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The China–Pakistan international Karakoram Highway passes through the core area of the
“Karakoram Anomaly,” whose glaciers have maintained or increased their mass during a
period when most glaciers worldwide have receded. We synthesized the literature and
used remote-sensing techniques to review the types, distribution, characteristics, causes
and frequency of major glacial hazards along the Karakoram Highway. We found that the
glacier-related hazards could be divided into direct and indirect hazards, including glacier
surges, glacial lake outburst floods, and glacial floods, which are concentrated in East
Pamir and the Hunza River Basin. In the past 100 years, hazards from glaciers surges and
glacial floods only occurred once and twice, respectively, which appear suddenly, with the
hazard-causing process being short-lived and occurring mainly in the summer. Glacial lake
outburst floods mainly occur in the spring and summer in the Hunza River Basin. Among
these, ice-dammed lakes have the highest frequency of flooding, their formation and
outbursts being closely related to the sudden advancement of surge-type glaciers. Under
the background of global climate warming, we speculate that the glacier surge cycle may
shorten and the frequency of the formation and outbursts in the glacial lakes may increase.
In the future, we should combine models and new field observations to simulate, and
deepen our understanding of the physical mechanisms of different glacier-related hazards.
In particular, on-site monitoring should be carried out, to include the evolution of glaciers
subglacial hydrological systems, the thermal state at the base of the glaciers, and the
opening and closing of drainage channels at the base of the ice dams.

Keywords: glacial floods, glacial lake outburst floods, glacier surges, China-Pakistan international karakoram
highway (KKH), glacial hazards

INTRODUCTION

Any glacier or glacier-related feature or process that adversely affects human activities, directly or
indirectly, can be regarded as a glacier hazard, which mainly includes glacial floods, glacial debris
flows, glacier collapse and glacier surges, and avalanches (Reynolds, 1992; Richardson and
Reynolds, 2000; Qin, 2016). Although a single glacier hazard event rarely involves as many
casualties as a large earthquake or major volcanic eruption, the impact upon the safety of local or
downstream people and infrastructure can be equally significant (Wu et al., 2019), especially in
alpine regions where glaciers are widely distributed (Kotlyakov et al., 2004; Sun et al., 2014; Hu
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et al., 2018; Kääb et al., 2018; Liu et al., 2019; Veh et al., 2019;
Chen et al., 2020; Dubey and Goyal, 2020; Shugar et al., 2020).

The China–Pakistan international KarakoramHighway (KKH),
with a total length of 1,224 km, starts in Kashgar City, Xinjiang,
North China, passes the Khunjerab Pass on the China–Pakistan
border, and extends south to Thakot, a city in northern Pakistan
(Figure 1A) (Zhu et al., 2014; Wang et al., 2019). The KKH
traverses high mountainous regions, such as the Karakoram and
Pamir, which are the most glaciated areas outside polar regions
(Yao et al., 2019). Against the backdrop of global warming
(Zhang and Gao, 2020), although the mass balance/volume/
extent of glaciers in the high mountains of Asia have decreased
(Brun et al., 2017), a regional positive or near-equilibrium

status has been identified in the Karakoram, Pamir and West
Kunlun, a phenomenon termed the “Karakoram Anomaly”
(Hewitt, 2005; Farinotti et al., 2020; Gao et al., 2020). Glaciers
in this region have also undergone abnormal change,
characterized by either stable or even advancing termini
(Bhambri et al., 2017; Goerlich et al., 2020). The existing
literature indicates that glacial hazards along the KKH mainly
involve glacier surges, glacial lake outburst flood and glacial
debris flows that are related to glacial floods (Table 1).
However, the frequency, spatial and temporal distributions,
and hazard-causing processes of the different glacier hazards
remain unclear. This makes it difficult for us to improve our
ability to prevent glacier hazards. Hence, to reduce the potential

FIGURE 1 | (A) Spatial distribution of glaciers along the KKH. Percentages in the figure represent the percentage of glacier area, ice reserve and number in the
corresponding total, respectively. (B)Number and area of glaciers in different area classes. (C)Glacial area distribution in different altitudes bands. The RGI 6.0 data were
provided by the Global Land Ice Measurements from Space (RGI Consortium, 2017).

TABLE 1 | Historical records of glacier-related hazards in the KKH.

No Date Glacier name Event Description of
hazard

References

1 1972 Batura GF Destroyed subgrade and overturned an abutment Shi (2003)
2 1973 Batura GF Destroyed road subgrade, bridges and culverts Shi and Zhang (1978)
3 1980 Ghulkin GF Buried 400 m of road Liao et al. (2013)
4 1974 Balt bare GLOF Flooded friendship bridge and disrupted traffic Cai et al. (1980)
5 2008 Ghulkin GLOF Destroyed downstream pasu village and highway Liao et al. (2013)
6 2008 Pasu GLOF Disrupted traffic for two weeks Zhu et al. (2014)
7 2019 Shispare GLOF Formed an ice-dammed lake and destroyed the road Bhambri et al. (2020)
8 2015 Kelayayilake GS Destroyed pasture houses and threatened highways Zhang et al. (2016)
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glacial risks along the KKH, it is necessary to further review
glacier-related hazards and to continue to study their processes
and mechanisms.

Obtaining field data to strengthen our understanding of the
formation of glacier hazards is difficult due to the hostile and
remote environments that host the glaciers under examination.
With the development of satellite and ground-based observation
technology, and improvements in cognitive methods, remotely-
sensed data have successfully been employed to obtain
information on difficult-to-access, glacier-related hazards and
the characteristics of hazard-causing, surge-type glaciers, such
as surge cycle recurrence intervals and surge phase durations
(Bhambri et al., 2019; Bazai et al., 2020).

For this study, we obtained historical records of glacier-
related hazards along the KKH through a review of the
literature. The aim was to better understand the frequency
and characteristics of glacier hazards. Glaciers can advance
rapidly during the active surge process. This can result in the
damming of tributary valleys or ice-marginal alcoves. Along the
KKH, larger ice-dammed lakes form when glacier tongues block
the lower sections of rivers and the drainage channels of
adjacent glaciers. Historically, among the dominant glacier-
related hazards along the KKH, ice-dammed lakes associated
with glacier surges are the main cause of glacial lake outburst
flood, which have caused significant damage to the KKH (Bazai
et al., 2020; Rashid et al., 2020). To provide an improved
understanding of glacier surges and ice dams, we explored
annual velocity data and glacier surface elevations for the
Khurdopin Glacier, which surged after 2012, forming an ice-
dammed lake. Finally, we predicted a region along the KKH of
potential high risk, where glacial hazards will likely occur
frequently in the future. In addition, we have elaborated on
some important knowledge gaps and have suggested some
future necessary works.

STATUS OF GLACIAL HAZARDS ALONG
THE KKH

Distribution of Glaciers Along the KKH
According to the Randolph Glacier Inventory (RGI) 6.0 statistics,
a total of 15,961 glaciers exist in four basins that are crossed by the
KKH, and they cover an area of 15,903.88 km2 (Figure 1A).
Figure 1B shows that the glaciers that are >2.0 km2 in size occupy
the largest area, while those <1.0 km2 in size make up the greatest
number of glaciers around the KKH. The number of glaciers
reduces rapidly with an increase in area class (Figure 1B). The
elevation of the glacierized area in the KKH has been analyzed at
200 m intervals, with the findings indicating that they are
normally distributed across different altitude bands. The
glacier area is concentrated between 3,600 and 6,600 m above
sea level (96.77%) (Figure 1C). Among the four basins, the
greatest glacier areas, numbers and ice volume are in the
Taxkorgan Basin (Figure 1A).

There are 187 surge-type glaciers along the KKH route, with
those that threaten the normal operation of the highway,
contained principally within the Gez and Hunza basins.

Historically, these glaciers have repeatedly triggered glacier
hazards, damaging the KKH and disrupting traffic (Cai et al.,
1980; Liao et al., 2013; Zhu et al., 2014; Bhambri et al., 2019; Bazai
et al., 2020; Rashid et al., 2020).

Type, Distribution, Processes and
Characteristics of Glacier-Related Hazards
Glacier Surges (GSs)
GSs exhibit cyclic behavior between long periods (10–100 s of
years) of quiescence and shorter periods (1–10 years) of activity,
during which ice surface velocities increase by up to three orders
of magnitude (e.g., Meier and Post, 1969; Clarke et al., 1984;
Jiskoot et al., 1998). During surges, a significant volume of the
entire ice mass is rapidly transferred from the reservoir to the
receiving area, often leading to dramatic changes in glacier
surface height and an advance of the glacier terminus
(Raymond, 1987; Fowler et al., 2001; Sevestre and Benn, 2015;
Lv et al., 2019). Hazard-causing GSs have only occurred once
along the KKH. In May 2015, herdsmen residing near
Kelayayilake Glacier (Figure 1A), located in East Pamir, stated
that fast-moving glacier ice had destroyed pasture and killed
many of their livestock (Shangguan et al., 2016). The surging of
the Kelayayilake Glacier began in February 2015 (Zhang et al.,
2016). The surge front propagated down-glacier from upstream
to downstream, between 28 February, 2015 and 29 April, 2015.
Around April 13, 2015, the glacier began to move significantly, its
surface speed accelerating and reaching its fastest rate on May
8–15, 2015 (Yao et al., 2019). The average rate of the west branch
surge was 5.06 ± 0.42 m d−1, with its maximum visible rate
reaching 20.40 ± 0.42 m d−1 in the central part of the west
branch. The glacier’s movement subsequently decreased
significantly, with the average rate of the west branch
dropping to 0.63 ± 0.05 m d−1 during the period May 15 to
July 11, 2015 (Zhang et al., 2016). In addition, the average
elevation of the glacier receiving area increased by 20–40 m,
with 2.7–3.6 × 108 m3 of ice being transferred from the glacier
reservoir area during the active phase, causing the 3.5-km-long
glacier tongue to remain connected to the main glacier but
accelerate with the front advancing rapidly, eventually
submerging the surrounding grassland and some houses (Yao
et al., 2019).

Therefore, we can summarize the characteristics of hazard-
causing GSs from the process of surging in the Kelayayilake
Glacier. GS hazards are generally caused by the advancement of
the glacier terminus. The timing of the hazards depends on how
fast the glacier accelerates to its peak velocity. Compared with
GDFs and GLOFs, GS hazards are typically less destructive and
affect a smaller area.

Glacial Lake Outburst Floods (GLOFs)
We compiled an inventory of historical GLOFs that have
occurred along the KKH from the published scientific
literature from 1873 to 2020 (Hayden, 1907; Mason, 1930;
Hewitt, 1982; Goudie et al., 1984; Kreutzmann, 1994;
Iturrizaga, 1997; Hewitt, 2006; Hewitt and Liu, 2010; Hewitt,
2014; Harrison et al., 2018; Bhambri et al., 2019; Bazai et al., 2020;
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Saifullah et al., 2020). We documented 56 GLOF events
(Figure 2), which were mainly distributed in the Hunza Basin.
Among them, 45 GLOF events (80%) were associated with ice
dams attributed to six glaciers (Ghulkin, Malangutti, Yazgil,
Khurdopin, Shispare and Batura) in two major valleys
(Shimshal and Hunza) of the Hunza Basin (Figure 3).
Figure 2 shows plots of the incidence of GLOFs associated
with different glaciers in the Hunza Basin. The majority (57%)
of the documented GLOFs occurred between 1873 and 1970, with
43% happening since 1970. GLOF events were most frequent in
the years 1890–1930 and 1996–2020. In terms of the distribution
of GLOFs in the Hunza Basin, 39.29% were in the Hunza Valley,
60.71% in the Shimshal Valley. The Shispare (Hunza Valley) and
Khurdopin (Shimshal Valley) Glaciers were the most active in
terms of glacier dam formation and GLOFs, which together

accounted for 71.43% of the GLOF events. Both the terminal
of the Shispare and Khurdopin Glaciers are located in the upper
reaches of valleys (Figure 3), where relatively narrow river
channels are easier to block, and river discharge is low, with
the ratios of the ice overburden pressure to the subglacial water
pressure allowing frequent resealing of drainage conduits in the
ice body and lake re-formation. Although most of the other
glaciers account for only a low percentage of total GLOFs, they
cannot be ignored; for example, four GLOFs were associated with
Ghulkin Glacier in 2008 (Liao et al., 2013).

Table 2 distills the characteristics of the major GLOF events in
the Hunza Basin. We found that outburst floods occurred most
often in the late spring (April and May) and summer (June, July
and August), and that the type of GLOF event differed among the
glaciers (related to ice-dammed, supra-glacial or moraine-

FIGURE 2 | Frequency of GLOFs along the KKH since 1873. The colored boxes represents the number of GLOFs per year.

FIGURE 3 | Spatial distribution of GLOFs along the KKH. Background: Landsat Operational Land Imager (OLI) image (Bands 6, 5, and 4), mosaicked from
LC08_L1TP_149035_20200825_20200905_01_T1, LC08_L1TP_149034_20190924_20191017_01_T1, LC08_L1TP_150034_20180912_20180927_01_T1 and
LC08_L1TP_150035_20150819_20170406_01_T1.
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dammed lakes). The factors triggering outburst floods include
high temperatures leading to enhanced glacier ablation and
runoff, persistent rainfall, and western disturbance (Dimri,
2004; Roy and Bhowmik, 2005). Based on the available
remote-sensing data, peak lake volumes were attained before
flooding in the Khurdopin and Shispare Glaciers, suggesting that
water volume is of great importance, and that there is an influence
from topographical and sub-glacial drainage conduits (Bazai
et al., 2020). We used empirical formulae (Huggel et al., 2002)
to calculate the peak discharge of GLOFs, which were found to lie
between 0.5 × 104 and 19.80 × 104 m3/s. In addition, GLOFs have
a large hazard-causing range, often destroying roads, farmland
and villages of Hunza valley.

Most GLOF events in the Hunza Basin are related to the
advance/disturbance of glacier termini. Below, we outline the
relationship between GSs and glacier lake formation, and the
process that causes GLOFs, using examples from a surge-type

glacier––Khurdopin. According to reports in the literature (Bazai
et al., 2020), Khurdopin Lake caused 31 GLOF events between
1882 and 2020. The characteristics of the surface velocities of the
glacier were monitored, from 2016 to 2020, using an application
for the cross-correlation feature-tracking of Landsat 8 OLI images
and Co-registration of Optically Sensed Images and Correlation
methodology (Figure 4A) (Leprince et al., 2007).We obtained the
changes in surface elevation from a digital elevation model that
was extracted by the MMASTER tool (Girod et al., 2017), using
ASTER-L1A data (2015/10/07 and 2020/08/17) (Figure 4B). One
recent (2016–2017) GS caused three GLOFs (9.68%), and remote-
sensing data successfully revealed the process behind the GS and
ice lake formation.

The surging of the Khurdopin Glacier begins in the winter and
accelerates in the early spring, when glacier-surface meltwater is
added to the sub-glacial drainage system (Figure 4A). Peak
velocity is reached when sub-glacial water reduces the effective

TABLE 2 | Historical records of major GLOF events in the Hunza Basin.

Year Event date Glacier Type of glacier lake Valley Peak volume (106 m3) Peak discharge (104 m3/s) Trigger factors

1905 2 August Khurdopin Ice-dammed lake Shimshal — — High temperature
1906 11 August Khurdopin Ice-dammed lake Shimshal — — High temperature
2000 11 June Khurdopin Ice-dammed lake Shimshal 186 19.80 High temperature
2001 4 July Khurdopin Ice-dammed lake Shimshal 10 1.01 High temperature
2002 15 July Khurdopin Ice-dammed lake Shimshal 19 1.95 High temperature
2007 5 April Ghulkin Supra-glacial lake Hunza — — Western disturbance
2008 6 January Pasu Moraine-dammed lake Hunza — — Western disturbance
2008 2 April Ghulkin Supra-glacial lake Hunza — — Western disturbance
2008 22 May Ghulkin Supra-glacial lake Hunza — — Persistent rainfall
2008 24 May Ghulkin Supra-glacial lake Hunza — — Persistent rainfall
2008 14/15 June Ghulkin Supra-glacial lake Hunza — — High temperature
2009 26 March Ghulkin Supra-glacial lake Hunza — — Western disturbance
2017 24 July Khurdopin Ice-dammed lake Shimshal 5 0.5 High temperature
2018 9 February Khurdopin Ice-dammed lake Shimshal 9 0.91 High temperature
2019 30 May Shispare Ice-dammed lake Hunza 9.97 1.01 High temperature
2020 7 April Shispare Ice-dammed lake Hunza 12.45 1.27 High temperature

FIGURE 4 | (A) Profiles of centerline seasonal velocity for the Khurdopin Glacier. (B)Changes in surface elevation from 2015/10/07 to 2020/08/17 in the Khurdopin
Glacier.
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pressure at the glacier bed during the spring and summer
(Figure 4A). During an active surge phase, mass is transferred
from the reservoir zone to the receiving zone, facilitating the
extension and thickening of high-mass barriers at the glacier
terminus that efficiently block the drainage channels of the
adjacent glacier, forming ice-dammed lakes (Figure 4B).
Glacier velocity reduces toward the end of summer, the
resulting lake is breached during periods of high atmospheric
temperatures when glacier ablation and runoff are enhanced
(Table 2). Following GLOFs, the lakes are usually re-sealed in
the winter because the lake water depth is insufficient to partially
float the ice dam.

Glacial Floods (GFs)
As opposed to GLOFs, GFs may be released directly from a
glacier, either sub-, en- or supra-glacially (Richardson and
Reynolds, 2000). There are only three records of GFs
occurring along the KKH in history, these being caused by the
Batura and Ghulkin Glaciers in the Hunza Basin (Figure 5A).
Among them, the GFs of Batura Glacier occurred in the summers
of 1972 and 1973 because of high temperatures. The GF from
Ghulkin Glacier triggered a GDF, leading to the burial of a 400-
m-stretch of highway in August 1980 (Jones et al., 1983).

Figures 5B,C shows the discharge process of the Batura River,
from May 1974 to September 1975, and the change in daily water
level in the Batura River on August 18, 1975, respectively.
According to field measurement data provided by the Batura
Glacier Investigation Group (1979), the average flow of the Batura
River in summer, from June to August, was 89.4 m3 s−1 in 1974
and 125.0 m3 s−1 in 1975. The maximum instantaneous flow rate
was 307 m3 s−1 (July 23) in 1974 and 417 m3 s−1 (August 18) in
1975, with the maximum flow velocity being 7–8 m s−1.

We can thus summarize the characteristics of above-
mentioned GFs. The GFs were triggered by glacier melt
resulting from high temperatures, and mainly occurred in
summer along the KKH. Their hazard-causing frequency is
low. In addition, the Batura and Ghulkin Glaciers are <300 m
from the highway (Figure 5A), and so the hazard-causing
intensity of GFs is greater than from GSs. The peak discharge
of a GF is related to the size of the glacier, but these data are often
difficult to obtain due to the suddenness of GFs.

DISCUSSION

Trigger Mechanisms of Glacier-Related
Hazards
Trigger Mechanisms of GSs
Glacial hazards along the KKHmainly stem from GLOFs that are
related to GSs (Bazai et al., 2020). Current academic thinking
interprets the GSs mechanism in terms of hydrological (Alaskan-
type surge-type glacier) or thermal (Svalbard-type surge-type
glacier) mechanisms (Quincey et al., 2015). The former camp
believes that the drainage system at the base of the glacier changes
from channelized to distributed, which triggers the GSs.
Hydrologically driven surges initiate in the early winter as the
summer conduits begin to shut down and water pressure
increases in a more inefficient distributed drainage system.
Such surges typically end with a release of subglacial water as
the distributed system reverts back to amore efficient channelized
system once the flux of water into the distributed system exceeds a
critical stability threshold. Thus surge cessation often occurs
during the summer, its active phase usually lasting 1–3 years
(Kamb et al., 1985; Kamb, 1987; Raymond, 1987; Lingle and
Fatland, 2003; Burgess et al., 2012). The hydrology trigger is
usually associated with surges at temperate glaciers. The latter
camp posits that a change from frozen to unfrozen conditions at
the bed promote increased sediment deformation and porosity
and a positive feedback between pore water pressure,
deformation, and basal flow ensues. In this scenario, the GSs
can be started in any season, while its active phase generally lasts
for >3 years (Clarke et al., 1977; Clarke, 1984; Murray et al., 2003;
Frappé and Clarke, 2007). The thermal trigger is usually
associated with polythermal glacier surges. In addition, some
scholars (Sevestre and Benn, 2015; Benn et al., 2019; Benn et al.,
2019) have also presented a general theory for GSs that includes
both temperate and polythermal GSs, based on coupled mass and
enthalpy budgets. They posited that enthalpy is obtained at the
glacier bed from geothermal heating plus frictional heating,
caused by ice flow and enthalpy losses occurring by
conduction and the loss of meltwater from the system. Mass
and enthalpy budgets must simultaneously balance if a glacier is
to maintain a steady flow because enthalpy directly impacts flow
speeds. If not, glaciers undergo out-of-phase mass and enthalpy

FIGURE 5 | (A) Spatial distribution of GFs along the KKH. Background: Landsat OLI image (Bands 6, 5 and 4) from
LC08_L1TP_149035_20200825_20200905_01_T1. (B) Discharge process curve for the Batura River from May 1974 to September 1975. (C) Change in daily water
level of the Batura River on August 18, 1975. Data from the Batura Glacier Investigation Group (1979).
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cycles, manifested as quiescent and surge phases. Most of the
surging of glaciers along the KKH in recent years occurred in the
initial stages of the period of glacial melting (Bazai et al., 2020).
For example, the Hispar Glacier started to surge in May 2013
(Rashid et al., 2018), while the west branch of the Kelayayailake
Glacier began to surge and accelerate in April 2015 (Yao et al.,
2019). Also, the Khurdopin Glacier showed a peak surge speed in
May 2017 (Steiner et al., 2018), while the Shispare Glacier’s
surface movement gradually increased from April to May 2017
(Bhambri et al., 2020). The acceleration and deceleration of
glaciers mainly depends on the hydraulic efficiency at the base
of the ice during the surging process, which involves a
hydrological mechanism (Raymond, 1987). Some of this water
is generated by internal processes, such as friction, pressure and
geothermal heat, but most of it is surface-derived meltwater that
reaches the base of the glacier through crevasses and moulins
(Copland et al., 2011; Yasuda and Furuya, 2015). As the
temperature rises in spring, snow on the surface of the glacier
gradually melts, the impact of liquid precipitation, and the
development of fissures on the surface of the glacier in this
area allows the surface meltwater to penetrate to the base of
the glacier, which may promote the sliding of the glacier (Iken,
1981; Iken and Bindschadler, 1986). It is worth noting, however,
that the GSs start time along the KKH is different from the start
time of Alaskan-type surge-type glaciers (Bhambri et al., 2020).
At present, there is no strong, measured evidence to explain why
these start times are different. Future field observations should
focus on finding evidence to explain these processes and
differences, especially in terms of the evolution of the drainage
systems of surge-type glaciers in the melting season.

Glaciers are a product of climate and topography, and are very
sensitive to climate change (Yao et al., 2019). Recent studies have
found that, when westerly atmospheric jets are located south of
the Karakoram Mountains in the winter, mid-latitude cyclones
(or westerlies) control the weather in the region, and their
weather fronts interact with the extreme topography to
produce copious amounts of mountain precipitation (Farinotti
et al., 2020). From 1979 to 2010, the intensity and frequency of
this westerly induced precipitation increased, which may have
caused a slight increase in snowfall in winter (Norris et al., 2019).
This is consistent with the near-stable state of the glacier mass
balance in the areas along the KKH from 2000 to 2014 (Bolch
et al., 2017; Lin et al., 2017). The continuous accumulation of ice
in the glacier accumulation area has caused the glaciers to thicken
and their shear stress to increase, leading to an increase in the
creep rate of the ice and heat generation, ultimately promoting a
positive feedback between the rapid movement of the ice body
and the strain heating (Clarke et al., 1984). Eventually, the base of
a glacier will reach the pressure melting point and produce
meltwater. The ice body itself, and the frozen soil downstream
of the glacier, hinder the progress of this glacial meltwater, and
lead to an increase in basal water pressure causing the ice body to
slide rapidly (Clarke, 1977).When the drainage system at the base
of the glacier becomes unblocked, the GS ends. Typical cases of
this process include the west branch of the Kelayayilake Glacier’s
ablation zone, which increased by an average of 0.45 ± 0.70 m
during its surge, and where there was a clear process of glacial

material migration (Zhang et al., 2016). In the Shispare Glacier,
the terminus thickened by nearly 200 m during its surge
(Bhambri et al., 2020). Steiner et al. (2018) pointed out that
the ice tongue of the Khurdopin Glacier was thickened by
50–160 m, causing the ice at the base of the glacier to deform
and gradually warm-up, and the basal substrate to slide, leading
to a peak in the speed of the GS. This is a typical thermal
mechanism, similar to the process in surge-type glaciers of the
Svalbard-type.

We can thus infer that the GS trigger mechanism along the
KKH is the result of multiple factors because a single mechanism
cannot explain the process. Quincey et al. (2015) also determined
that glacier movement in this area showed strong spatial
heterogeneity, based on data from nine glaciers in the
Karakoram Mountains, and that there was no single trigger
mechanism for these glaciers. GS triggering mechanisms are
not only connected to a glacier’s properties, but are also
closely related to external factors, such as increased short-term
precipitation, ice bed lithology, avalanches and earthquakes.
Gilbert et al. (2018) pointed out that dual surge-like collapses
in the Aru region of Tibet in 2016 would have been driven by a
failing basal substrate linked to increasing pore-water pressure in
the sub-glacial drainage system, in response to increases in
surface melting and rainfall during the 5–6 years preceding the
collapse dates.

At present, monitoring the glaciers along the KKH through
remote sensing alone may limit our further understanding of
their surge mechanisms (Farinotti et al., 2020). In the future, as
the global climate continues to warm, the attributes of the glaciers
themselves will change (including decreased ice albedo, increased
ice temperatures, increased ice fragmentation and abnormal flow
speeds) (Ding et al., 2020). This will make it more difficult for us
to understand the surge mechanisms of surge-type glaciers.
Therefore, effective fieldwork will be needed, especially
observations of glacial bed lithology, basal deformation rates,
in-ice drainage systems, etc. (Hewitt, 2005; Quincey et al., 2011;
Bhambri et al., 2017). These will greatly improve our ability to
respond to hazards resulting from GSs.

Trigger Mechanisms of GLOFs
The advancing or surging of glaciers in Hunza Basin often blocks
the main valley, causing water storage in ice-dammed lakes (Yao
et al., 2017). These ice-dammed lakes drain by overtopping or by
flow through sub-glacial tunnels, the latter mechanism being the
more common of the two (Ng and Björnsson, 2003; Björnsson,
2017). Initial outflow via a sub-glacial tunnel may be triggered by
the flotation of part of the ice dam that is in contact with the lake,
although flotation does not appear to be a requirement for the
initiation of drainage (Haeberli, 1983). As the water begins to flow
along a sub-glacial channel, the channel walls enlarge by both
thermal and mechanical erosion. The channels can, however,
narrow or close during or after the flood via ice deformation
caused by glacier flow, especially if the ice is thick (Ng and Liu,
2009). The outburst floods of the ice-dammed lakes of the
Shispare and Khurdopin Glaciers were discharged from outlets
at the glacier termini. The opening of drainage channels under ice
dams is closely related to factors such as basal water and the
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configuration or hydraulic efficiency of the subglacial drainage
system and whether there is a river network under the ice.
Whether the drainage of the Shispare and Khurdopin ice-
dammed lakes is related to this requires evidence from further
field investigation. It is puzzling that the most recent GS of the
Shispare Glacier did not stop when the ice-dammed lake at the
end of the glacier drained. Such GLOFs are not well understood,
but may involve the sudden rupturing of pressurized, water-filled,
englacial cavities that fracture the base of the glacier through high
hydrostatic pressures or rapidly changing inflow. There is only
one moraine-dammed lake along the KKH––the glacial lake at
the end of the Pasu Glacier. Its outburst was mainly due to
overtopping on January 6, 2008, caused by an ice avalanche
entering the lake (Zhu et al., 2014).

Future Changes in Risks From Different
Glacier-Related Hazards
Overall, against a backdrop of continuous global warming in the
future (Forsythe et al., 2017), the frequency of glacier-related
hazards along the KKH will show an increasing trend (Harrison
et al., 2018; Bazai et al., 2020). Figure 6 illustrates the frequency of
surge-type glaciers along the KKH over the past 150 years. It can
be seen that, since the construction and opening of the KKH, GSs
have been triggered 21 times. In terms of interdecadal change,
surge-type glaciers along the KKH were relatively active before
the 1930s, but became relatively stable from the 1930s to 1960s;
however, this may be related to a lack of data from this period.
After the 1960s, the number of GSs also gradually increased. In
the last decade in particular, with enhanced global warming, there
have been as many as seven GSs in the region, accounting for 15%
of the total number of GSs since the construction of the KKH.
Therefore, it is likely that the surge-type glaciers along the
highway will become more active in the future, and so the
probability of hazard will also increase.

Where two or more active phases can be determined for a
given glacier, there is a basis for establishing recurrence intervals.
If consistent between events, these could help predict the timing

of future surges (Bhambri et al., 2017). We identified two or more
surges related to 10 glaciers by summarizing the literature
(Figure 6) (Bhambri et al., 2017; Bazai et al., 2020). The most
extensive records of repeat cycles are for the Bualtar, Ghulkin,
Balt Bare, Hoper, Batura, Muchuhar, Shispare, Yagjil, Malangutti,
and Khurdopin Glaciers (Figure 6). The data suggest that the
Khurdopin Glacier in the Shimshal Valley is the most active
surge-type glacier in two centuries. Seven surge events of the
Khurdopin Glacier suggest a cyclicity or recurring instability
threshold of 20 years. Therefore, we speculate that the
Khurdopin Glacier may surge again in the next 20 years, and
may also advance due to extreme weather events. Although the
Malangutti Glacier has an unstable cycle, its surge recurrence
intervals are shortening. Four surge events of the Yagjil Glacier
have been identified since the 1990s, with a surge cycle of
approximately 6 years. The Shispare and Muchuhar Glaciers
surged 10 times in 1894–2019. The 10 recurrence intervals
cluster between 3 and 49 years, with the most recent two being
24 and 12 years apart. The Bualtar Glacier is unusual in having
pairs of closely-timed active surges, in 1922–1923, 1929–1930,
and 1987 and 1990––a curious case of alternating short and long
quiescent phases. The reason for this behavior is unclear, and
presents another glacier-determined rhythm that complicates the
tracking of their relation to climate. Surge recurrence intervals for
the remaining glaciers are more than 30 years. The intervals
between the two surges of the Ghulkin and Batura Glaciers are
41 and 40 years, respectively; this may be shortened by climate
change in the future (Ding et al., 2020; Farinotti et al., 2020). The
Balt Bare Glacier surged in both 1976–1977 and 2006–2012.
Although this surge cycle was close to 30 years, the surge timing
was after the KKH was completed. In 1974, the glacial lake at the
terminus of the Balt Bare Glacier burst, causing a mudslide that
washed away the road (Cai et al., 1980). Therefore, the Balt Bare
Glacier poses a significant threat to the safety of roads and
downstream villages.

Glacier ice velocities can reflect the flow state of glaciers, and
may be able to be used to predict the risk of glacier-related
hazards in the future. Wang et al. (2019) obtained the ice
velocities of the glaciers along the KKH from January 2016 to
May 2017, based on Sentinel-1A data. They found that the ice
velocities of the glaciers along the northern part of the highway
were slower and more stable during the study period, and that the
ice velocities of the glacier tongues near the highway were all
within 0.15 m/d. The glaciers around the central part of the KKH
are scattered and relatively small in area, and so are less likely to
pose a threat to the lives and productivity of the residents over the
short term. The glaciers along the southern part of the KKH,
however, are large in area and densely distributed. Most of these
are surge-type glaciers, and their velocities are relatively high. We
used ITS_LIVE data (Gardner et al., 2019) to explore the average
ice velocities of the surge-type glaciers along the KKH from 1985
to 2018. This revealed that the average ice velocities of glaciers in
the northern part of the highway have been low for 33 years,
suggesting a relatively low level of threat to highway safety, but
some large glaciers may affect downstream areas in the future,
such as the Kelayayilake Glacier (Figure 7B). The Hunza Basin in
the southern part of the KKH is an area in which surge-type

FIGURE 6 | Repeat cycles of surging in KKH glaciers. Surge duration
indicated by the length of the thick black lines.
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glaciers are concentrated. The average ice velocities of these
glaciers have been relatively high in the past 33 years
(Figure 7A), and so this presents the potential for a high risk
of hazards. Figure 8 shows the change in annual velocity of surge-

type glaciers in the Hunza Basin in 2013–2020. After the
Khurdopin Glacier stopped surging, the velocity of the glacier
terminus slowed (Figure 8H). We consider that the possibility of
ice-dammed lake formation here is low in 2021, so the risk of a

FIGURE 7 |Mean ice velocities along the KKH from 1985 to 2018. Ice velocity data obtained from ITS_LIVE https://nsidc.org/apps/itslive/. (A) Hunza River Basin.
(B) Northeast Pamir (C–E) Three areas prone to GLOFs in the future. (F) Evolution of the area, peak discharge, mean depth and water volume in the ice-dammed lake of
the Khurdopin Glacier. Remote-sensing images downloaded from https://glovis.usgs.gov/. The result of Rashid et al. (2020) was referenced about the flood-
prone areas.
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GLOF is reduced; however, the middle and terminal regions of
the Yagjil, Malangutti and Momhil Glaciers in the Shimshal
Valley show signs of acceleration (Figures 8B–H–H). In the
future, the termini of these glaciers may block the Shimshal
River and cause a GLOF. Although the terminus of the Shispare
Glacier stopped advancing in 2019, it is still active (Figures
8G,H). The other glacier terminus is relatively stable
(Figure 8).

As the climate warms and the melting of glaciers intensifies, the
frequency of GFs, particularly GLOFs, will likely rise (Shugar et al.,
2020; Bazai et al., 2020; Ding et al., 2020). At present, there are three

glacial lakes along the KKH, located at the termini of the Shispare,
Khurdopin and Pasu Glaciers. Bhambri et al. (2020) calculated the
water volume of the ice-dammed lake of the Shispare Glacier as being
1.66×107 ± 6.4 × 106m3, based on its area (4.1×105 ± 2 × 104 m2) on
May 31, 2019; the water depth was 134m. When it burst, the flood
discharge flow reached 400± 260m3 s−1. This turbulent water eroded
the edges of the KKH, causing collapse and interrupting traffic
(Bhambri et al., 2020). The formation and evolution of the ice-
dammed lake at the terminus of the Khurdopin Glacier is closely
related to the surge cycle of the glacier. Based on this surge cycle, we
speculate that the evolution period of the ice-dammed lake is also

FIGURE 8 | The change of annual surface velocities of surge-type glaciers in the Hunza valley. The glacier names in sub-panel (A) are as follows: (1) Momhil Glacier;
(2) Malangutti Glacier; (3) Yazgil Glacier; (4) Khurdopin Glacier; (5) Virjerab Glacier; (6) Hispar Glacier; (7) Hopar Glacier; (8) Barpu Glacier; (9) Bualtar Glacier; (10) Minapin
Glacier; (11) Pisan Glacier; (12) Gharesa Glacier; (13) Balt Bare Glacier; (14) Pasu Glacier; (15) Ghulkin Glacier; (16) Batura Glacier; (17) Baltar Glacier; (18) Muchuhar
Glacier; and (19) Shispare Glacier. The results of sub-panel (A)–(H) were obtained by Landsat OLI data. The date range represents the date of remote sensing
image acquisition. The background is the hillshade from SRTM DEM.
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about 20 years. Overall, as the global climate warms and the glaciers
thin and produce more runoff, these lakes will fill faster and
their ice dams will fail more readily. The frequency of newly
forming Khurdopin ice-dammed lakes will gradually increase,
as will their outburst frequency, during the glacier’s surge
process (Figure 2). Figure 7F shows changes in the area,
water volume, water depth and peak discharge of the
Khurdopin Glacier’s ice-dammed lake during the glacier’s
last two surges. The lake had the largest area on May 30,
2000, and its water volume, water depth and peak discharge
were 6.7 × 107 m3, 621 m and 2,289 m3 s−1, respectively (Huggel
et al., 2002; Patel et al., 2017). In 2017, the size of the lake formed
by the Khurdopin Glacier surge was smaller than that formed in
2000. The current lake area is <0.4 km2, the average water depth
does not exceed 160 m, and the peak discharge is 301 m3 s−1.
This indicates the characteristic of a shortened storage time for
the lake. Therefore, we speculate that the ice-dammed lake of the
Khurdopin Glacier will be characterized by small, high
frequency outbursts with an obvious periodicity. Although it
is somewhat distant from the KKH, and its impact is relatively
small, its threat to the village of Shimshal cannot be ignored
(Figure 7C).

The glacial lake of the Pasu Glacier is the only moraine-
dammed lake along the KKH, and its outburst often occurs
when an ice avalanche enters the lake, causing overtopping (Zhu
et al., 2014). Based on the area of the lake on October 13, 2019,
we used empirical formulae (Huggel et al., 2002) to infer that the
water volume and peak discharge at the time of the outburst
were 2.2 × 106 m3 and 84 m3 s−1, respectively. In short, as global
climate change intensifies in the future, the glaciers along the
KKH may advance due to GSs, resulting in new glacial lakes in
places where glacial lakes have not previously been recorded
(Figure 7A).

CONCLUSION AND OUTLOOK

With the intensification of global warming, the accelerated
melting of glaciers and an increasing frequency of GSs will
likely result in the frequent occurrence of glacier-related hazards
along the KKH, which will seriously threaten the safe operation
of the highway and the lives and productivity of the residents
living along the route. This has become a significant focus of
academic attention. For this study, we combed through the
literature and used remote-sensing interpretations and other
means to determine that the glacier-related hazards along the
KKH mainly relate to GSs and GLOFs. This study has
highlighted the obvious characteristics of sudden,
unpredictable and short hazard-causing processes, which are
mainly distributed in the Hunza River Basin. In recent years,
with the rise in global temperatures, the frequency of glacial
hazards in this area has increased significantly.

The hydrology and temperature regimes of glaciers affect the
development and evolution of those glaciers. Since the
beginning of the 21st century, changes in the global climate
have made it even more difficult for us to understand the
mechanisms of, and therefore be able to predict, different

glacial hazards. Based on our summarizing of previous
studies, it became apparent that there are multiple trigger
mechanisms for GSs along the KKH. Also, these trigger
mechanisms do not only relate to a glacier’s attributes, but
also involve external factors, such as increased short-term
precipitation, ice-bed lithology, avalanches and earthquakes.
However, there remain many unanswered questions. Is there
a single explanation for all surges, or could multiple causes lead
to similar oscillatory behaviors? Will the frequency and
intensity of GSs increase in the future? Why do some glaciers
oscillate between slow and fast flows, while the majority do not?
Why are surge-type glaciers common in some regions, but not in
others? (Herreid and Truffer, 2016; Benn et al., 2019).
Answering these questions is challenging. It has been
suggested that this clustering of surge-type glaciers might be
related to particular climatic and geometric conditions, leading
to periodic enthalpy imbalances, but the specific controls on
surging remain poorly understood (Farinotti et al., 2020). In the
future, based on strengthening our field observations, we should
be able to explore the physical processes of GSs in greater detail;
in particular, monitoring the evolution of the hydrology and the
thermal state at the base of the glaciers. Although this is a
daunting task, it would provide much-needed data for the
optimization of model parameters, and thus an improvement
in the accuracy of model simulations.

The outburst of the Pasu moraine-dammed lake along the
KKH was primarily caused by an ice body falling into the lake.
Modeling approaches can be adopted to reconstruct past
GLOF of Pasu. Future scenario modeling will help to
evaluate the potential future impact (Majeed et al., 2020;
Schmidt et al., 2020). At present, the drainage process
under the ice of the ice-dammed lake needs to be further
observed and studied, especially concerning the mechanism
behind the opening and closing of the drainage channel (Bazai
et al., 2020). This will play a vital role in the prediction and
early warning of GLOF hazards in the future and can be helpful
for GLOF preparedness and mitigation (Majeed et al., 2020;
Schmidt et al., 2020).

Against a background of continuous climate warming, we
expect that the surge-type glaciers along the KKH will become
more active in the future. Based on the surge cycles of these
glaciers, we can infer the next surge start times, and can also
estimate the water volumes and peak flood discharges of the lakes
that may outburst, to provide early warnings and preventive
measures protect the KKH and the villages along it from hazard.
In summary, the Hunza River Basin is a high-risk area for glacier-
related hazards along the KKH and should be the focus of
intensified research.
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