steep accumulation regions of many glaciers (e.g. the southern tributaries 1066 
of Baltoro). I think this has not been reported before (based on velocity maps) so I 1067 
would argue this is a new insight.  1068 
 1069 
• Fig. 1: The green square in the inset is very small; perhaps you can zoom a bit further 1070 
into the map shown in the inset. 1071 
The inset and the main figure will be revised and improved. 1072 
 1073 
• P2603 L4 (and elsewhere): The term laminar is a bit ambiguous, I think, because based 1074 
on Reynolds number, I am relative sure also surging glaciers show laminar (as opposed to 1075 
turbulent) flow. Admittedly, I don’t have a better word... 1076 
I agree that laminar could be misleading in this regard and will think of a better 1077 
word (maybe stable or steady flow?). 1078 
 1079 
• P2603 L7: why mention the name of Liligo particularly, but not the two northern ones? 1080 
There was no specific reason for it apart from the availability of more detailed 1081 
studies about this glacier and hence a chance that its name is known.  1082 
 1083 
• P2604 L20-21: It could also be related to the debris distribution, which itself could be 1084 
affected by the surge. 1085 
In principle yes, but for the examples discussed here debris cover is not present 1086 
at the surface. 1087 
 1088 
• Sect. 3.2 and 4.1 have the same heading, and Sect. 3.2 contains actually not much infor-1089 
mation on how to identify surge-type glaciers (instead, it is mostly discussed what would 1090 
not work). The two sections are also of similar content to some degree, and I would sug-1091 
gest merging them. 1092 
I agree that there is some overlap between these two sections and will revise 1093 
them. In the results section I will have a focus on the observations (new title: 1094 
Surging glaciers), while I will describe the implications of the observations and the 1095 
context to other studies in the discussion section. 1096 
 1097 
 1098 

1099 
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Response to the review by Duncan Quincey 1100 
 1101 
This is an unusual submission that contributes more to the literature than is necessarily 1102 
apparent at first glance. First, it highlights that small and debris-free glaciers also surge - 1103 
most recent studies on surging in the Karakoram focus on large and often debris-covered 1104 
glaciers because they are easily identified in medium to coarse resolution satellite image-1105 
ry. Second, it gives some useful information on surge return periods, which is generally 1106 
lacking for this region (although historical reports and papers are relatively untapped I 1107 
suspect). Third, it emphasises that surging glaciers are difficult to integrate into studies of 1108 
climate-glacier coupling, and recommends they are excluded from such analyses. There-1109 
fore, despite this paper not conforming to a ’normal’ research article, I would be pleased 1110 
to see it published, and only have a handful of relatively minor comments that I hope will 1111 
improve it. 1112 
Thank you for this positive evaluation. 1113 
 1114 
P2598 1115 
Line 10: ’might help to demonstrate’... I think you can be more certain and remove the 1116 
word ’might’. 1117 
Agreed. 1118 
 1119 
P2599 1120 
Line 9: ’what is going on’ is probably better phrased as ’morphological changes’ or simi-1121 
lar 1122 
Yes, agreed. Will be replaced with ‘in demonstrating dynamic aspects.’ 1123 
 1124 
Line 26 delete ’these days’?  1125 
Yes, of course. 1126 
 1127 
P2600 1128 
Line 6 (and elsewhere in this paper): probably ’surface lowering’ is more technically cor-1129 
rect than ’down-wasting’ 1130 
Yes, surface lowering could also be used. But I think down-wasting is more than 1131 
surface lowering, it also implies that the extent of the ice is more or less un-1132 
changed, i.e. surface lowering without retreat. This can actually be very clearly fol-1133 
lowed for the post-surge phase of several glaciers. The ice mass that is down-1134 
wasting is more or less decoupled dead ice showing otherwise a stable extent. 1135 
 1136 
P2601 1137 
Line 1: remove the word ’basically’ and replace with ’and’? 1138 
Agreed, good idea. 1139 
 1140 
Line 4 (and elsewhere in this paper): if possible it would be better to remove references to 1141 
yourself e.g. ’to my knowledge’ 1142 
Yes, agreed and removed. 1143 
 1144 
Lines 11-12: I think you can remove this last sentence. Why would you publish a discus-1145 
sion with only initial perspectives? 1146 
I think this has been written here because more detailed studies are required for a 1147 
more substantial discussion. But I agree that the sentence could also be removed. 1148 
 1149 
Lines 14-15: should ’and including’ have commas before and after? 1150 
That might be well the case. I am happy to add them 1151 
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 1152 
P2603 1153 
Lines 9-11: can you label and refer to these four glaciers in the appropriate figure?  1154 
Yes, of course. 1155 
 1156 
P2604 1157 
Lines 11-13: do surge velocities really overlap with those of non-surge glaciers? Not in 1158 
my experience... 1159 
This will likely depend on the criteria used to identify a glacier as surge-type. 1160 
Some of the glaciers in the region advance very slowly but over several decades 1161 
(e.g. North Chongtar started its advance in 1970) while others advance rapidly (2-1162 
3 years) and have high surface flow velocities (e.g. South Chongtar, Chiring or 1163 
Drenmang).  1164 
 1165 
Lines 22-25: I’m not sure you need to include this analogy - suggest removal 1166 
Although I like the analogy as it might also include a physical explanation for this 1167 
kind of surges, I will remove it as also the anonymous reviewer suggested to re-1168 
move it.  1169 
 1170 
Line 26 onward: I’m not sure I follow this sentence. Are you saying that one glacier has a 1171 
30 yr quiescence and 2 yr surge whereas another has a 15 yr surge and a few yrs quies-1172 
cence? Perhaps you can word this better?  1173 
Yes, this was the point. I will rewrite it to get it clear. 1174 
 1175 
On another matter, is the 15 yr advance really a surge? Or is it simply an advance? I’d 1176 
suggest the latter given those timescales... 1177 
I would say yes, it is a surge, but as already mentioned above it depends to some 1178 
extent on the criteria used to define a surge. The frontal advance rate or advance 1179 
duration is certainly not good indicators. There is simply too much variability here. 1180 
But when a heavily crevassed surface, distorted moraines, or an advance in the 1181 
km range are used as a criterion, the assignment might be more evident. The 1182 
study by Hewitt (2007) and the spatial pattern of mass changes revealed from 1183 
DEM differencing by Gardelle et al. (2013) also clearly assign it to a surge-type 1184 
glacier being in its active phase since 2000. Maybe also check the nice time se-1185 
ries in Google Earth (one example is shown in Fig. 6). 1186 
 1187 
P2605 1188 
Lines 1-9: Here you are touching on the fact that glacier surges cannot be neatly pigeon-1189 
holed. I think you should state this, and leave it at that, rather than suggesting a new ’Ka-1190 
rakoram surge type’ - fundamentally, many surges in the region do not conform to your 1191 
description (so the term would be misleading), but also there are more ’types’ than we 1192 
could ever find categories for. 1193 
I fully agree and will describe the different types of surging glaciers in another 1194 
study. 1195 
 1196 
P2606 1197 
Line 2:’supra-glacial’ does not need hyphenating 1198 
Ok, thanks. 1199 
 1200 
Section 3.6: I’m not sure this section adds anything and think it should be removed  1201 
I think this is actually a rather important observation for all kinds of calculations. 1202 
For example, the accuracy assessment of velocity fields should give no flow on 1203 
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stable terrain (i.e. off-glaciers). By using the here presented animations one can 1204 
see both the consistency of the orthorectification for the entire time series and the 1205 
regions that are not stable-terrain despite being off-glaciers. 1206 
 1207 
P2608 1208 
Lines 2 and 12 and elsewhere: do you show us surface elevation data anywhere? I think 1209 
you have to be careful assuming that because the glaciers are small, they are steep. Proba-1210 
bly you are right, but your data do not show it. 1211 
Surface elevation data are indeed not shown here. Can I assume that everybody 1212 
is familiar with checking topography in Google Earth? I will then add this as a 1213 
source of information for the stated steepness. 1214 
 1215 
P2609 1216 
Line 25: Why ’finally’? Is this a hangover from a previous draft? 1217 
No, the finally has no special meaning and will be removed. 1218 
 1219 
Section 4.4: I’m also not sure this section is really required. It is background (methodolog-1220 
ical?) information 1221 
I agree that this section can be shortened somewhat and will do it. However, I 1222 
would like to keep it, as I encourage application of this method in other regions 1223 
and image availability, quality, and consistency of the orthorectification might be 1224 
different elsewhere. In particular the good correction of the 3 ETM+ SLC-off 1225 
scenes are worth mentioning, as they were essential for the animations. 1226 
 1227 
P2611 1228 
Line 26: probably worth clarifying they are out of phase ’with one another’ 1229 
Yes, agreed. 1230 
 1231 
Figure 1: The regional map is poor - can you digitise something rather than use this map 1232 
product? And zoom in more to focus on the HKH belt?  1233 
Yes, the in-set map will be exchanged and will get a close up. 1234 
 1235 
The underlying image needs a scale-bar, and could be presented in colour? 1236 
Agreed, a scale bar will be added and a colour version provided. 1237 
 1238 
Figure 6: needs a scale bar. And can you cross-reference this image to Figure 2? 1239 
It actually has one (in the lower left corner), but I agree it is rather small and I will 1240 
increase it. The glacier will be marked in Figs. 1 and 3. 1241 
 1242 
Also, why do you choose 2004 imagery for these figures?  1243 
There was no particular reason for it apart from being cloud-free and demonstrat-1244 
ing the good correction (with some remaining artifacts) of the ETM+ SLC-off 1245 
scenes that were essential for these animations (see also reply to the comment to 1246 
Section 4.4.  1247 
 1248 
Can you not use some of the (radiometrically improved) OLI imagery that has no striping? 1249 
Radiometrically the image quicklooks used in this study are all very similar and I 1250 
think showing the striping is important as a guide to what is visible in the anima-1251 
tions. 1252 
 1253 
 1254 
 1255 
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Supplementary 1256 
I strongly suggest you insert a time-gap at the end of every loop, as it takes a good few 1257 
seconds or longer to work out where the first and last images are in each sequence. And 1258 
perhaps slow them down? Or provide two speeds - one slower one for orientation (training 1259 
of the eye) and the second at full speed? Given you put these forward for educational pur-1260 
poses, you need to make sure that the inexperienced viewer can follow what is happening 1261 
for themselves.  1262 
The basic idea for providing only this high-speed version was that several aspects 1263 
of glacier dynamics can only be seen here and that all images used are freely 1264 
available at earthexplorer.usgs.gov. There is also a 50 MB limit of supplemental 1265 
material and I have already used it. Inserting a time gap at the end (with empty 1266 
frames) would result in a strobe effect causing eye-damage and a headache after 1267 
a few seconds. There might be other possibilities (e.g. repeating the last image 1268 
several times), but they would increase the file size. There is certainly the possibil-1269 
ity to also use different (slower) animation speeds or frame rates, but this is also a 1270 
matter of personal taste. As a compromise, I have decided to additionally provide 1271 
the individual images on a separate server so that anybody being interested can 1272 
compile its own animation time series from it. 1273 
 1274 
A scale-bar wouldn’t go amiss on the images either... 1275 
The disadvantage is that every annotation stands out like a ‘flying above the sce-1276 
ne’ emblem and is thus distracting. It will also be difficult to follow the changes in a 1277 
particular region and see the scale bar at the same time. For this reason all sub-1278 
sets are also shown in the paper with a scale bar. But I will try it and think about it.  1279 
 1280 
 1281 

1282 
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Response to the review by the anonymous reviewer 1283 
 1284 
The paper of F. Paul presents animated glacier flow time series for several Karakoram re-1285 
gions using imagery from the Landsat archive. The animations are great and useful on 1286 
many levels, however, their presentation is not ideal. Currently, the main results are found 1287 
in the supplementary materials, while much less important elements are found in the main 1288 
paper. Some paragraphs contain details (how old is a certain image format, which button 1289 
needs to be pressed in a certain program, etc.) that could go into an appendix or possibly 1290 
into supplementary materials.  1291 
I agree that the paper is largely a description of what can be seen in the images, 1292 
but I hope with the background given on visual perception and the wide range of 1293 
surge-type glaciers described it also adds on the current knowledge for this re-1294 
gion. 1295 
 1296 
Other paragraphs have a review character, and the corresponding content could often be 1297 
shortened or removed. Overall, I think, the topic would be better served if the paper were 1298 
boiled down and published in a short communications format.  1299 
 1300 
If the paper were published in the current format, it would be good to see additional quan-1301 
titative aspects. For example, the discussion mentions characteristics of the surge-type 1302 
glaciers identified (size, slope, etc). Having a more quantitative analysis of these parame-1303 
ters, similar to what has been done in previous work, would strengthen the paper. In any 1304 
case, it would be great to see the fascinating movies hosted on a website. 1305 
I fully agree that a more detailed analysis of quantitative aspects would be worth-1306 
while, but we intend to do this in another study presenting the new glacier invento-1307 
ry with topographic attributes for the entire Karakoram region. Just using the 1308 
numbers from this yet unpublished study is maybe not a good idea. However, I 1309 
have shortened and condensed some of the sections as also requested by the 1310 
other reviewers.  1311 
 1312 
P2598 L. 1: It seems that such movies (or at least “flicker” images) have been used regu-1313 
larly in presentations for visualization purposes, or just by the researcher themselves to get 1314 
familiar with their study area. To my knowledge, however, there are no papers published 1315 
that focus on this specific topic. 1316 
I fully agree with this statement. As I have also used animations regularly but 1317 
found nothing on this specific topic in the literature, I decided to introduce it with 1318 
this study. 1319 
 1320 
L. 11: Revealed should be reveal 1321 
Done. 1322 
 1323 
L. 20 & following lines: The introduction, especially its first part, seems lengthy. For ex-1324 
ample, I am not sure whether the human brain or the time lapse camera paragraphs are re-1325 
quired at all. Also consider removing sentence parts that are not required, such as “basical-1326 
ly for everybody interested in seeing. . .”, “the very old (> 25 years)”, “but to my 1327 
knowledge”, etc. 1328 
I will shorten the ‘wordy’ parts of the introduction. However, I would like to keep 1329 
the sections on visual perception, the human brain and time-lapse photography, 1330 
as these are important to introduce the animations and how they work. 1331 
 1332 
P 2599:  1333 
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L. 9: “in demonstrating what is going on” should be, for example, “in revealing the pro-1334 
cesses” 1335 
Done. 1336 
 1337 
P 2600:  1338 
L. 25: Consider replacing the word “laminar” with “steady” or something similar. The 1339 
term laminar is at least confusing. Note that even non surge-type glaciers can vary their 1340 
speed over time, so “steady” is not ideal, either. 1341 
I will replace it with ‘steady’ (or stable?).  1342 
 1343 
P 2601:  1344 
L. 6: “becoming” -> “become” 1345 
Done. 1346 
 1347 
P 2602:  1348 
L. 4: “and partly also”. Remove the “also”. Throughout the manuscript, consider removing 1349 
all the filler words as well as informal words that are not required (e.g., “luckily” later on). 1350 
Agreed and done. 1351 
 1352 
P 2603: 1353 
L. 6: “come and go” -> disappear and reappear  1354 
L. 8: “Leave an impact” -> “affect” 1355 
Done. 1356 
 1357 
P 2604:  1358 
L. 4: “collide with” -> “merge with” 1359 
Done. 1360 
 1361 
L. 19-22: Needs to be read multiple times to be understood. Consider reformulating.  1362 
Agreed. It might get clearer when following the animations. I will maybe add a fig-1363 
ure. 1364 
 1365 
L. 22-24. Remove entirely. 1366 
Ok. 1367 
 1368 
P 2605: 1369 
L. 5: “Karakoram surge type”: I would refrain from adding additional types. Don’t your 1370 
movies rather suggest that the idealized “surge-type” and “non-surge type” glaciers mark 1371 
the two end-members of a continuum, with a multitude of types in between? 1372 
Yes, I agree. I will remove it here and come back to it in another study. 1373 
 1374 
L. 26: delete “which restricts their use. . . 1375 
Done. 1376 
 1377 
P 2606:  1378 
L. 1: “but change their shape” -> “but their shape varies”  1379 
L. 13. “so high” -> “high enough” or “sufficiently high” 1380 
Done. 1381 
 1382 
L. 15. Consider removing this section completely. If kept, replace “shaking” with a word 1383 
that doesn’t automatically relate to earthquakes in this context. “wobbling” or simply 1384 
“moving” could work. 1385 
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 1386 
P. 2609: L. 8: “more safe” -> “appropriate” or “advised” 1387 
Done. 1388 
 1389 
 1390 


