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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, 48 
they have some limitations in demonstrating dynamic aspects. The key issue is related to 49 
the limited ability of the human brain to recognize differences between two (static) images 50 
when shown side-by-side or to translate various outlines of terminus positions into the cor-51 
rect sequence of changes, in particular when it is out of phase for a couple of glaciers. On 52 
the other hand, the human brain recognizes movement well and tends to compensate miss-53 
ing parts in a sequence of animated images due to the slow processing of visual infor-54 
mation, also known as the ‘phi-phenomenon’ (e.g. MacGillivray, 2007). This helps in 55 
translating time-lapse photography into continuous motion thus making the dynamic na-56 
ture of otherwise slowly moving objects or natural phenomena visible (e.g. cloud devel-57 
opment, aurora, tides). While cameras with an interval timer were not common a decade 58 
ago and related footage was rare, today’s widespread availability of webcams allows pic-59 
tures to be taken remotely and automatically each day (or any period) at regular intervals. 60 
This could be particularly interesting when glaciers are imaged, as their movement is nor-61 
mally much too slow to be recognized (e.g. www.chasingice.com). 62 
 63 
At the satellite scale, the application of ‘flicker’ images (basically a rapid alternation of 64 
two images taken a few years apart) for demonstrating glacier changes is common practice 65 
and has been used to analyse glacier motion (Kääb et al. 2003). In this way, coherent pat-66 
terns of displacement of the glacier surface have long been used to determine surface flow 67 
velocities from feature tracking using cross-correlation or other techniques (e.g. Kääb and 68 
Vollmer, 2000; Scambos et al., 1992; Paul et al., 2015). With the now free availability of 69 
long time-series (starting in 1984) of orthorectified satellite imagery from Landsat (e.g. 70 
Wulder et al., 2012), it is possible to combine sequential satellite images into longer se-71 
quences (>10 years) and demonstrate landscape changes in a time-lapse mode (e.g. 72 
world.time.com/timelapse2) including glacier flow and dynamic changes over large re-73 
gions. This provides new insights and a more intuitive access to phenomena such as the 74 
mutual interaction of different glaciers, fast and slow flow of different glacier segments, 75 
advance and retreat patterns, down-wasting (i.e. surface lowering without retreat), and the 76 
dynamics of supra and pro-glacial lakes and river streams. Depending on the time step be-77 
tween the original images and the flow velocity of the glaciers, the impression of more or 78 
less continuous flow can be obtained by animating the individual images at high speed. 79 
 80 
In this study animated sequences of orthorectified satellite images covering a 22-year time 81 
period (1991-2013) are used to demonstrate glacier dynamics and other landscape changes 82 
in four regions of the central Karakoram. Though this might be seen as a less quantitative 83 
approach than that of studies determining the exact rates of glacier change, the information 84 
obtained by looking at high-speed animations of the individual images provide additional 85 
insight into glacier behaviour. There is also potential for using such animations for educa-86 
tional purposes by visualizing how glaciers flow and change through time. The animations 87 
use the very old (>25 years) image format GIF, which has its drawbacks in terms of the 88 
number of colours that can be used (only 256), but it is the only format that allows a loop-89 
ing of high-frequency animations with screen-size images. The format has recently be-90 
come increasingly popular on the Internet (e.g. giphy.com) and in mobile communication 91 
(Isaac, 2015) for short repetitive animations due to its easy use (no special software re-92 
quired) and relatively small file size. 93 
 94 
1.2 Surge-type glaciers 95 

The Karakoram mountain range has been selected due to its many surging glaciers that 96 
display a very distinct dynamic behaviour (e.g. Copland et al. 2011; Gardelle et al., 2013; 97 
Hewitt, 2007; Rankl et al., 2014). According to Jiskoot (2011), a surge-type glacier oscil-98 
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lates between a period of slow or normal flow (for tens to hundreds of years) named the 99 
quiescent phase and an active or surge phase with flow velocities being increased by a fac-100 
tor of 10 to 1000 over a shorter period (a few months to years) that sometimes results in 101 
marked frontal advances (km scale). During a surge a large amount of ice is transported 102 
from a reservoir area to a receiving area where it melts after a surge predominantly by 103 
down-wasting. All three components (time periods for both phases, velocities, terminus 104 
advance) reportedly vary over a wide range (e.g. Sharp, 1988), resulting in an unclear sep-105 
aration from non-surge-type glaciers (cf. Table 5 in Sevestre and Benn, 2015) that might, 106 
for example, just advance over an extended period of time (Meier and Post, 1969). A 107 
surge-type glacier in its quiescent phase can often also be identified from distortions of the 108 
normally parallel-aligned medial and/or lateral moraines (e.g. Grant et al., 2009; Kotlay-109 
kov et al., 2008). Such distortions may result from the speed-up of either a specific section 110 
of a glacier or the merging of a surging tributary with the main glacier (e.g. Hewitt, 2007). 111 
In the latter case it might be possible that the main glacier is - despite the surge-marks on 112 
its surface - not of surge-type. 113 
 114 
The Karakoram region is well known for it’s many surge-type glaciers (e.g. Copland et al., 115 
2011; Hewitt, 2014), but counting them is challenging as the frequently used criteria for 116 
their identification only partly apply. Many studies have thus introduced a ‘surge-index’ to 117 
indicate the certainty that a specific glacier is of surge-type (cf. Sevestre and Benn, 2015). 118 
The evidence can be divided into geomorphological and dynamic categories (e.g. Jiskoot, 119 
2011). The former include: looped or distorted medial moraines, a glacier tongue that is 120 
largely covered by crevasses and seracs during a surge, a post-surge disconnection of the 121 
tongue well behind the terminus, and rapid down-wasting after the surge with the for-122 
mation of potholes and remaining stranded ice bergs (e.g. Yde and Knudsen, 2005). Dy-123 
namic criteria include (among others): the terminus advance rate, the total advance over a 124 
given period, the duration of the advance and retreat (or quiescent) phase, the relative ad-125 
vance compared to the pre-advance glacier length, absolute values of surface velocity, sig-126 
nificant velocity changes in specific regions of a glacier, surge periodicity, and inverse 127 
thickness changes in the ablation (mass gain) and accumulation (mass loss) regions. For 128 
these dynamic criteria, the values for surging glaciers can be one to three orders of magni-129 
tude higher than for non-surge-type glaciers (e.g. Jiskoot, 2011). However, they can also 130 
be in a similar range thus limiting the possibilities for a clear separation. For this study a 131 
glacier is called ‘surging’ based on its well-identifiable strong and partly rapid advance. 132 
All of these glaciers have been identified as of surge-type or actively surging in previous 133 
studies (Copland et al., 2011; Gardelle et al. 2013; Rankl et al., 2014). 134 
 135 
 136 
2. Study Region, Data Sets and Methods 137 
 138 
The study region is located in the central Karakoram mountain range (Fig. 1) to the north 139 
of – and including – the large and well-studied Baltoro Glacier (Quincey et al., 2009 and 140 
references therein). Four regions are selected for the animations: (1) Baltoro, (2) Panmah, 141 
(3) Skamri / Sarpo Laggo, and (4) Shaksgam. All regions are well known for their many 142 
surge-type glaciers (cf. Copland et al. 2011 and Rankl et al., 2014) of which several have 143 
been studied in more detail (Diolaiuti et al., 2003; Hewitt, 2007; Quincey et al., 2011; 144 
Rankl et al., 2014). The region is characterized by very steep and high terrain (often reach-145 
ing more than 7000 m a.s.l.) with numerous multi-basin valley glaciers, that often have 146 
further tributary glaciers in the ablation region (Iturrizaga, 2011). The anomalous glacier 147 
behaviour in the study region (mass gain and advancing glaciers over the past two dec-148 
ades) relative to most other regions of the world has been named the 'Karakoram Anoma-149 
ly' (e.g. Bolch et al., 2012; Hewitt, 2005). This behaviour might be attributable to an in-150 
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crease in precipitation (e.g. Janes and Bush, 2012), but the large number of actively surg-151 
ing glaciers in the region might also have non-climatic reasons (e.g. Hewitt, 2005; Jiskoot, 152 
2011). A recent study by Sevestre and Benn (2015) has identified that glaciers in this re-153 
gion are located in the climatically ‘correct’ zone for surge-type glaciers. Further details 154 
about the topo-climatic characteristics of the region can be found in Hewitt (2014). 155 
 156 
The study region is completely covered by Landsat scene 148-35 (path-row) and partly by 157 
scene 149-35 (Fig. 1). Useful Landsat scenes (sensors TM, ETM+ and OLI) acquired near 158 
the end of the ablation period (summer) are available for 13 individual years since 1991 159 
and four further scenes for selected regions (see Table 1). For the animations provided in 160 
the supplemental material only a selection of scenes has been used to limit file size. The 161 
animations using the full set of scenes are provided on a separate webpage (http://xxx) 162 
along with the individual scenes. A Landsat MSS scene (path-row: 160-35) from August 163 
1977 was used to provide information on previous glacier extents, but is not integrated in 164 
the animations. Only the orthorectified quick-looks of all scenes were downloaded from 165 
earthexplorer.usgs.gov and used for the animations. They are provided as false colour 166 
composites at the original 30 m resolution showing glaciers in light blue to cyan, clouds in 167 
white, water in dark blue, vegetation in green and bare terrain in pink to purple. All scenes 168 
are processed in a standardized processing line at USGS (with colours balanced) and are 169 
provided with extra files that include projection information and geolocation for easy im-170 
port into GIS software. 171 
 172 
The animations are created by displaying all images in GIS software (e.g. QGIS, 173 
ArcMap), exporting the maps to a 24-bit image file, converting all images to gif format 174 
with xv (that has the best conversion of the 24-bit colour space to 8 bit), and creation of 175 
the animated gif image with a delay of 1/10 seconds using convert from ImageMagick. 176 
Annotated versions of the four sub-regions are shown in Figs. 2 to 5 for orientation and as 177 
a reference (using the scene from 2004). In general, the temporal difference between two 178 
images in the animation is one or two years, but two times it is three and once (from 2004 179 
to 2008) four years (see Table 1).  180 
 181 
 182 
3. Results 183 
 184 
3.1 Observable terminus fluctuations 185 

A wide range of dynamic changes is visible in the animations. In sub-region (1) covering 186 
Baltoro Glacier and its numerous tributaries (Fig. 2), nearly all glaciers show steady flow. 187 
Despite the well recognizable high velocity of the main glacier, its terminus remains in 188 
about the same position and supraglacial lakes on the surface appear and disappear. There 189 
are two surge-type glaciers (with instable flow) in the north and one in the south (Liligo) 190 
that has been studied in detail before (e.g. Belo et al., 2008). However, they are both too 191 
small to affect the main glacier in terms of deformed moraines. Four rather small glaciers 192 
in the south-west corner of the image (marked with an ‘x’) show a mixture of surging and 193 
rapid advance that has not been mentioned in previous studies.  194 
 195 
In the Panmah region (Fig. 3, sub-region 2), the most obvious features of the animation are 196 
the variability in late summer snow extent, and the differences between the behaviour of 197 
the steady flowing versus surging glaciers. While the larger tongues of Biafo, Choktoi and 198 
Nobande Sobonde (NS) glaciers show the steady flow of non-surge-type glaciers, several 199 
(partly tributary) glaciers show unsteady fast flow with strong terminus advances (i.e. ac-200 
tive surging), partly colliding with other glaciers and creating the well-known distorted 201 
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and looped moraines (Hewitt, 2007). The termini of many of the much smaller surround-202 
ing glaciers are either stationary or slowly advancing, i.e. in terms of past mass budgets 203 
they seem to be healthy. Well visible is the asynchronous nature of the advance / retreat 204 
(or down-wasting) phases. While some glaciers had just finished their surge (before 1998), 205 
others started to surge (1st Feriole), were already in full surge mode (e.g. Shingchukpi) or 206 
began to surge later (e.g. in 2006 for Drenmang). It is also noteworthy that even fluctua-207 
tions of glacier tongues with a width of only one or two pixels at the terminus can easily 208 
be followed in the animation, helping in identifying their terminus positions. 209 
 210 
The variability described above for sub-region (2) is also apparent in sub-regions (3) and 211 
(4) depicted in Figs. 4 and 5. While some glaciers are in full surge or started surging after 212 
the year 2000, others just finished their surge and showed the characteristic down-wasting 213 
of the quiescent phase with a separation of the lower-most part of the ice mass after some 214 
years. In sub-region (3) several small but comparably long glaciers are surging and some 215 
merge with a larger main glacier becoming a tributary for some time. A wide range of 216 
terminus advance rates is apparent as well. While one glacier (North Chongtar) in sub-217 
region 3 (Fig. 4) advances very slowly (and might not be identified as surge-type from its 218 
advance rate), one glacier (North Crown) in sub-region 4 (Fig. 5) advances very rapidly 219 
and is clearly surging. In this latter case, ice remnants from a previous surge of a similar-220 
sized neighbouring glacier was incorporated into its surge, resulting in a strong advance 221 
over a short period of time (cf. Quincey et al., 2015). 222 
 223 
3.2 Identification of surging glaciers 224 

The animations reveal that many glaciers have either stable termini or slightly advance 225 
while others show very rapid and/or strong advances that can be named an active surge. 226 
But a closer inspection shows that there is actually a continuum of advance rates with no 227 
clear separation between surging and just advancing glaciers. The same is true for advance 228 
durations that vary from short pulses (1-2 years) of rapid advance (Drenmang) to slow ad-229 
vances taking more than 10 or even 20 years (First Feriole, North Chongtar). In particular 230 
the latter also occurs for non-surge-type glaciers. Moreover, glaciers of nearly any size 231 
seem to surge, from small (<1 km2) and steep, to large (>10 km2) and flat. Geomorpholog-232 
ical evidence such as distorted or looped moraines can also only be found for a few glaci-233 
ers. Hence not all of the advancing glaciers in the animations must be surging glaciers. A 234 
maybe better possibility for separating surging from just advancing / retreating glaciers is 235 
their post-surge behaviour (i.e. the quiescent phase).  236 
 237 
As the animations reveal (for glaciers that do not flow into another glacier from the begin-238 
ning), the way the extended tongue is down-wasting and disintegrating after a surge is ra-239 
ther specific. It seems (e.g. for Liligo in Fig. 2 or Shingchukpi in Fig. 3) that the entire 240 
surged ice mass is transformed into dead ice after a surge and rapidly down-wasting, simi-241 
lar to the ice resulting from a calving event. After some years, this down-wasting is sepa-242 
rating the lower part of the surged ice mass from an upper part at about ¼  to 1/3 of its 243 
length (when measured from the terminus). This is pointing to thicker ice near the termi-244 
nus compared to the rest of the tongue, as ablation should be even higher at the lower ele-245 
vations of the terminus (assuming clean ice). This specific pattern of dead-ice down-246 
wasting after a surge is rather unique for surge-type glaciers and allows distinguishing 247 
them from other glaciers. In the case tributaries join flow with another glacier from the 248 
beginning (Drenmang in Fig. 3, Moni and South Skamri in Fig. 4), marks of surges are 249 
well traceable as looped moraines. Based on the above evidence, surge-type glaciers are 250 
marked in Figs. 2 to 5 with ‘SG’ (in orange for an active surge) and only advancing glaci-251 
ers with an ‘A’. Application of other criteria might come to a different assignment. 252 
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 253 
3.3 Surface elevation changes 254 

On closer examination, surface elevation changes can also be recognized along the lateral 255 
moraines. In sub-region 2 (Fig. 3), no elevation changes are visible for Choktoi glacier 256 
over the 22 year-period, but surface lowering can be seen for the lower part of NS (despite 257 
the three glaciers that surged into it), Sarpo Laggo and Skamri glaciers (sub-region 3), and 258 
a slight increase is visible in the upper part of NS (above the Drenmang tributary), maybe 259 
as a result of the massive 2006 surge blocking the ice flux at this location. Surface in-260 
crease and later lowering is well visible for the upper part of Drenmang in sub-region (2) 261 
and North-Crown in sub-region (4), both revealing how a surge front is moving down 262 
glacier. These regions of thickening and lowering are also well visible in Fig. 9 of the 263 
study by Gardelle et al. (2013), who determined elevation changes over the 2000-2008 pe-264 
riod from DEM differencing.  265 
 266 
3.4 Lakes and debris cover 267 

Another form of variability can be seen for the numerous (hundreds) supraglacial lakes 268 
and ponds covering the lower parts of Baltoro Glacier (sub-region 1), NS (sub-region 2) 269 
and some other glaciers. These lakes seem to be rather short lived (about 2-3 years) limit-270 
ing their use for determining flow velocities from feature tracking to a one-year period. 271 
Most of the lakes have about the same size but their shape varies rather strongly from sce-272 
ne to scene. For Baltoro Glacier it is apparent that supraglacial lakes often form in zones 273 
of compressive flow (where larger tributaries join), indicating that surface meltwater is not 274 
efficiently drained. Stationary lakes outside of lateral moraines show size changes over 275 
time. One glacier (Mundu) in sub-region (1) has regular and similar-sized patches of de-276 
bris on its surface indicating periodic rock fall activity.  277 
 278 
3.5 Accumulation region 279 

Flow dynamics in the accumulation region are more difficult to follow due to lack of 280 
traceable features and the high variability of snow extent. However, some dynamic fea-281 
tures are visible, especially in sub-region (1) below the image centre. They are related to 282 
crevasses in the often very steep parts of glacier headwalls and reveal very high flow ve-283 
locities. The flow speed here is high enough that the 1 to 3 year time step between images 284 
fails to provide the impression of continuous flow.  285 
 286 
3.6 Movement of stable terrain 287 

Finally, sub-region (2) is locally showing movement of terrain that should be stable, most-288 
ly along mountain peaks and ridges. This is likely the result of different DEMs that have 289 
been used for orthorectification of the satellite images. As the movement is concentrated 290 
on regions outside of glaciers (i.e. ‘stable’ terrain), an algorithm calculating flow velocity 291 
would obtain a considerable surface displacement in these regions, which need to be re-292 
moved manually before accuracy assessment over stable terrain can be performed. The 293 
animated images clearly reveal such regions, thus helping in determining the quality of the 294 
orthorectification for an entire time series and the post-processing of velocity data (e.g. 295 
Kääb, 2005). 296 
 297 
 298 
 299 
 300 
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4. Discussion 301 
 302 
4.1 Surge-type glaciers  303 

In agreement with the study by Sevestre and Benn (2015) and several previous investiga-304 
tions (e.g. Copland et al., 2011; Hewitt, 2007; Quincey et al., 2011; Rankl. et al, 2014), the 305 
central Karakoram has a high abundance of surge-type glaciers of which many have been 306 
actively surging in the past 20 years. As ‘normal’ glacier advances are basically a conse-307 
quence of changed climatic conditions while surges largely result from internal mecha-308 
nisms (e.g. Jiskoot, 2011; Meier and Post, 1969; Raymond, 1987; Sharp, 1988), it is im-309 
portant to distinguish both glacier types. However, the animations reveal a large heteroge-310 
neity of the surging glaciers and their surges in terms of size, advance rates, surge dura-311 
tions, hypsometry, exposition, etc. that clearly overlap with the characteristics of advances 312 
from non-surge-type glaciers. This difficulty in distinguishing both glacier types will re-313 
sult in different views on the reasons for the advance, independent of the still limited un-314 
derstanding of surge mechanisms. At least for some of the glaciers the specific post-surge 315 
dead-ice down-wasting pattern might be a reliable indicator for identification. 316 
 317 
The assignment of a glacier as surge-type (white ‘SG’ in Figs. 2 to 5), surging (orange 318 
‘SG’) or just advancing (‘A’) in this study, is based on the inventory by Copland et al. 319 
(2011), the studies by Rankl et al. (2014) and Quincey et al. (2014), geomorphological ev-320 
idence (e.g. distorted moraines or the post-surge down-wasting pattern) and historic satel-321 
lite images (e.g. the MSS scene from 1977). However, glacier 14 in Fig. 6 of the study by 322 
Rankl et al. (2014) is in this study only marked as advancing rather than surging and this 323 
certainly subjective. On the other hand, glacier 15 in their study (North Chongtar) is listed 324 
there as surge-type but is actually slowly advancing since the 1970s, i.e. for more than 40 325 
years. This gives rise to the question how slow and prolonged an advance can be for it to 326 
be considered the outcome of a surge?  327 
 328 
Previous studies that have characterized surge-type glaciers according to their topographic 329 
characteristics (e.g. area, length, slope, debris cover) have found a tendency for surge-type 330 
glaciers to be longer, less steep, with more branches and being more fully debris covered 331 
than non-surge-type glaciers of similar size (e.g. Clarke et al., 1986; Barrand and Murray, 332 
2006; Rankl et al., 2014; Sevestre and Benn, 2015). In contrast, many of the surge-type or 333 
surging glaciers in the study region are comparably small (2-20 km2 range) and steep, de-334 
bris free (apart from medial moraines), and have single or dual-basin accumulation re-335 
gions. It is assumed that this difference is also a result of a missing separation between the 336 
surging tributaries and the not-surging main glaciers in previous studies. Such a separation 337 
would also be required for a precise topographic characterization of the surging tributaries. 338 
 339 
An interesting consequence of the separation issue would be that large glaciers that are not 340 
of surge type (e.g. NS or Sarpo Laggo) carry all the surge marks (e.g. looped or deformed 341 
moraines), while those glaciers that really surge have none of the marks and can only be 342 
identified when observed during a surge. Furthermore, all of the large and debris-covered 343 
glaciers (NS, Sarpo Laggo and Skamri) show nearly stagnant terminus positions combined 344 
with well visible down-wasting in their ablation region. This implies that the mass con-345 
tributed by the surging tributaries is not sufficient to have any effects down-glacier.  346 
 347 
Excluding some exceptions and generalizing the wide range of surge characteristics to 348 
some extent, the surges in this part of the Karakoram can be characterized as having a long 349 
duration of the active phase (several years to decades) with slow to medium advance rates 350 
of the terminus and typical surge distances of a few km. In this regard they differ from the 351 
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surge types described previously by Murray et al. (2003) for Alaska and Svalbard and 352 
might thus also have different reasons (Quincey et al., 2015). 353 
 354 
4.2 Climatic influences 355 

Interpreting glacier changes in this region in climatic terms is challenging not just because 356 
of the lack of climate data from high elevation stations. It seems evident that nearly all 357 
glaciers (including the small ones) are healthy as expressed by their either stable or ad-358 
vancing termini (Bhrambhatt et al., 2015; Rankl et al., 2014). This implies that past mass 359 
budgets have generally been close to zero or even positive (Janes and Bush, 2012). While 360 
this provides a link between the observed changes and climatic conditions, these glaciers 361 
might not show elevation changes that can be measured reliably using satellite data or re-362 
peat DEMs as they are too small. On the other hand, trend analysis of ICESat data (Gard-363 
ner et al., 2013; Kääb et al. 2012) and volume changes derived from DEM differencing 364 
(Gardelle et al. 2013) reveal substantial thickening in the ablation area for most of the ac-365 
tively surging glaciers, consistent with the here reported changes. As the measured mass 366 
gain of these glaciers (the mass loss in the accumulation region is more difficult to quanti-367 
fy) is over a longer term in fact a mass loss, it seems appropriate to exclude surging glaci-368 
ers from climate change impact studies that are related to time scales shorter than a full 369 
surge cycle. 370 
 371 
4.3 Repeat surges 372 

Many of the glaciers in the study region have reportedly surged during the past century 373 
(cf. Copland et al., 2011) and historic satellite imagery (e.g. the MSS scene from 1977) 374 
reveals different extents of the surge-type glaciers analysed here. For example, 1st Feriole 375 
Glacier was in contact to Panmah Glacier back in 1977 and the latest high-resolution satel-376 
lite image from 6. June 2014 available in Google Earth (Fig. 6) reveals that the glacier is 377 
still in full surge mode and might again re-establish contact with Panmah Glacier in two or 378 
three years, resulting in a ca. 40-year surge cycle. A tributary of Sarpo Laggo in sub-379 
region 3 (Nr. 45 in Copland et al., 2011; Nr. 16 in Rankl et al. 2014) had been in contact 380 
with the main glacier back in 1977, 1991 and again in 2007, resulting in a ca. 15-year cy-381 
cle. In Fig. 7 an image of its surge front from July 2006 is shown, about 1.5 years before 382 
the glacier came in contact with Sarpo Laggo Glacier. It would be interesting to analyse if 383 
surges occur regularly also for other glaciers in the region. 384 
 385 
4.4 Special image conditions 386 

The animations like the ones presented here over a period of 22 years are not possible eve-387 
rywhere. The time series includes ETM+ scenes from 2004, 2006, and 2009 (see Table 1), 388 
all normally suffering from severe striping due to the malfunction of the ETM+ scan line 389 
corrector since 2003. This striping has been reduced to a large extent (some artefacts are 390 
still visible) by USGS for these scenes (see Fig. 3), likely by replacing the missing infor-391 
mation from other scenes. Surprisingly, this had no noticeable effect on the boundaries or 392 
surface features of the quickly changing glaciers, e.g. due to clouds or different snow con-393 
ditions. It implies that great care has been taken to correct the striping and/or that the re-394 
placement scenes were acquired close to the date of the corrected scenes. 395 
 396 
Another important issue is the high-quality and consistent orthorectification of all satellite 397 
scenes by USGS. Although in sub-region (2) some mountains move due to differences in 398 
the DEMs used for the correction, such effects are not noticeable in the other sub-regions, 399 
i.e. the accuracy is within one pixel. Without this consistency it would not be possible to 400 
reveal glacier flow dynamics from animations with such clarity. 401 
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 402 
4.5 Educational use of the animations 403 

There is certainly some potential for using the animations for educational purposes, for 404 
example regarding the displayed dynamic changes (glaciers, snow line, lakes, rivers). This 405 
requires knowledge about the number of scenes used and the time period covered (see Ta-406 
ble 1). Remote sensing related questions might focus on the spectral properties of ice and 407 
snow and the false colour composites used (resulting in well-visible glaciers), spatial reso-408 
lution and visibility of details, or the value of long-term time series and free data availabil-409 
ity. The latter might be further explored in summer schools (e.g. Manakos et al., 2007) or 410 
classroom experiments (e.g. creating animations for other regions or with a different 411 
speed), as all image quick-looks that have been used here can be downloaded freely and 412 
individually (e.g. from earthexplorer.usgs.gov) and the required GIS and animation soft-413 
ware is freely available as well.  414 
 415 
 416 
5. Conclusions  417 
 418 
This study discussed and presented (in the supplementary material) animated satellite im-419 
age sequences from four regions in the Karakoram mountain range. The high-repetition 420 
rate of 1/10 second per frame gives the impression of a continuous flow and reveals the 421 
high variability in flow dynamics among the different glaciers with a clarity that is not 422 
possible from static images (side-by-side comparison) or colour coded glacier outlines 423 
from different points in time. Though changes are not determined in a quantitative way, 424 
the time-lapse mode of the animations reveals changes that are otherwise difficult to ob-425 
serve. Such animations might also be used for educational purposes and created for other 426 
regions in the world to reveal glaciers dynamics and interactions.  427 
 428 
Whereas the largest and often debris-covered glaciers in the region (e.g. Baltoro, Choktoi, 429 
Sarpo Laggo) show normal (steady) flow characteristics, their tributaries and several small 430 
to medium-sized (and often debris free) glaciers show unstable flow with surge-like dy-431 
namics. The latter glaciers exhibit a continuum of terminus advance rates, surge durations 432 
and topographic characteristics that overlap with non-surge-type glaciers, thus making 433 
their identification difficult. In particular, the smaller surge-type glaciers often show no 434 
morphological evidence of surging such as looped or distorted medial moraines and their 435 
surges can only be recognized through time-series image analysis. On the other hand, 436 
some of the larger glaciers with debris-covered tongues (e.g. Nobande Sobonde, Sarpo 437 
Laggo, Skamri), have stationary fronts and show considerable surface lowering, despite 438 
the mass contributions from the surging tributaries. The study revealed that some of these 439 
large glaciers are not surging themselves but get their moraines distorted from surging 440 
tributaries. 441 
 442 
Surges are generally out of phase with one another and some glaciers seem to surge peri-443 
odically with repeat cycles of a few decades. It thus seems advisable to exclude surge-type 444 
glaciers from the sample when climate change impacts are investigated on a shorter time 445 
scale (e.g. elevation changes from DEM differencing). Several further geomorphologic 446 
changes are visible (e.g. short-lived supraglacial lakes, variability of river beds, thickening 447 
and thinning, regions of fast and slow flow) that might be of interest for a more detailed 448 
analysis. The time series will likely become more valuable in the future with further satel-449 
lite scenes being added.  450 
 451 
 452 
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 583 
Tables 584 
Table 1: Overview of the Landsat scenes used to create the animations (Nr. 3 and 8 to 13 585 
without 9) for the supplementary material for the four sub-regions shown in Figs. 2 to 5. 586 
Scenes Nr. 2, 4 to 7 and 9 are available as individual images from http://www.xxx. The 587 
MSS scene is only added for completeness. Abbreviations: Sensor column: MSS: Multi-588 
Spectral Scanner, TM: Thematic Mapper, ETM+: Enhanced Thematic Mapper+, OLI: Op-589 
erational Land Imager, dd.mm: day.month, Day: day number within a year, region codes 590 
in columns 7-10 denote 1: Baltoro, 2: Panmah, 3: Skamri, 4: Shaksgam, GLS: Global 591 
Land Survey. 592 
 593 

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  

 594 
This table and the caption will change if supplementary material with a larger file size 595 
(>50 MB) can be uploaded. 596 
 597 

598 
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Figure captions 599 
 600 
Fig. 1 601 
Landsat scene of the study region from 2004 showing footprints of the four sub-regions 602 
depicted in Figs. 2 to 5. The black square in the inset shows the location of the study re-603 
gion in the Karakoram mountain range (map taken from Google Earth). The image centre 604 
is at 36 N, and 76.3 E. 605 
 606 
Fig. 2 607 
Sub-region 1 (Baltoro) shows the tongue of Baltoro glacier and its surrounding tributaries. 608 
SG (orange): actively surging glacier, SG (white): surge-type glacier, A: advancing glaci-609 
er. The Landsat scene 148-035 is from 14 Aug. 2004. 610 
 611 
Fig. 3 612 
Sub-region 2 (Panmah) shows the region around Panmah and Choktoi glacier with sur-613 
rounding tributaries; annotations and Landsat scene as in Fig. 2. 614 
 615 
Fig. 4 616 
Sub-region 3 (Skamri) shows the region between Skamri and Sarpo Laggo glacier; annota-617 
tions and Landsat scene as in Fig. 2. 618 
 619 
Fig. 5 620 
Sub-region 4 (Shaksgam) shows the region to the north of Skamri glacier to both sides of 621 
the Shaksgam valley; annotations and Landsat scene as in Fig. 2. 622 
 623 
Fig. 6 624 
The still advancing (surging) tongue of 1st Feriole Glacier in the Panmah sub-region. The 625 
image is a screenshot from Google Maps acquired on 6 June 2014. 626 
 627 
Fig. 7 628 
An unnamed surging glacier in sub-region 3 as seen from Moni Glacier, a surging tribu-629 
tary of Sarpo Laggo Glacier (see section 5.3 for details). To the left of the middle is anoth-630 
er unnamed surging glacier visible. The photo was taken in 2006 by Michael Beck 631 
(www.himalaya-info.org). 632 
 633 

634 
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Figures 636 
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