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The hydrological systems of heavily-downwasted debris-covered glaciers differ from
those of clean-ice glaciers due to the hummocky surface and debris mantle of such
glaciers, leading to a relatively limited understanding of drainage pathways. Supraglacial
ponds represent sinks within the discontinuous supraglacial drainage system, and
occasionally drain englacially. To assess pond dynamics, we made pond water level
measurements on Lirung Glacier, Nepal, during May and October of 2013 and
2014. Simultaneously, aerial, satellite, and terrestrial orthoimages and digital elevation
models were obtained, providing snapshots of the ponds and their surroundings. We
performed a DEM-based analysis of the glacier’s closed surface catchments to identify
surface drainage pathways and englacial drainage points, and compared this to field
observations of surface and near-surface water flow. The total ponded area was higher
in the pre-monsoon than post-monsoon, with individual ponds filling and draining
seasonally associated with the surface exposure of englacial conduit segments. We
recorded four pond drainage events, all of which occurred gradually (duration of weeks),
observed diurnal fluctuations indicative of varying water supply and outflow discharge,
and we documented instances of interaction between distant ponds. The DEM drainage
analysis identified numerous sinks >3 m in depth across the glacier surface, few of which
exhibited ponds (23%), while the field survey highlighted instances of surface water
only explicable via englacial routes. Taken together, our observations provide evidence
for widespread supraglacial-englacial connectivity of meltwater drainage paths. Results
suggest that successive englacial conduit collapse events, themselves likely driven by
supraglacial pond drainage, cause the glacier surface drainage system to evolve into a
configuration following relict englacial conduit systems. Within this system, ponds form
in depressions of reduced drainage efficiency and link the supraglacial and englacial
drainage networks.
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1. INTRODUCTION

Debris-covered glaciers make up a minority of mountain
glaciers worldwide, but debris-covered areas can account
for a considerable portion of total glacier area regionally
(Sasaki et al., 2016). This is evident in High Mountain Asia,
where inhabitants are strongly dependent on the hydrology of
glacierized catchments for moderating seasonal and interannual
variations in water availability (Bolch et al., 2012; Immerzeel and
Bierkens, 2012; Ragettli et al., 2016b; Pritchard, 2017). While the
hydrology of alpine glaciers and ice sheets has long been a focus
of glaciological research (e.g., Fountain and Walder, 1998; Irvine-
Fynn et al., 2011; Chu, 2014), the hydrological systems of debris-
covered glaciers are less well researched, and differ from those of
clean glaciers in several respects (Fyffe et al., 2015; Benn et al.,
2017).

The porosity and thickness of the surface debris enables
a saturated debris layer to develop (Reznichenko et al., 2010;
Collier et al., 2014). Rapid downslope transport of surface water
occurs in areas of steep relief, but the surface debris may
lead to the formation of shallow groundwater lenses in low-
slope areas. The debris mantle may mask surface channels,
crevasses and moulins making it difficult to assess the role of the
surface drainage system in recharging the englacial and subglacial
systems (Hasnain et al., 2001; Pottakkal et al., 2014; Fyfte et al.,
2015). The variable relief of heavily-downwasted debris-covered
glaciers often leads to frequent intersection between the glacier
surface and englacial conduits, whether active or disused (relict),
resulting in discontinuous supraglacial and englacial hydrological
networks, and exchange of surface and near-surface water across
the glacier (Benn et al., 2012, 2017).

Incised supraglacial channels are common across the upper
ablation zones of debris-covered glaciers, but the low gradient
and dense undulations typical of the lower ablation zone greatly
impede water flow, leading to ponding and water storage in
closed surface depressions (e.g., Iwata et al., 1980; Sakai et al.,
2000; Benn et al., 2001; Wessels et al., 2002; Watson et al.,
2016; Benn et al., 2017). Such surface depressions are a common
characteristic of hummocky debris-covered glaciers (Iwata et al.,
1980; Benn et al., 2017), and can be inherited features from
differential surface ablation, englacial conduit collapse, or prior
ponding (Benn et al., 2001). The water level in these depressions
can represent the hydrological base level (usually in thin ice
near the glacier terminus), or can be perched above it on
thicker ice, which impedes vertical drainage (Benn et al., 2012;
Miles et al., 2016). Supraglacial ponds vary in size (from several
meters to a few hundred metres across), shape, and suspended
sediment concentration (e.g., Wessels et al., 2002; Takeuchi
et al, 2012; Kraaijenbrink et al, 2016b; Watson et al., 2016;
Miles et al., 2017b). They also vary in topographic setting,
with many bordered by extensive ice cliffs (e.g., Sakai et al,
2000; Benn et al., 2001; Kraaijenbrink et al., 2016b). Perched
ponds are known to fill and drain sporadically, suggesting
variable inflows and outflows of water, and in many cases
connections to the englacial system (Sakai et al., 2000; Benn
et al, 2001; Gulley et al, 2009b; Benn et al., 2012; Takeuchi
et al., 2012; Miles et al., 2016, 2017b; Rounce et al., 2017).

Ponds drain superficially if the filling of surface depressions
(hereafter flooding) leads to the development of a surface spillway
which incises vertically (Raymond and Nolan, 2000), while
englacial drainage mechanisms include exploitation of debris-
filled crevasse traces or fractures, hydrofracturing, or connection
with relict englacial conduits via basin expansion (Gulley et al.,
2009b). These mechanisms create sudden, efficient englacial
connections, leading to rapid drainage, which is then limited by
the position of the connection (Benn et al., 2001, 2012; Mertes
etal., 2016).

The geometry and evolution of individual supraglacial ponds
has been assessed in select locations through repeat surveys (e.g.,
Benn et al.,, 2001; Rohl, 2008), leading to the development of
a conceptual model of pond evolution incorporating the major
mechanisms of pond-associated ablation, and representing the
progression from individual perched ponds to the coalescence
of base-level features (Mertes et al., 2016). At the glacier scale,
perched ponds have been observed to undergo a seasonal cycle,
with ponded area increasing due to meltwater supply during the
pre-monsoon and monsoon before widespread drainage during
the monsoon and post-monsoon, or freeze-over in the winter
(Miles et al.,, 2017b). Seasonal filling and drainage of a pond
suggests regular blockage and clearance of an englacial conduit
leading from the pond (Benn et al., 2017; Miles et al., 2017b;
Narama et al., 2017). Potential conduit blockage mechanisms
include roof collapse, debris mobilization, seasonal freezing of
sediments, or even creep closure (Gulley et al., 2009b; Benn et al.,
2017).

Few water level records have documented pond drainage or
filling for debris-covered glaciers, with inferences instead made
from englacial conduit structure after pond drainage. To extend
the current understanding of supraglacial pond seasonality
and evolution, this study documents and interprets detailed
observations of water level and surface area fluctuations at a set
of ponds during 2013 and 2014. Our objectives are to:

1. Document seasonal changes in pond geometry by comparing
high-resolution orthoimages and DEMs.

2. Analyse seasonal pond filling and/or drainage mechanisms by
assessing water level fluctuations.

3. Locate likely zones of surface-subsurface connectivity across
the glacier surface through a combined GIS and field-based
analysis.

2. STUDY SITE AND METHODS

2.1. Lirung Glacier

Perched ponds were studied during 2013 and 2014 at Lirung
Glacier in the Langtang Valley of Nepal (Figure 1). Lirung Glacier
is a small glacier (6.1 km?) descending from the southeast
face of Langtang Lirung (7,234 m.a.s.l.), bordering the Tibet
Autonomous Region of China. The debris-covered tongue of the
glacier covers ~17% of the glacier’s area and ranges from 4,000 to
4,350 m.a.s.l. The low elevation of Lirung Glacier’s debris-covered
tongue and the southerly aspect of its accumulation area have
led to progressive downwasting over the past several decades,
including the formation of a terminal lake in the 1990s, and
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FIGURE 1 | Observed ponds on Lirung Glacier, 2013 and 2014 shown against the 2014 SPOT6 orthophoto (backdrop). Pond location B contained a small pond in
2013, but no pond was observed in 2014. Location £ had two small ponds in May 2014, but no pond was evident in the April SPOT6 orthophoto. The common
survey area is the minimum area covered by all orthoimages; ponds | and J were also observed in most images.

7 AWS
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100m contours
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retreat of the glacier’s terminus (Ragettli et al., 2016a; Nuimura
et al., 2017). The tongue is disconnected from the clean-ice
portion of the glacier and is nearly stagnant, but experiences
significant deposition of mass via ice and debris avalanches at its
upper part (Ragettli et al., 2015, 2016a; Kraaijenbrink et al., 2016a;
Nuimura et al., 2017). Local climate is controlled by the South
Asian monsoon, with the majority of precipitation occurring
concurrently with the warmest temperatures, from mid-June to
September. This period also contains the highest daily maximum
and minimum temperatures, and consequently the highest rates
of ablation (Ragettli et al., 2015).

2.2. Field Instrumentation

In May 2013, two ponds on Lirung Glacier (C and J; Figure 2)
were instrumented with HOBO U20 Water Level Loggers
(£1.2 kPa; 40.44°C). The two loggers were downloaded and
redeployed in October 2013 and May 2014, but changes in
pond water level led to the exposure of the sensors, so only
a subset of the period has water pressure data (Table1). In
May 2014, two additional ponds (D and I) were instrumented
with identical sensors, and a Keller DCX-22 pressure transducer
(£0.1% kPa; +0.5°C) was installed in a dry depression (B) that
had previously contained a pond. All sensors were downloaded
and redeployed in October 2014, but the Gorkha earthquake
in April 2015 prevented subsequent sensor recovery. While
submerged, each of these sensors recorded pond-bottom water
pressure (Pp) and temperature (7T7,). The observed pond-
bottom pressure (Pj,) was corrected for atmospheric pressure
(Pp) measured at the nearby Kyanjing AWS (Figure 1; Table 1)
and adjusted to the pond elevation using the ideal gas law
and ambient temperature, producing time-series of hydrostatic
pressure. These data were then converted to at-sensor water
depth based on the water density at the observed pond-bottom
temperature.

Additionally from the Kyanjing AWS, we use the record of
daily precipitation (g,). From an on-glacier AWS (Lirung AWS;
Figure 1; Table 1), we also use records of air and debris surface
temperature (T, and T, respectively).

2.3. Orthoimages and DEMs

In addition to the in-situ observations of pond water level and
temperature, results from aerial, satellite, and terrestrial remote
sensing campaigns were used to provide repeat-observations of
pond area. Ponds were manually digitized from the coregistered
orthoimages; no position correction was made for glacier surface
displacement, which was assessed at each pond.

During the study period, three surveys (May 2013, October
2013, May 2014) were conducted using an unmanned aerial
vehicle (UAV). Imagery from these campaigns was processed
using a Structure-from-Motion (SfM) process chain (Agisoft
Photoscan Professional) to produce ultra-high-resolution
orthomosaics and associated digital elevation models (Table 2;
Immerzeel et al., 2014; Kraaijenbrink et al., 2016a). The error of
the UAV DEMs is approximately 0.2 m horizontally and 0.5 m
vertically as evaluated relative to off-glacier ground control
points (GCPs) and tie-points (Kraaijenbrink et al., 2016a).

Additionally, a SPOT6 stereo image pair was acquired on 21
April 2014, slightly preceding the 2014 UAV flights (Table 2).
The SPOT6 data were processed to produce a high resolution
orthophoto and DEM (Ragettli et al, 2016a). After initial
georeferencing with off-glacier GCPs, the DEM was coregistered
and bias-corrected relative to the off-glacier topography of the
May 2014 UAV data using an iterative aspect-based correction
(Nuth and Kaab, 2011). Unlike the UAV data, the SPOT6
acquisition provides a complete coverage of the debris-covered
tongue. However, its relatively coarser resolution does not
represent the surface topography as well. A random sample of
1,000 off-glacier points had a mean absolute vertical error of
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FIGURE 2 | The four ponds studied in detail as they appeared in May 2014. Approximate photograph positions are indicated on Figures 5-8.

TABLE 1 | Weather station and pressure transducer records for supraglacial ponds on Lirung Glacier.

Data source Lat. (°N) Long. (°E) Elev. Date start Date end Observed variables
Lirung AWS 28.2326 85.5621 4,063 m 6 May 2013 24 Oct 2014 Ta, Tgeb
Kyanjing AWS 28.2110 85.5673 3,857 m 1Jan 2013 31 Mar 2014 Po, ar
Kyanjing AWS - - - 16 Apr 2014 9 Oct 2014 Po, ar
Pressure Trans., Pond B 28.2338 85.5622 4,059 m 24 Aug 2014 4 Nov 2014 Po
Pressure Trans., Pond C 28.2338 85.5622 4,077 m 9 May 2013 14 Jul 2013 P, Tip, Po
Pressure Trans., Pond C - - - 25 Oct 2013 27 Jul 2014 P, Tip, Po
Pressure Trans., Pond D 28.2341 85.5612 4,096 m 5 May 2014 2 Sep 2014 P, T, Po
Pressure Trans., Pond | 28.2380 85.5562 4,190 m 8 May 2014 16 Aug 2014 P, Tip, Po
Pressure Trans., Pond J 28.2402 85.5621 4,207 m 11 May 2013 23 Jun 2013 P, Tip, Po
Pressure Trans., Pond J - - - 25 Oct 2013 6 Aug 2014 P, Tip, Po

End date for pressure transducers indicates the point at which the sensor was exposed to atmospheric pressure. Pond locations and elevations are reported based on SPOTE data.

TABLE 2 | Summary of Lirung Glacier orthoimages, 2013 and 2014, used as data sources for seasonal observations of pond area changes.

Data source Date Resolution (m) Uncertainty (m) Ponds covered Method Source

ortho/DEM x/z
UAV orthomosaic 18 May 2013 0.1/0.2 0.2/0.5 A-J* Aerial STM (Agisoft) Immerzeel et al., 2014
UAV orthomosaic 22 Oct 2013 0.1/0.2 0.2/0.5 A-J* Aerial STM (Agisoft) Immerzeel et al., 2014
SPOT6 orthophoto 21 Apr 2014 1.5/3 2/2 A1 Satellite stereo Ragettli et al., 2016a
UAV orthomosaic 1 May 2014 0.1/0.15 0.2/0.5 A-G Aerial SM (Agisoft) Kraaijenbrink et al., 2016a
Terrestrial orthomosaic 2-3 Nov 2014 0.25/0.25 11 A-J Terrestrial STM (Agisoft) Brun, 2015

A DEM is available from each data source at reduced resolution. *Pond J is covered in the 2013 orthomosaics, but not the associated DEM.
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1.5 m and a mean absolute error of 8.7° in slope relative to the
May 2014 UAV data.

Finally, in November 2014, 682 terrestrial photos were taken
of the glacier tongue from its lateral moraines and from
prominent positions on-glacier. These images were analysed with
an SfM procedure similar to that of the UAV data, and processed
with 21 on-glacier GCPs to derive an orthomosaic and DEM
(Table 2; Brun, 2015; Brun et al, 2016). The resulting DEM
was evaluated with 682 differential global positioning system
(dGPS) points taken on prominent sections of the glacier; the
mean absolute vertical error at these points was 0.5 m. However,
the source photos and GCPs are not uniformly distributed, with
the highest density near the study ponds, so we assume an
uncertainty of 1 m for the whole dataset (Brun et al., 2016).
The terrestrial survey area was slightly larger than for the UAV
surveys, but did not include the uppermost portion of the tongue
for safety considerations. Consequently, pond observations from
orthoimages and DEMs were restricted to the lower elevations,
other than in April 2014 (Figure 1; Table 2).

2.4. GIS Mapping of Surface Water Flow

To identify closed surface depressions and possible drainage
paths, we investigated the April 2014 SPOT6 and May 2014 UAV-
derived DEMs (Table 2). The SPOT6 DEM has full coverage
for the glacier tongue, while the UAV DEM has much greater
detail and accuracy for the common survey area. We determined
flowpaths using the greatest downhill slope method (Dg) as well
as a triangular multiple flow direction method (MDqo; Seibert
and Mcglynn, 2007), which partitions downslope flow based on
the downslope gradient vector of the 3 x 3 neighborhood.

Each DEM was “flooded” to identify surface depressions
without an outlet. Considering the thicknesses of debris observed
at the study site (up to 3 m; Ragettli et al., 2015; McCarthy
et al., 2017) and the likelihood for shallow groundwater flow
(Collier et al., 2014), we defined sinks as only those closed surface
depressions with a maximum depth greater than 3 m. We then
determined the contributing catchment area for each sink using
SAGA GIS, and determined drainage paths for local catchments
from the unmodified DEM using the MD, and Dg algorithms.
Finally, we flooded all sinks and calculated flowpaths using the
MDy algorithm.

2.5. Field Mapping of Surface and

Subsurface Water Flow

Each of the ponds was observed during field visits in May and
October-November of 2013 and 2014, noting the pond and
ice cliff geometry and documenting any pronounced changes.
During 5-6 May 2014, a more comprehensive in-situ survey was
conducted for the entire zone of the UAV surveys to evaluate
the modeled surface drainage pathways. We documented and
geotagged the following surface and shallow-subsurface signs of
water flow:

1. Water visible at the glacier surface, and whether it was
stagnant (ponded) or actively flowing.
2. Water flow audible, but not visible, beneath the debris layer.

3. Evidence of recent water presence, as indicated by wet, fine
sediments.
4. Visible englacial conduit openings.

2.6. Data Synthesis

First, we assess seasonal changes in ponded area based on the
orthoimages, analysing both the glacier as a whole and individual
ponds. Integrating all data available for each site, we use the
repeat DEMs and orthoimages along with survey results and
water level records to detail the changes at ponds C, D, I, and
J. We then attribute water level variations to pond-proximal
processes, and interpret the overall changes at ponds in terms of
filling, drainage, or isolation.

Second, we consider the drivers of observed changes at each
pond using “back-of-the-envelope” calculations (Supplementary
Material). We examine rises in water level alongside the
precipitation and temperature records to determine if pond
flooding is attributable to local sources of water, both for rapid
variations and for seasonal events. We then compare observed
water level declines with calculations of spillway incision rates
and estimates of discharge through debris-filled conduits to
assess the likelihood of these processes. We also calculate the
required subaqueous ice cliff area for subaqueous melt to account
for water level declines.

Finally, we combine the field survey results with the
catchment analyses of the April 2014 DEM to consider the
morphology of the drainage system and to identify englacial
conduit formation mechanisms and inheritance across Lirung
Glacier. We investigate the spatial association of surface sinks
with observed surface ponds and streams, sub-debris streams,
and englacial conduits, and consider the evidence for surface-
subsurface connectivity across the hummocky debris-covered
glacier.

3. RESULTS

3.1. Pond Observations and Interpretation
3.1.1. Seasonal Pond Area Changes

The 2013 and 2014 orthomosaics revealed 16 ponded locations
on Lirung Glacier (Figure 1, Table 3). Some ponds (e.g., B,E)
were very small (10 s m? in area) and evident in only a few images,
while others (C,D,I) were more moderate in size (100 s m?) and
persisted across all five orthoimages with minor fluctuations in
size. Pond J, the largest pond with repeat observations, fluctuated
dramatically in size season-to-season, between 7,290 and 450 m?
in 2013 (Table 3) due to its drainage in June (Figure 3). The
largest observed area for this pond occurred in May 2013, but
field observations suggest that the pond was much larger in May
2014, when it was not covered by the UAV orthoimage. This pond
alone made up over one-quarter of total ponded area for Lirung
Glacier in April 2014, the only occasion when the entire debris-
covered tongue was observed. A major filling event was captured
by the pressure transducer in April-June 2014 (Figure 4). Based
on the April 2014 SPOT6 DEM and continunous pressure record,
we estimate a ponded area of 8,250 m? for the May 2014 UAV
orthoimage date, with ponded area growing to an estimated
17,000 m? before the logger stopped functioning.
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TABLE 3 | Pond areal changes from orthoimages, 2013 and 2014.

Survey % Obs Ay % Com Ay A* B* c* D* E* F G* H I* J* K-P
May 2013 1.66 0.22 1.5 640 180 10 - 20 60 740 7,290 NS
Oct 2013 0.27 0.14 - - 380 180 - - 10 20 550 440 NS
Apr 2014 1.32 0.50 150 - 940 500 - 120 260 130 880 3,980 6,600
May 2014 0.21 0.21 10 - 220 380 - 220 20 40 NS NS NS
Nov 2014 0.56 0.13 - - 340 160 - 30 - - 990 1,670 NS

% refers to the pond density in the observed (Obs) or common (Com) debris-covered area (Aq). A “~" indicates no pond observed in this location. All other values are pond areas in m?.
NS indiicates that the survey did not include this location. Ponds with * clearly bordered an ice cliff for part of the period.
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FIGURE 3 | Records of pond water level (relative to pressure transducer
elevation) and temperature for ponds C and J in 2013. Also shown are air
temperature from an on-glacier sensor (Lirung AWS )and precipitation from an
off-glacier tipping gauge (Kyanjing AWS), as well as the timing of the
premonsoon orthoimage.

In both 2013 and 2014, total pond cover was greater in the pre-
monsoon than in the post-monsoon (Table 3). Over the lower
tongue, ponds were typically smaller in area than across the
upper portion of the glacier (Figure 1, Table 3). The common
area of observation for all orthophotos encompasses ponds A-H,
where a seasonal fluctuation is apparent, with ponds appearing
by April (0.5% of the common area), partially draining by May
(0.21-0.22%), then declining during the monsoon and post-
monsoon to cover 0.13-0.14% of the common area (Table 3).
Observed ponds show some shrinkage between April and May
2014 (except pond F), and additional area decrease between May
and October/November in both years (except ponds C and I

in 2014). Including ponds I and J, which were not observed in
May 2014, the ponded area of Lirung Glacier declined from 1.66
to 0.27% of the UAV survey area in the period May-October
2013, and from 1.32 to 0.56% of the same area in the period
April-November 2014.

3.1.2. Characteristics of Water Level Change

The water level records show several signals of varying duration:
diurnal fluctuations, short pulses, erratic jumps or drops, and
slow long-term rises or falls (Figures 3, 4). These changes in pond
water level could be the expression of a variety of disturbances
such as large or small debris slumps, calving and structural
collapses above the water level, pond floor collapse, subaqueous
melt, and variations in water storage due to a changing balance
between water inputs (supply) and outputs (discharge). We have
no direct observations of these processes during the monsoon,
but their anticipated effect on pressure transducer observations
is discussed in the Supplementary Material. Here we describe
the various signals in the water level records and summarize the
likely processes responsible based on the reasoning given in the
Supplementary Material.

Diurnal variations occurred for all ponds, and were present
in all seasons including winter. These variations were generally
0.02-0.07 m in magnitude. There is considerable variability
in magnitude between ponds (Supplementary Material), and
the magnitude varies sporadically within any pond (e.g., the
magnitude for pond C is 0.05 m in March 2014, but 0.02 m in
May 2014). Variations typically have an asymmetrical peak, but
the peak timing varies within the day (typically 0900 or 1300 for
pond C, 0400 or 1900 for pond D, 1300 for pond I, 1800 for
pond J). Some diurnal signals have a sharp rise in water level,
while others exhibit a sharper decline, and occasionally a double-
peak variation occurs. We attribute these diurnal variations to
fluctuations in the balance between water supply and discharge,
as the volume change associated with water level rise and fall is
too great to be attributed to ice-cliff backwasting, subaqueous
melt, or debris supply (Supplementary Material), supporting the
observations and interpretations of Horodyskyj (2017); Benn
et al. (2017). This explanation also accounts for the unique
hydrograph at each site.

Two types of rapid change are evident in the water level
records. We observed short-term pulses in water level of 0.1-
0.3 m, with a gradual rise to peak followed by water level
decay over several days. These events are usually concurrent in
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FIGURE 4 | Records of pond water level (relative to pressure transducer elevation) and temperature for ponds C, D, |, and J in 2014. Also shown are air temperature
from an on-glacier sensor (Lirung AWS )and precipitation from an off-glacier tipping gauge (Kyanjing AWS), as well as the timing of the premonsoon orthoimages.

several ponds (e.g., 31 May 2013 for ponds C and ], Figure 3).
We attribute these signals to local catchment supply from
precipitation events, with which they are closely associated. Very
sudden (sub-hour) water level jumps or drops of 0.15-1.1 m
occurred occasionally in several water level records (e.g., pond ]
on 22 April 2014, Figure 4). These events are not associated with
precipitation or rises in temperature, and each event is restricted
to an individual pond. We interpret these sudden changes as
indicative of volumetric displacements due to large debris slumps
(including boulder capture) or structural collapse due to calving
or sub-floor voids (Supplementary Material).

Gradual rises in water level >1 m were observed in four
records: ponds C and D in 2014, and pond J in 2013 and
2014 (Figures 3, 4). These rises all began in the premonsoon
and lasted several weeks. Most had diurnal fluctuations
superimposed over them, but pond J in 2014 shows daily
steps up in water level, with minimal diurnal decline. Our
analysis suggests these changes represent basin flooding due to
water supply outpacing subaqueous melt and outflow discharge
(Supplementary Material).

Slow, prolonged water level declines (meters of lowering over
several weeks) were documented for ponds C and J in 2013
(Figure 3), and for ponds C, D, and I in 2014 (Figure 4). These
declines were sometimes interrupted by abrupt rises or falls, as
for pond D in 2014 (Figure4). On other occasions, declines
were very steady, as for ponds C and I in 2014 (Figure 4). A
change in the slope of decline is evident in both water level

records at pond C, indicating at least two processes contributing
to the lowering. While basin expansion by subaqueous melt
should manifest as a background signal of water level lowering
due to the density difference between water and ice (Miles
et al., 2016), the magnitude of daily volume change is often
too great to be attributed to this mechanism (Supplementary
Material). Consequently, we ascribe the gentle steady declines
of ~1-2 cm d~! to subaqueous melt, and steeper declines to
net outflow via low-slope spillways or low-transmissivity porous-
media (Supplementary Material).

3.1.3. Changes at Ponds, 2013
Here we provide a summary of the major changes that occurred
at each pond and our interpretation of them (Table4). The
areal and structural changes for the four study ponds, as well
as our interpretation of the ponds’ behavior in 2013 and 2014,
is documented comprehensively in the Supplementary Material.
Pond C was the most comprehensively observed pond
on Lirung Glacier through instrumentation and field surveys
(Figure 5), and was the focus of energy-balance modeling by
Miles et al. (2016). This small pond (up to 640 m?, and therefore
smaller than a Landsat pixel) was heavily shaded by a 20 m
high ice cliff during all four field visits (Figure 2). The ice
cliff presented an overhanging, scalloped face directly above the
ice-water contact, which retained a similar geometry over the
study period as the cliff backwasted (Figure 5b,c). In 2013, the
pond decreased in surface area between the May and October
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TABLE 4 | Summary of observed pond changes and inferred behavior for 2013 and 2014.

Year Pond  Water level changes Area changes Ice cliff  Other Interpretation
2013 C Slow water level decline, change in 50% area decline Y - Subaqgueous melt, followed by gradual
slope mid-June drainage
2013 D No change (DEM) <2% change N - Minimal change
2013 | 6 m lowering (DEM) 25% area decline Y Conduit collapse Subaqueous melt, possible filling, drainage
2013 J Steady slow increase, then steady 94% area decline Y Conduits revealed Drainage
decrease
2014 C Rise to a peak in late April, steady 77% area decline, then Y Conduit opening Filling, drainage, then subaqueous melt
slow lowering 36% increase exposed
2014 D Unsteady rise and lowering 24% area decline, then Y Conduit with audible Slight filling, basin expansion
57% decline flow
2014 | Continuous lowering 11% increase Y - Subaqueous melt
2014 J Continuous increase to June 60% decrease Apr-Nov Y Conduits revealed Filling and drainage, some subaqueous

melt

The column *“Ice cliff” indicates whether the pond was observed to be in direct contact with a subaerial ice cliff.

orthoimages from 640 to 380 m? (Figure 5a,d). This shrinkage
was accompanied by a lateral translation of ~7 m in the direction
of the ice-cliff backwasting (local glacier surface velocity is
~2 m a~!; Kraaijenbrink et al.,, 2016a), and a net water level
lowering of 3.0 m (Figure 5b,c). Surface lowering of the nearby
debris-covered areas over this period was 0.5-1.5 m (Immerzeel
et al., 2014). Expansion of the depression was dominated by
backwasting of the adjacent ice cliff (Figure 5b,c). The pressure
transducer at pond C recorded a gradual water lowering of 2.32 m
over 44 days (Figure 3), with occasional jumps or drops of up
to 0.15 m. The water level record is characterized by diurnal
fluctuations of 0.05 m with a peak at about 13:00. The diurnal
energy storage fluctuations at this pond indicate slow drainage
during this entire period (Miles et al., 2016), and two changes
in the slope of water level decline are evident from the record
(Figure 3). The first occurs when the pond temperature increases
around 25 May and is consistent with increased subaqueous
melt (outpacing any water inputs). The second transition leads
to a faster rate of water level decline beginning 20 June and a
significant decrease in ponded area by October 2013, and suggests
an increase in drainage efficiency. Thus, in 2013 pond C shows
water level lowering associated with subaqueous melt followed
by slow drainage (Miles et al., 2016).

Pond D appeared to be a small, stagnant perched pond in
2013 and was surrounded by low-angle debris slopes; it was not
investigated in detail (Figure 6). The 2013 orthoimages show
only very slight differences in ponded area (Table 3) and outline
(Figure 6a,d), with little indication of pond translation over the
year. There was no change in pond elevation in 2013, and very
slight expansion of the depression along its marginal debris slopes
(Figure 6b-d). The few changes observed at pond D in 2013
suggest that the feature was entirely disconnected from the rest
of the glacier’s drainage network.

Pond I (Figure 7) was also not observed in detail in May 2013,
but appeared in the UAV orthophoto as a pond of moderate size
(740 m?, which would possibly be observable by Landsat) with
an adjacent ice cliff with a fairly uniform slope angle, and no
vertical or overhanging face (Figure 7a-c; Cliff 4 in Brun et al,,

2016; Buri et al., 2016). The pond shrank slightly in area to 550
m? by October 2013 (Figure 7), and the pond outline translated
~10.5 m to the east (local glacier surface velocity is ~3 m a~!
to the southeast). During this period, however, the water surface
lowered ~8 m, revealing a 4 m vertical section at the base of
the cliff (Figure 7b,c). The pond’s depression expanded rapidly
between May and October 2013, particularly to the west due
primarily to ablation of the adjacent ice cliff (Brun et al., 2016).
This new band of ice cliff had a relict englacial conduit at its
base leading into pond I, occupying a zone between the May
and October 2013 pond levels, and exhibited a parallel debris
mound with apex near the prior slope (Figure 7b-d). As pond
I and the exposed conduit segment were immediately down-
glacier and at a slightly lower elevation than pond J (Figure 1),
the conduit’s exposure may have been associated with pond J’s
observed drainage in July 2013 (Figure 3). The opening of this
conduit beneath pond I's water level likely established an efficient
drainage path leading to its drainage.

Pond ] was the largest pond-cliff system observed on Lirung
Glacier during the study period, and exhibited major fluctuations
in area (Figure 8). Brun et al. (2016) have described changes at
the adjacent ice cliff (Cliff 5). The pond has two sections, which
were initially divided in May 2013 by an ice dam. At this point
the ponded area encompassed 7,290 m? (equivalent to multiple
Landsat pixels). By October 2013 the pond had reduced in area
to 450 m? and occupied two small depressions to the southwest;
the eastern half had drained entirely. As recorded by a pressure
transducer, pond J's water level rose 1.2 m over 28 days, with
several jumps of up to 0.18 m, then lowered 2.8 m over 13
days (Figure 3), exposing the sensor. The complete drainage of
the eastern half of pond ] by October 2013 revealed a well-
preserved englacial conduit floor at the base of the large ice cliff
with false floors (similar to those described by Gulley and Benn,
2007; Benn et al., 2009) and multiple lateral thermo-erosional
incisions at the outer margin of conduit meanders (Figure 9a).
We interpret the sudden rises in water level on 9 and 10 June
to represent instantaneous volume inputs (up to 1300 m?) most
likely associated with boulder capture or calving. The gradual
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decline in water level (11-15 June) suggests that subaqueous melt
was outpacing water inputs. An increase in drainage efficiency,
likely via the observed conduit segments, on 15 June led to
pond drainage for at least 13 days. This drainage would have led
to downglacier surface subsidence, possibly associated with the
exposure of the conduit at pond L.

3.1.4. Changes at Ponds, 2014

By 21 April 2014, the area of pond C had increased to 950 m?, but
the ponded area subsequently decreased to 220 m? by 1 May 2014
(Figure 5). The ponded area then increased slightly to 340 m?
by November. Based on the DEMs, the pond showed net surface
lowering of ~1 m between October 2013 and May 2014, and a
further ~3.5 m by November 2014. The pressure record for pond
C extended from October 2013, and captured a small jump in
water depth (0.25 m, equivalent to a displacement of ~80 m?) on
1 March, followed by diurnal oscillations of ~0.05 m (Figure 4).
Water level began to rise on 15 March, and rose by 1.77 m over
38 days to peak on 21 April, then lowered by 2.23 m over 10
days. After 1 May, water level gradually lowered (~0.2 m per
month) for the remainder of the monsoon. During the field visit
in May 2014, a small surface stream was observed meandering
from the pond through debris to an englacial conduit opening

(position indicated on Figure 5), a position that was beneath the
ice surface in 2013. The reinitiation of strong diurnal fluctuations
in March suggests resumed water inputs and outflow discharge
(Benn et al., 2017; Horodyskyj, 2017), and the broad rise and
fall in water level in April represents a significant net input of
water to flood the local depression, followed by net outflow.
The exposed conduit opening suggests there was a more efficient
connection to the englacial drainage network than in the previous
year, but its elevated position limited the pond’s drainage. We
therefore interpret the steady decline in water level after 1 May
as indicating subaqueous melt.

Pond D had expanded to 500 m? by April 2014 (Figure 6),
and the pond had a similar area in May 2014. The orthoimages
also indicated that several ice cliffs had formed around the pond.
By November 2014, the pond had fragmented into four small
water bodies at the same water level, covering a total area of
160 m? (Figure 6a,e). The May 2014 DEM shows the pond water
level ~1 m lower than in May and October of 2013, but the
water level lowered a further ~5 m between May and November
2014 (Figure 6b,c). The pond’s depression expanded on all sides
during this period. In November, a single large ice cliff remained
at the pond’s southern margin and exhibited a distinct thermo-
erosional notch at about the May 2014 water level, while the
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other sections of ice exposed in May 2014 were re-buried by  expanded, revealing additional openings through the debris and
debris. Flowing water could be heard in October and November  progressively exposing additional meanders (Figure 9c). The
2014 beneath this cliff (position indicated on Figure 6a,c). The  adjacent debris mound, a location of enhanced surface lowering
water level record over this period is erratic (Figure 4), with sharp ~ in 2013, instead showed minimal surface lowering in 2014
drops or rises of up to 0.51 m and diurnal fluctuations of 0.07 m,  (Figure 7d,e). The pond’s water level steadily lowered for the
but the general pattern is a broad rise (1.07 m over 44 days) and  entire period of water level record (103 days), a total decline of
fall (2.25 m over 70 days). The unsteady water level rise indicates ~ 3.58 m. We attribute the slow rate of water level lowering to
a net input of water until 15 June, and the subsequent decline  subaqueous melt, rather than drainage. The pond lost connection
indicates a change in the water balance producing net outflow  to the 2013 efficient drainage path due to sustained water level
and/or increased basin expansion. The audible flowing water and ~ lowering (15 m between May 2013 and October 2014), which had
exposed conduit segment (both observed in November 2014) are ~ rendered the conduit opening inaccessible.

evidence of connection to the englacial drainage system at that In April 2014 pond J had an area of 3,980 m? and, as in
water level, and suggest that drainage played a role in the water =~ 2013, encompassed both depressions and spanned nearly the
level lowering. complete width of the glacier tongue. By November 2014 the

In April 2014, pond I had a surface area of 880 m?. The  ponds area had declined to 1,570 m?, and occupied only the
pond was not within the UAV survey area for May 2014, but  northeast depression (Figure 8). The pressure transducer at pond
in November 2014 it had grown slightly to an area of 990 m? ] recorded an increase in temperature beginning 6 April, then
(Figure 7). Between October 2013 and November 2014 pond I's a sudden rise in water level (1.23 m) on 21 April. This was
water level lowered ~5 m (Figure 7b,c). During this period, the  followed by a steady, uninterrupted rise of 4.9 m over the next
basin expanded due to ice-cliff backwasting at the pond’s eastern ~ 48 days. The high water level in May 2014 prevented access
margin (as in 2013) and to the southwest of the pond, associated ~ to the water level logger, which ran out of memory before the
with the ice cliff and conduit segment that first appeared in  pond’s drainage. Field surveys in October and November of 2014
2013 (Figure 7b,c,e). The exposed portion of this conduit had  observed new relict conduits exposed at the surface, as in October
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2013, leading into the western pond depression from up-glacier  in the SPOT6 DEM, while the lowest portion of the glacier
(Figure 9d). The observed temperature increase in early April  surface drains unimpeded through five additional catchments
indicates the pond surface thawing. In mid-April, the suddenrise ~ (Figure 10). Closed catchments varied in size from 1,300 to
in water level corresponds to a displacement of at least 4,300 m®> 145,500 m?, with a median size of 10,600 m?. Within the 47
(Supplementary Material), which likely represents a structural  closed catchments, hydrological sinks often exceed 10 m depth
change in the pond’s vicinity rather than debris or water inputs. ~ below a surface outlet. All ponds observed in April and May
This sudden change is precisely aligned with the maximum water ~ 2014 coincided with surface sinks, but sinks occurred in many
level at pond C for 2014, in the afternoon of 21 April (Figure 4).  locations without any ponding identifiable from the orthomosaic
Subsequently, the pond C water level dropped over ten days  imagery or from field surveys. Eleven of the closed catchments
(estimated pond volume change of 1600 m> based on the May ~ (23%) contained ponds visible in the April 2014 orthoimagery
2014 DEM) before switching into a gradual decline, while pond  (Figure 10).

J's volume increased by an estimated 6,000 m? over the following The surface catchments are largest and sinks are deepest in
day, and experienced a continuous water level increase until at  the upper portion of the glacier, where ponds are also larger in
least June (Figure 4). We interpret this behavior as a blockage in ~ surface area. Focusing on the May 2014 UAV survey area, where
the drainage network linking ponds C and J on 21 April. Sucha  most of our observations were made, 23 closed catchments were
blockage (likely in the vicinity of pond ] and associated with the  identified (Figure 10). Seven of these contained ponds in the
large displacement on 21 April) not only initiated the backup of =~ April and May 2014 orthoimages (30%), while five additional
water in pond J, but also cut off the supply of water to pond C,  catchments contained ponds mapped in the May 2014 field

allowing it to drain until its return to a local hydraulic level. survey (total of 12 ponds, 52%). All observed ice cliffs, excepting
the glacier terminal cliff, directly bordered ponds in at least one
3.2. Surface Drainage Analyses image. Surface streams were identifiable in the field survey in

Considering catchments to be closed if they contain a sink more  eight of the 23 catchments, three of which contained ponds in
than 3 m below an outlet, we delineate 47 closed catchments  the sinks. None of the surface streams had a well-defined incised
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FIGURE 9 | Examples of englacial conduits exposed near ponds: (a) the drainage of pond J exposed a complex of conduits at the ice cliff base in October 2013,
(b) a phreatic conduit was exposed near former pond A in May 2014, (c) ice-cliff backwasting near pond | revealed conduit segments by May 2014, and (d) by
October 2014, the drainage of the western portion of pond J revealed conduit segments which may have connected to the conduit in (a).

channel; instead, they were flowing through or on top of the Allowing all sinks to fill and spill over allows a possible surface
debris matrix. Sub-debris discharge was documented in seven of ~ drainage network to be delineated (Figure 11). By this method,
the 23 closed catchments, five of which contained ponds and two ~ the glacier surface routes water into two principal drainage
of which showed no ponded water. pathways. The first (D1) captures all water inputs from the
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glacier headwall and runs down the center of the glacier linking
the principal surface depressions and cliff/pond systems in a
meandering pathway. The second system (D2) runs down the
true right side of the glacier in a path parallel to the lateral
moraine with few deviations before draining into D1.

3.3. Hydrological Field Survey

The field survey extended across roughly the same region
surveyed by the UAV and terrestrial orthomosaics, an area of
approximately 0.48 km? (Figure 10). Within this area, ponded
water was observed in 20 locations, eight of which were
observable in the April 2014 SPOT6 imagery and the remainder
were less than 10 m? in area (too small to be identified with
confidence in the imagery). Flowing water was observed visibly
in 51 locations, mostly as small streams with a low discharge (32
locations), sometimes as small streams with moderate discharge
(17 locations), and in two locations as large supraglacial streams
near the terminus. None of these surface streams extended
for more than a few metres before submerging beneath the
debris; few remained audible for more than a few metres beyond
submergence. In addition, flowing water was detected audibly
beneath the surface in a further 36 locations. By comparison
with the sound of the surface streams, we consider these to
contain low or moderate discharge. Finally, in 3 locations,
significant deposits of wet, fine sediments were observed within
topographic depressions, suggestive of ponded water that had
recently drained.

Relict englacial conduits were exposed at the glacier surface in
several locations throughout the study period in varying states of
preservation (Figure 9). Some presented a circular opening at the
glacier surface with a complete roof; others presented an ice wall
on one side with occasional ice arches spanning the channel. They
were always located in close proximity to a supraglacial pond,
whether filled or recently drained (Figure 10).

4. DISCUSSION

4.1. Patterns and Implications of Pond
Change

Rises in water level at ponds began in March-May, when
warm air temperatures thaw ponds and lead to meltwater
production across the glacier (Figures 3, 4). At this time, ponds
are not likely to be connected to the englacial network in an
efficient manner, so surface routing of this meltwater leads to
depression flooding and associated area increase. Conversely,
sharp water level declines clearly associated with drainage were
documented in April (pond C, 2014), June (pond J, 2013), and
later (pond J, 2014). Thus, we infer that pond seasonality is
derived from the timing of mechanisms that decrease drainage
efficiency vs. those that increase efficiency. Mechanisms that
decrease englacial drainage efficiency could be progressive
(conduit creep closure), seasonal (freezing of sediments or icy
matrix in conduits in winter), or sudden (conduit collapse).
However, the primary driver that increases drainage efficiency
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(water and heat supply) is strong during the premonsoon
and monsoon, but negligible at other times. Consequently the
englacial drainage system is likely to be most efficient after the
monsoon, when conduits have been opened by peak meltwater
supply and ponds have established efficient connections, leading
to reduced perched pond area late in the year (Miles et al,
2017a; Narama et al.,, 2017). Englacial drainage efficiency seems
to decline over winter, implying that conduit blockage events
are common, or possibly that prior conduit openings are no
longer accessible due to water level lowering. Englacial drainage
conditions at the beginning of the premonsoon are likely to
be at their least efficient when water supply increases. There
are strong parallels between this pattern and the seasonal
development of drainage networks for clean-ice glaciers, which
also undergo a cycle of inefficient to efficient englacial and
subglacial drainage from winter to summer (Nienow et al.,
1998).

Over the monsoon, each pond experiences a net lateral
translation and water-surface lowering, regardless of whether
it drains or not (Figures 5-8). The lateral translation is in
the direction of ice-cliff backwasting (rather than glacier flow),

indicating that subaqueous melt occurs at least as quickly as the
horizontally-projected ice cliff melt (Miles et al., 2016). During
this period, subaqueous melt occurs at the vertical wall beneath
the ice cliff, but could also occur at the newly-exposed pond floor.
As the ponds observed in the postmonsoon occupy the area of
monsoonal ice-cliff backwasting, this zone is initially debris-free,
but experiences debris deposition as cliff backwasting mobilizes
the superimposed debris. The subaqueous melt area may also
penetrate beneath the ice cliff in the case of thermoerosional
notches (observed at nearly all ponds, Supplementary Material;
Rohl, 2008; Xin et al., 2011). This subaqueous melt translates the
ponded area laterally and vertically, while the density difference
between water and ice also lowers the pond water level as it
melts. Observed gradual water lowering rates are of the right
magnitude (~0.02 m d™!) to be accomplished by subaqueous
ablation (Supplementary Material). This background signal is
present despite relatively low pond temperatures (always <3°C),
suggesting high subaqueous melt rates for ponds in contact with
bare ice (e.g., Sakai et al., 2000; Benn et al., 2001; Rohl, 2008; Miles
et al., 2016), propagating coupled cliff-pond ablation hotspots
and promoting topographic variability.
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The water supply to the ponds is a combination of local
and distal sources. For some ponds, storage increases associated
with pond flooding are of the correct order of magnitude to be
explained by meltwater and precipitation from the local closed
catchment (Supplementary Material). However, the magnitudes
of diurnal decreases in water level are too great to be attributed
to subaqueous melt alone. This, together with the falls in water
level after precipitation events, indicates discharge from all
ponds even as they fill (except pond ] in 2014). Furthermore,
a heat budget approach accounting for diurnal fluctuations
in water temperature estimates higher inputs of water than
can be supplied by the local catchment (Miles et al., 2016),
suggesting an external supply. Finally, the concurrent initiation
of drainage at pond C and flooding at pond ] in 2014 is strong
evidence that these two features lie on the same drainage path,
further indicating distal supply of meltwater in this instance.
Consequently, we consider it likely that many ponds receive
water beyond the local catchment.

Pond drainage events occurred slowly in all three instances
documented by the water level loggers, spanning several days or
weeks (Figures 3, 4). This is in contrast to sudden drainage by
hydrofracture that has been documented for clean-ice glaciers
(e.g, Boon and Sharp, 2003; Das et al, 2008) and has
been hypothesized for Himalayan debris-covered glacier systems
(Gulley et al., 2009b; Benn et al., 2012). Instead, the observed
ponds appear to drain through porous debris which inhibits and
stabilizes discharge. The water likely drains into a preexisting
network of debris-choked conduits whose low slope, typical of
englacial conduits on Himalayan Glaciers (Gulley et al., 2009b),
would explain why drainage does not lead to runaway conduit
expansion.

4.2. Pond Persistence and Depression

Reutilization
The orthoimage-based pond area observations (Table 3) enable
us to calculate the persistence of individual ponds during the
study period (i.e., the period over which a pond is continuously
present, Miles et al., 2017b) by considering how many of the
orthoimages they appeared in. All four pond systems observed
in detail persisted through both monsoon seasons (persistence
> 2 years), while the smaller ponds (<200 m?) on the lower
glacier tongue (A, B, E, E G, H) were only observed in one pre-
monsoon season or the other. Other than size, common attributes
of the persistent ponds are that they were adjacent to ice cliffs
and the water level experienced an overall decline year to year.
These attributes are closely linked, as a prolonged and continuous
water level decline is an expression of subaqueous melt. Pond
persistence is important because it enables such ponds to absorb
excess energy and warm, leading to eventual subaqueous sub-
debris ablation and surface subsidence (Mertes et al., 2016).
Persistence in this case does not mean that the ponds did not
drain: ponds C and ] experienced repeated filling and drainage
in consecutive years, but only drained partially each time. It
is notable that the depressions are reutilized in consecutive
years, rather than the multi-year recurrence interval of ponds
investigated by Miles et al. (2017b); Benn et al. (2017). It has

been suggested that pond drainage by development of a new
englacial conduit connection should produce a hydraulically-
efficient drainage outlet (Gulley et al., 2009b; Benn et al., 2012).
For such a drained basin to be refilled, a significant outflow
impediment is needed, suggesting that mechanisms reducing
pond drainage efficiency are important even over seasonal
timescales. At Lirung Glacier, such mechanisms include englacial
conduit structural collapse (as inferred at pond J, 2014) or
debris deposition and freeze-on. It is unlikely that englacial
conduit creep closure is responsible, as such conduits are typically
shallow in depth (Gulley et al., 2009b). Sustained water level
lowering due to subaqueous ablation provides another possible
explanation, as it could render efficient outlets inaccessible. This
occurred at pond I during the study period; after flooding
and drainage in 2013, the efficient outlet (the englacial conduit
network) was above the ponds water level. In 2014, the
pond persisted and the water level continued to lower due
to subaqueous melt, as the prior efficient drainage path was
inaccessible.

4.3. Evidence of Supraglacial-Englacial

Connectivity at Ponds

The current conceptual model for perched pond development
suggests that ponds act as isolated features in an enclosed
basin until they drain (e.g., Mertes et al., 2016). However, our
observations of (1) surface depressions without ponding, (2) slow
englacial drainage, (3) surface water flow in locations without
a large source catchment, (4) a strong association of ponds
and exposed relict englacial conduits, (5) water level interaction
between distant ponds, and (6) diurnal variations in water
level associated with outflow discharge, suggest that ponds are
instead part of a coupled supraglacial and englacial drainage
system. This evidence suggests that ponds are the expression
of locally, temporarily reduced drainage efficiency in a network
with widespread surface-subsurface water exchange. Here, we
summarize these major pieces of evidence of supraglacial-
englacial connectivity.

Surface depressions, such as those identified in this study,
could be surface features inherited from differential surface
ablation, englacial conduit collapse, or prior ponding (Benn
et al, 2001), but must have an efficient englacial outlet
to prevent ponding. Of catchments delineated by 3 m
confining features, 77% had no ponded water, implying that
englacial openings are common features. Other sinks on
Lirung Glacier contain ponded water, but several meters
below a confining feature. The larger, deeper depressions were
more likely to contain ponded water (Figure 10). However,
there is no association between catchment area and ponding;
e.g., ponds at locations D, E, and I are contained within
depressions with relatively small surface catchments (all <
3,000 m?). These factors suggest connectivity between surface
depressions, likely following the lines of greatest hydraulic
gradient.

As previously discussed, the slow and repeated englacial
drainage of ponds C and ] provide important evidence that
ponds act as an inefficient connection between the surface and
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englacial drainage networks. Specifically, for our instrumented
ponds, we found no evidence of rapid drainage events (duration
of minutes to days), which would be expected for development of
a new connection to the englacial network (Gulley et al., 2009b).
Instead, drainage was via inefficient conduits, which likely
followed pre-existing englacial pathways that had undergone a
seasonal reactivation.

Field observations of glacier surface hydrology were spatially
intermittent, but were closely aligned to modeled drainage
pathways (Figure 10). However, some observations of surface
water flow did not align with modeled flowpaths or appear with a
small catchment area (yellow circles in Figure 10). Furthermore,
one of the two high-volume surface flows observed was not
aligned with a major flowpath, but did lie adjacent to very fine
sediments and to a very small pond in an isolated catchment.
These observations suggest that this was a relict pond depression
(Mertes et al., 2016), and likely part of a former larger stream-
pond system. The visible surface flow was comparable to the
discharge observed at the glacier’s terminus. The lack of local
supply and association with a relict pond provides further
support for supraglacial-englacial water exchange, and for the
dynamic nature of the system.

Relict englacial conduits were regularly observed at the glacier
surface leading into pond depressions. Such conduits were
exposed by pond water level lowering, ice-cliff backwasting,
and roof collapse, supporting previous suggestions that perched
ponds are conduit-collapse structures located along englacial
drainage pathways (Sakai et al., 2000; Benn et al., 2001, 2012).
The number and length of segments exposed over two ablation
seasons in a relatively small area suggests a high density of
conduits, accounting for considerable englacial void space.

Another piece of evidence already discussed is our observation
of interaction between the water levels of ponds C and ] in early
2014, which clearly indicates that these ponds were not isolated
features. Specifically, these records suggest that background
discharge from pond ] was draining into pond C until a major
structural change impeded this discharge, allowing pond C to
drain.

Finally, analysis of diurnal and episodic fluctuations in
pond water level provide further evidence of supraglacial-
englacial connectivity. Diurnal fluctuations have been previously
attributed to the timing of pond water supply and discharge
(Benn et al., 2017; Horodyskyj, 2017). Our calculations support
this interpretation, as the magnitude of daily lowering is
too great to be attributed to subaqueous melt alone. When
precipitation events lead to rises in water level, they are followed
by declines, indicating discharge during this period. In other
cases, however, precipitation does not lead to any change in
water level, suggesting a spillway control on water level or runoft
diversion.

4.4. Surface and Subsurface Drainage
Networks on Lirung Glacier

On debris-covered glaciers, surface drainage pathways may be
closely tied to englacial pathways through shared history and
evolution (Gulley, 2009; Immerzeel et al., 2014; Benn et al., 2017).

Extending an englacial conduit-collapse hypothesis through
time for a glacier experiencing sustained surface lowering,
surface depressions will largely follow relict englacial conduits
(Kirkbride, 1993; Immerzeel et al., 2014). As the debris surface
becomes hummocky with disconnected surface drainage basins
(Benn et al., 2017), supraglacial flowpaths will converge to these
relict englacial paths. In the case of Lirung, which has no terminus
flow impediment to maintain an elevated hydraulic base level,
the evolution of such depressions is expressed through the
surface-subsurface exchange of water to link collapsed conduit
depressions via relict segments. Thus, drainage routes can bypass
the confining surface elements, defining a flowpath that follows
former englacial pathways. Assuming englacial outlets for closed
surface depressions, we infer the position of englacial conduits
to connect these depressions to adjacent basins, also making use
of the exposed conduit segments observed in the hydrological
survey (Figure 11).

Based on the evidence of surface-subsurface connectivity
at ponds and the convergence of supraglacial and englacial
drainage networks, we can integrate our observations with
conduit-formation mechanisms identified by other studies to
generate a conceptual model of Lirung Glacier’s combined
surface and near-surface drainage network. The uppermost
region of Lirung Glacier’s tongue is now reconstituted from
avalanched ice and inherits no internal permeability from the
headwall. Water routed onto the surface here, or melted locally
due to the thin debris, is likely intercepted by a series of
crevasses (Figure 11), which open due to the complex stress
regime of competing avalanche cones (Ragettli et al., 2015).
These crevasses (photograph in Supplementary Material) provide
permeability for the glacier; while open, the water they collect
may hydrofracture to form an initial englacial drainage system,
and when closed they provide secondary permeability for
subsequent exploitation (Gulley et al., 2009b). Down-glacier of
the crevassed region, the debris-mantled surface is characterized
by large, deep depressions (Figure 11). With limited inherited
englacial permeability, these depressions collect large quantities
of water before draining, either englacially by exploiting the
crevasse-related secondary permeability (Gulley et al., 2009b) or
superficially by spilling over to incise a cut-and-closure channel
(Gulley et al., 2009a). Modeling by Jarosch and Gudmundsson
(2012) suggests that channel incision and roof closure can
happen rapidly in time and space; this process may still be
active in the upper parts of the glacier. Further downglacier,
in our primary study area, ponds are generally confined by ice
cliffs (Table 3). This area inherits internal permeability from
the englacial conduits that have been advected downglacier.
Glacier thinning has led to intersection of the glacier surface
with englacial conduits, which then fragment the surface into
closed drainage basins (Benn et al., 2017). Ponds form at these
intersections as an intermittent expression of reduced drainage,
capturing water routed into the local depression and absorbing
atmospheric and radiative energy on a seasonal basis, which can
be delivered englacially if drainage efficiency increases (Miles
et al., 2016).

The two major flowpaths identified in Figure 11 have very
different characteristics, highlighting the variable role of water
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supply and routing to modify this system. Flowpath D1 is
characterized by a series of ponds deep within depressions
intersecting the shallow englacial network and impeding water
at the surface. Drainage for these ponds is predominantly
englacial. This flowpath captures the majority of supraglacial and
near-surface englacial discharge, leading to enhanced englacial
ablation and promoting the formation of further depressions
downglacier. Flowpath D2 is instead characterized by a single
large depression upglacier and a very small pond downglacier,
which, unlike the ponds along D1, is not located in a depression.
Although it may once have collected surface melt and runoff from
the western accumulation area, it is now cut off from that supply
and has a much smaller catchment area than D1. This path may
follow a relict conduit, but due to the lower water supply, little
water is rerouted to the surface; the supraglacial and englacial
systems are isolated, similar to the submarginal conduits inferred
at Ngozumpa Glacier (Thompson et al., 2016). As noted by Benn
et al. (2017), such relict conduits are sporadically reactivated due
to the development of flow impediments. Thus, the pronounced
changes and opening of an englacial conduit at pond D in 2014
may be the reactivation of part of D2’ englacial conduit due
to the drainage of pond ], and a secondary consequence of the
interaction between ponds C and J.

5. CONCLUSIONS

Making use of field surveys, pressure transducer records and
high-resolution orthoimages and DEMs, we have documented
the dynamics of several supraglacial ponds at Lirung Glacier
in 2013-2014. The data are synthesized to examine pond-
proximal processes and the role of ponds in the supraglacial
and englacial hydrological system. The primary conclusion of
our analysis is that supraglacial ponds provide a continuous
but inefficient interface between the supraglacial and englacial
drainage networks for this thinning debris-covered glacier.

Total ponded area and the areas of individual ponds are
higher in the pre-monsoon than post-monsoon, in agreement
with other studies (Watson et al., 2016; Miles et al., 2017b;
Narama et al., 2017). Melt-season increases in drainage efficiency
lead to a gradual reduction in ponded area and produce the
observed seasonality of pond cover. Within the general pattern
of seasonal drainage, differences in pond-proximal processes and
the balance of inflows and outflows lead to distinct patterns
of filling, stability, and drainage for the four ponds that we
have analysed in detail. In all cases, ponds drained englacially
and relatively slowly. This, and the seasonal refilling of surface
depressions observed at two ponds shows the importance of
conduit blockage processes operating over seasonal timescales
(Gulley et al., 2009b). Analysis of water level records shows that
year-on-year water level lowering is common for ponds that
persist multiple years, due to the combination of subaqueous
ablation and partial drainage events. Episodic precipitation,
debris capture, and structural changes interrupt the seasonal rise
and fall of water level associated with flooding and drainage,
but diurnal fluctuations and post-rainfall water level declines
indicate continuous inefficient pond discharge, in agreement

with Miles et al. (2016). Our analysis additionally indicates that
ponds are partially fed by water from beyond the local catchment,
suggesting an englacial transport route for both inflows and
outflows.

An hypothesis of surface-subsurface connectivity across the
glacier is further supported by our hydrological survey and DEM-
based catchment and drainage network analysis. The field survey
revealed discontinuous segments of surface and sub-debris
discharge and also documented the exposure of relict englacial
conduits adjacent to many ponds, while a DEM-based drainage
analysis identified closed surface depressions across the glacier
surface. Catchments for such depressions rarely exceed 10,000 m?
in area, but surface discharge and evidence of recent ponding
were observed even in the very small catchments. Observed
water flow generally aligned with the modeled flowpaths, but
the exceptions highlight likely englacial transport pathways.
Our documentation of the interaction between certain ponds
in 2013 and 2014 provides further evidence of distal transport
of water through a combined surface and englacial route. The
close association of ponds and exposed relict englacial conduits
further strengthens the hypothesis of conduit-collapse as a
formation mechanism for surface depressions (Kirkbride, 1993;
Sakai et al., 2000; Benn et al., 2012) and supports the notion
that englacial conduits are the dominant drainage route for
supraglacial ponds (Gulley et al., 2009b; Mertes et al., 2016).
Such perched ponds can experience repeated seasonal filling and
drainage, representing temporally-varying efficiency of discharge
into conduits. For Lirung Glacier, such conduits may form by
diverse mechanisms in the upper debris-covered tongue. This
permeability is inherited and exploited downglacier as surface
drainage pathways converge on englacial portals. Consequently,
the ponds of Lirung Glacier act as the bottlenecks of a co-
evolving supraglacial and englacial drainage network which
exhibits widespread surface-subsurface exchange of water.
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