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Runoff from high-elevation debris-covered glaciers represents a crucial water supply for millions of
people in the Hindu Kush-Himalaya region, where peak water has already passed in places. Knowledge
of glacier thermal regime is essential for predicting dynamic and geometric responses to mass balance
change and determining subsurface drainage pathways, which ultimately influence proglacial discharge
and hence downstream water availability. Yet, deep internal ice temperatures of these glaciers are
unknown, making projections of their future response to climate change highly uncertain. Here, we
show that the lower part of the ablation area of Khumbu Glacier, a high-elevation debris-covered glacier
in Nepal, may contain ~56% temperate ice, with much of the colder shallow ice near to the meltingpoint temperature (within 0.8 °C). From boreholes drilled in the glacier’s ablation area, we measured a
minimum ice temperature of −3.3 °C, and even the coldest ice we measured was 2 °C warmer than the
mean annual air temperature. Our results indicate that high-elevation Himalayan glaciers are vulnerable
to even minor atmospheric warming.
A glacier’s thermal regime exerts a strong influence on its dynamics, mass balance, and thus its response to climatic change – a particular concern with rising atmospheric temperatures1,2. Temperate glacier ice (defined as
ice at the melting-point temperature, Tm) yields greater ice velocities than cold ice (below Tm), both through the
more rapid deformation of warmer ice under a given stress, and through basal motion, which is facilitated by the
presence of meltwater at the ice-bed interface and within subglacial sediments, if present3,4. Temperate ice will
also exhibit enhanced ablation rates and yield greater proglacial discharge than cold ice, aided by the increased
importance of a subglacial drainage system to evacuate meltwater5. Millions of people in the foothills of the
Hindu Kush-Himalaya region depend on glacier melt as part of their water resources6, yet measurements of
the internal characteristics and dynamics of mountain glaciers, particularly their internal temperature field, are
scarce. At higher elevations, rising surface temperatures may cause peak meltwater to elapse in the next 30 years,
leading to a long-term reduction in the glacial contribution to downstream water resources1,2,7. It is therefore
increasingly important to determine glacier thermal regimes to better forecast 21st Century glacier retreat and
meltwater production.
Most spatially-distributed numerical models of Himalayan glacier motion include only an unrefined representation of glacier dynamics8 while, to our knowledge, none includes an empirically-constrained thermal
regime1,9,10. The only higher-order dynamic model that has been applied to a debris-covered Himalayan glacier11
calculated englacial and subglacial temperatures by solving for thermal fluxes12 that were estimated in the absence
of field data. Consequently, predictions of future mass loss vary and contain large uncertainties; for example, projections of glacier mass loss in the Everest region by 2100 range between 10% and 99%9–11.
Debris-covered glaciers have a more complex surface topography and differing mass loss processes compared
to clean-ice glaciers13,14, complicating direct measurement of internal ice temperature. Seasonal variations in
subglacial hydrology inferred from satellite-derived surface velocities suggest the presence of temperate ice at
the base of high-elevation debris-covered glaciers15,16. Limited field measurements of ice temperatures have been
made, but only reached shallow depths (<~20 m) where ice temperature is influenced by seasonal variations in air
temperature17. Measurements in this zone do not therefore reflect longer-term and deeper ice temperatures. For
1

Centre for Glaciology, Department of Geography and Earth Sciences, Aberystwyth University, Aberystwyth, UK.
School of Geography, University of Leeds, Leeds, UK. 3Department of Environmental Science and Engineering,
Kathmandu University, Kathmandu, Nepal. 4Department of Geography, University of Sheffield, Sheffield, UK.
Correspondence and requests for materials should be addressed to K.E.M. (email: kam64@aber.ac.uk)
2

SCiENtifiC REPOrTS |

(2018) 8:16825 | DOI:10.1038/s41598-018-34327-5

1

www.nature.com/scientificreports/

Figure 1. Location map of Khumbu Glacier (a) showing the drill sites (blue diamonds) and relevant
information about each site from field observations (debris thickness ranges are estimated from field
observations). The approximate position of the 1974 Mae drill site18 is also marked (green triangle), with villages
and Mt. Everest shown for reference (yellow stars). The background image is a RapidEye scene49 obtained on
23.02.2017. Contours were created from the 2015 SETSM DEM50 and are at 20 m intervals; each 100 m contour
within the ablation area is shown in bold from 5,000–5,900 m a.s.l. Inset (b) shows an image from Site 3 to
demonstrate the glacier surface in the upper part of the ablation area (person drilling shown for scale, image
taken by K.M.); inset (c) shows the location of the field site (red circle) within Nepal, including the glacierised
area across Nepal from the Randolph Glacier Inventory51.

example, a single temperature measurement of −5.3 °C was made at 2.7 m depth on Khumbu Glacier in 197418;
drilling reached 20.3 m depth where the borehole froze shut, which was interpreted to indicate a perennially cold
shallow ice zone19. A shallow borehole drilled on Rongbuk Glacier (located north of Mt. Everest) in 1966 gave an
ice temperature of −4 °C at 3 m depth and −2.1 °C at 10 m depth; this gradient was used to infer temperate ice at
depth for other glaciers south and east of Mt. Everest that are at slightly lower elevations20. Ice temperatures have
been modelled for East Rongbuk Glacier and matched to empirical measurements from three boreholes21: one
from ice core analysis high in the accumulation area22, the other two from shallow boreholes in the ablation area,
but no other methodological data were provided21. More recent work on four high-elevation Himalayan glaciers
found that ice temperature on the Gyabrag Glacier (north-west of Mt. Everest) was −8.0 °C at a depth of 10 m,
~3–4 °C warmer than the mean annual air temperature (MAAT)23. However, temperatures remain unknown
below the shallow seasonally-influenced layer, particularly at depths where the thermal conditions would be most
relevant for modelling ice flow.
Here, we present ice temperature profiles measured along Khumbu Glacier, which originates high on the
Nepali side of Mt. Everest and currently terminates at ~4,850 m a.s.l. (Fig. 1). Boreholes were drilled in May 2017
at three locations along the glacier’s ablation area; the deepest at each site was instrumented with a thermistor
string (see Methods). At Site 1, the 45.5 m deep borehole was instrumented with nine thermistors; at Site 2, the
22.6 m deep borehole was instrumented with five thermistors; at Site 3, the 132 m deep borehole was instrumented with eleven thermistors. Data were retrieved in October 2017 having recorded englacial ice temperatures
during the monsoon and post-monsoon periods24,25. Our thermistor naming convention (e.g. S1_5.0) has two
parts: ‘S*’ refers to the site; the suffix denotes the depth (in metres) of each thermistor below the surface.
Borehole temperature time series (Fig. 2) show an initial decrease in temperature measured by all thermistors at Sites 2 and 3, and the uppermost thermistor at Site 1 (S1_5.0), which we interpret as the freezing of each
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Figure 2. Time series of temperatures measured by each borehole thermistor string for: (a) Site 1; (b) Site
2; and (c) Site 3. Star symbols are used to show data in panel c because malfunctioning equipment resulted
in some missing data (interpolated using dotted lines); however, all freezing curves were captured. Note the
different axis limits on each panel. Thermistors are colour-coded by depth. The small diurnal signal recorded
by the thermistors at Site 2 (b; <±0.06 °C variation), and to a lesser extent the other two sites (a,c; <±0.03 °C
variation), results from battery voltage noise from the solar regulator operating during daylight hours. Our
thermistor naming convention (e.g. S1_5.0) has two parts: ‘S*’ refers to the site at which the borehole was
drilled; the suffix denotes the depth (in metres) of each thermistor below the surface.

thermistor into the borehole as the heat injected during drilling is dissipated26. Beneath this curve, thermistors
settle towards the undisturbed temperature of the surrounding ice26,27. Ice temperatures range from −0.47 °C
(S1_5.0) to −3.3 °C (S3_24.6). Ice is warmer at Site 1 than Site 3, and in general becomes warmer with depth along
each borehole. The uppermost thermistors at Sites 2 and 3 (S2_2.6 and S3_4.7) record increasing temperatures
between June and mid-October.
Undisturbed ice temperatures were calculated for each thermistor that showed a freezing curve, and are presented in Fig. 3 with the expected Tm (see Methods). Ice temperatures are generally colder near to the glacier surface and increase approximately linearly with depth (Site 2 R2 = 0.9206; Site 3 R2 = 0.9996). All ice temperatures at
Site 3 (Fig. 3c) are colder than the coldest measured at Site 2 (Fig. 3b), which are very close in temperature to Tm
(a conservative estimate; see Methods). These temperatures are plotted along Khumbu Glacier from the icefall to
the terminus (Fig. 4), illustrating the general increase in the temperature field both with depth and towards the
terminus. The estimated cold-temperate transition surface (CTS; see Methods)28 is included to show the extent of
cold and temperate ice within the ablation area.
At Sites 2 and 3, freezing curves initiate within 3 days of thermistor installation due to the rapid dissipation
of heat within cold ice (Fig. 2). In contrast, thermistors between 15 and 45.3 m depth at Site 1 show no freezing
curves over the 17 days of data available (Fig. 2a) before the cable ruptured due to debris movement, and are interpreted to have recorded only water temperature during this period. We can, however, infer that the ice between
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Figure 3. Vertical ice temperature profiles for each borehole thermistor string at: (a) Site 1; (b) Site 2; and
(c) Site 3. Note the different axis limits on each panel. Error bars indicate estimated uncertainty in thermistor
temperatures (horizontal), which are accurate to ±0.05 °C at 0 °C, and depths (vertical; see Methods). Panel (a)
shows additional error bars in red to indicate the potential ice temperature range of the thermistors that did
not freeze in and only recorded the borehole water temperature (as they did not freeze in before S1_5.0, the ice
is inferred not to be colder than the ice around this thermistor; see Text). A dashed line indicates the meltingpoint temperature (Tm; see Methods). Thermistor naming convention is outlined in Fig. 2, and the thermistor
colour-coding by depth matches that in Fig. 2. The grey bands mark the 10 m shallow ice layer that is expected
to be influenced by seasonal variations in air temperature17.

thermistors S1_15.0 and S1_45.3 is warmer than that around the uppermost thermistor at Site 1 (S1_5.0); if the
deeper ice were as cold, these thermistors would have frozen in over a similar time frame. The potential temperature ranges for ice at the depths of these thermistors is indicated by the red range bars in Fig. 3a. All are warmer
than −0.46 °C (S1_5.0), and we thus expect this ice to be very close to, or at, Tm29.
The ice surrounding the uppermost thermistors at Sites 2 and 3 (S2_2.6, S3_4.7, and S2_12.6 to a much smaller
degree) is influenced by seasonal air temperature variations, responding to rising air temperatures through the
monsoon (the greater depth of S2_12.6 results in a lag, with warming only beginning in September). Therefore,
despite the debris layer, at least the uppermost 10 m of the ablation area is notably influenced by seasonal surface
temperatures17, similar to clean-ice glaciers23,30. The uppermost thermistor at Site 2 (S2_2.6) is most strongly seasonally influenced, reflecting its shallow location and thinner overlying debris layer (Fig. 1), showing a temperature increase of ~1 °C from June to October (Fig. 2b). The sharp rise and more gradual fall in temperature towards
the end of July is likely a result of water breaking into the borehole near this thermistor, possibly through a crack,
and subsequently either seeping out the borehole or, more likely, cooling and freezing within it.
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Figure 4. Illustrative long profile of Khumbu Glacier showing the ice temperature values recorded by each
thermistor within the three boreholes. The ice surface from the 2015 SETSM DEM50 was plotted along the
approximate centreline of the glacier (blue line), with the modelled surface debris layer11 indicated by a grey
line. A blue dashed line has been used to indicate the local borehole elevations in May 2017. It should be
noted that the Site 1 borehole was drilled off the centreline, between two supraglacial ponds in a large surface
depression. The bed depth was estimated using the SETSM DEM and modelled ice thicknesses11 and is plotted
with a brown dotted line; the proglacial extent was interpolated between two measured points. It is not known
whether the Site 1 borehole reached the bed. The blue dashed MAAT isotherms were calculated from the 1994–
2013 lapse rate up the Khumbu Valley31. The CTS, estimated from the thermistor data, is plotted as a red dotted
line with cold ice above and temperate ice below.
Our ice temperature measurements reveal that Khumbu Glacier is polythermal; with cold ice in the upper part
of the ablation area and temperate ice at depth in the lower part of the ablation area (Fig. 4). The coldest ice temperatures were measured near the surface, but beneath a seasonally influenced upper layer of ~10 m depth. The
temperature reversal at the base of the Site 2 borehole (Fig. 3b) may contradict the latter point if the temperature
continues to decrease beyond our borehole depth. Indeed, similar minor reversals have been reported elsewhere,
but with no explanation27. If this overturning is real, the mechanism remains to be explained, but is most likely to
be related to the advection of a relatively cold ice layer.
Assuming that the ice does remain temperate to the bed, we estimate that the CTS is at 20 m depth (or shallower)
at Site 1, 31 m depth at Site 2, and 255 m at Site 3. This suggests a substantial layer of temperate ice, similar to
results from lower-elevation valley glaciers elsewhere in the world17,27,29. The temperate layer on Khumbu Glacier
would thus comprise ~56% of the ablation area ice volume (Site 3 to terminus). The accumulation area of Khumbu
Glacier is above 6,200 m a.s.l. in the Western Cwm of Mt. Everest where the MAAT is below −9 °C31. Thus, ice
is expected to form at or below −9 °C, as on the northeast side of Mt. Everest22. As this cold ice is advected
downglacier, it will be warmed from below by geothermal heating, from above by warm air at lower elevations
(the Khumbu ablation area is between ~5,300 and 4,850 m a.s.l.), and from within by deformation, refreezing and
meltwater flow17,32,33. The emergence of ice in the lower part of the ablation area removes colder near-surface ice17.
These processes explain the generally increasing ice temperatures downglacier and at depth (Fig. 3).
Our near-surface thermistor located at Site 3 (S3_4.7) may be compared with the single nearby measurement
of −5.3 °C recorded at 2.7 m depth and at a similar time of year to our measurements (late November, with borehole drilled in August) in 197418. As this measurement was taken in the shallow ice layer affected by seasonal temperature variations, a temperature recorded in November (shortly following the warm season24) likely represents
close to the warmest temperature the ice reaches during the year. Our equivalent thermistor in this layer (S3_4.7)
recorded a minimum temperature of −3.1 °C in late June and a maximum of −2.3 °C in late October at the end of
the warm season (Fig. 2c). Assuming similar seasonal surface heat transfer to ~5 m depth in both 1974 and 2017,
comparison of these values could indicate a warming of the ice by ~2–3 °C in this area of the glacier in the 43 years
between the observations. However, the difference could also be a result of differences in ice advection pathways
between the sites, or measurement uncertainty (which is not presented for the Mae data).
Immediately below the uppermost layer, where ice is no longer influenced by seasonal surface temperatures,
the undisturbed ice temperatures are warmer than the MAAT by as much as 2 °C (Fig. 4) suggesting additional
warming of englacial ice beyond atmospheric heating inputs. Little is known about the thermodynamics of ice
transport through icefalls, but if the primary stratification is deformed or latent energy released as meltwater
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penetrates crevasses and refreezes34, this might partially explain the presence of warmer ice at depth farther
downglacier. Alternatively, amplified climate warming at high elevations1,2 may be penetrating deeper into the
glacier. Since ice located above the CTS at Site 2 was within 0.8 °C of Tm, and at Site 1 all measurements were
within 0.5 °C of Tm (Fig. 3), it is highly likely that towards the terminus the ice temperature is near, if not already
at, Tm. This is despite the supraglacial debris layer acting to insulate shallow ice temperatures from atmospheric
warming. However, the presence of supraglacial ponds35,36 hosting bare-ice cliffs, which are subject to thermal
erosion37, appears to at least counteract the insulating effect of the surface debris layer at Khumbu Glacier.
Our measurements of the thermal regime of Khumbu Glacier have important implications for the future of
Himalayan glaciers. Temperate shallow ice located near the terminus, where there are already increasingly large
areas of supraglacial ponds36, could contribute to more rapid pond expansion29,38, increased ice mass loss and
water storage within the supraglacial hydrological system39,40. If high melt rates continue, the CTS may become
shallower as the volume of temperate ice expands, resulting in more energy absorption contributing directly to
melt rather than warming cold ice. A layer of warm ice at depth, particularly if it extends to the bed, would allow a
widespread englacial and/or subglacial drainage system to persist, potentially enhancing glacier velocity, ablation
and water storage, all of which would influence downstream water delivery.
Our analysis of borehole-based ice temperatures within Khumbu Glacier indicates a polythermal regime with
~56% of the ice column being temperate in the lower 8 km of the ablation area. Even in the upper part of the
ablation area, ice temperatures are no more than 3.5 °C colder than Tm, are up to 2 °C warmer than the MAAT
and may be ~2 to 3 °C warmer than ~40 years ago. These data are the first of their kind for this region and for any
debris-covered glacier, and will improve predictions of glacier response to climate change and their contribution
to downstream water resources. The prevalence of temperate and warming ice at high elevations, even beneath
thick supraglacial debris, indicates that these glaciers are highly vulnerable to 21st Century climate warming.

Methods

Data collection - boreholes. Thirteen boreholes were drilled into Khumbu Glacier in May 2017 at three
sites in the ablation area (Fig. 1) using a pressurised hot-water drilling system41 adapted for operation at high elevations. Sites were selected based on proximity to a water supply (a supraglacial pond) and a thin (<0.5 m) local
debris layer that could be cleared prior to drilling. At Sites 1 (2 boreholes) and 2 (ten boreholes), drilling ceased
due to the presence of debris in the borehole. At Site 1, we believe that the drill may have reached the bed, but this
is difficult to confirm with the available observations. At Site 2, ten boreholes were drilled to 12–22 m depth at
locations with surface elevation varying by ~10 m, suggesting a spatially extensive and possibly continuous debris
layer beneath the surface. The borehole at Site 3 was drilled to the maximum length achievable (~155 m) with our
equipment at 5,200 m elevation. Borehole inclinometry revealed that it was drilled off-vertical (reading a maximum of 30° at the base). Thus, although the borehole length was 155 m, the depth of the borehole base was 132 m
beneath the glacier surface. The sensor depths presented here have been corrected to reflect the true depth (rather
than borehole length). Inclinometer data were not available for the boreholes at Sites 1 and 2, but the deviation at
Site 3 is lower towards the surface so no thermistor at Sites 1 or 2 is likely to be more than ~1 m in error.
Data collection - thermistors. The longest borehole at each site was selected to be instrumented with
strings of thermistor sensors. The thermistor string contained negative temperature coefficient thermistors
(Honeywell UNI-curve 192-502-LET-AOI) connected by a multicore cable, spaced more closely at depth. Higher
up the cable, thermistors were spaced more evenly (typically 10–20 m apart) according to the expected length of
the borehole which was based on measured42 and modelled11 ice thicknesses. Thermistor resistance was measured every 10 minutes with Campbell Scientific CR1000 data loggers, using a half-bridge relative to a precision
reference resistor with a low temperature coefficient (15 ppm/°C). Resistance was converted to temperature using
a Steinhart and Hart43 polynomial fitted to the manufacturer’s calibration curve, with a further correction using a
freezing-point offset for each thermistor obtained from an ice-bath calibration. Previous studies using such thermistors44–46 suggest that with this secondary calibration, an accuracy of ±0.05 °C can be achieved. We therefore
consider the thermistors to be accurate to ±0.05 °C at 0 °C, but accept that this value represents an indication of
uncertainty rather than a maximum limit.
Uncertainty in vertical depth for each thermistor was estimated as the sum of error in the exact location of
cable splicing (±0.2 m) and cable stretch upon lowering into each borehole (+0.5% of sensor depth). These are
indicated in Fig. 3 as vertical error bars. The average depth uncertainty range was 0.66 m, with a maximum depth
uncertainty range of 1.05 m (sensor S3_130.6).
Undisturbed ice temperatures.

The undisturbed ice temperature for each thermistor that froze in
was estimated by taking the minimum of the running mean for one hour during the night (to avoid the slight
noise-related influence from solar charging during the day), late in the time series (to ensure the settled temperature was as close to the true temperature as possible). Some thermistors, for example at Site 2 (Fig. 2b), still
show a very slight cooling trend, but this is of the order of hundredths of a degree and is therefore not expected to
significantly change the undisturbed ice temperatures we calculate. For the uppermost thermistors at these sites
that were influenced by rising surface temperatures during the monsoon (S2_2.6 and S3_4.7), an hour during
the night at the lowest point of the freezing curve was used, before the temperature began to rise. At Site 1, the
CR1000 was detached from the thermistor string and removed from the site at the end of the May field season due
to developing slope instability near the borehole, relating to pond expansion. During the return trip in October, an
attempt was made to reconnect the strings to the CR1000, but the cable had been severed by debris and no further
data were collected from Site 1. Only the surface-most thermistor at Site 1 (S1_5.0) froze into the borehole, but
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the full settling curve was not captured before the CR1000 was removed. The undisturbed ice temperature of this
thermistor was calculated by using the following equation26,27 fitted to the raw thermistor data shown in Fig. 2a:


Q
 + T
T (t ) = 
0
 4πk(t − s) 

where T is the borehole ice temperature at time t, Q is the heat released by drilling per unit length of the borehole;
k is the thermal conductivity of pure ice at 0 °C (2.1 W m−1 K−1), T0 is the undisturbed ice temperature, and s is the
time in seconds until the start of the freezing curve.

Melting-point temperatures. The pressure-dependent melting-point temperature, Tm, was calculated at
the depth of each thermistor using the Clausius-Clapeyron equation of melting-point depression27,46:
Tm = Ttp − γ (ρ − ρtr )

where Ttp and ρtr are the triple point temperature (273.16 K) and the pressure of water (611.73 Pa) respectively, γ is
the Clausius-Clapeyron constant and ρ is the ice overburden pressure, which can be approximated as:
ρ = ρi g h

where ρi is the density of ice (900 kg m−3), g is the gravitational acceleration (9.81 m s−2) and h is the height
of the overlying ice column given here by sensor depth (m). Values of the Clausius-Clapeyron constant range
from that of pure (air-free) water/ice (0.0742 K MPa−1)30, a small content of soluble impurities and air within ice
(0.079 K MPa−1)47 to that for pure ice and air-saturated water (0.098 K MPa−1)48. These values were all tested for
the best match of each Tm to the freezing-point of each thermistor27: the constant for pure ice and air-saturated
water provided the closest fit and was used in the analysis here. However, the theoretical Tm values still differed
from the true freezing temperature of the thermistors by 0.04 to 1.1 °C, suggesting that a further factor depressed
the freezing-point. One possible explanation is the presence of solutes and impurities within the ice, the concentrations of which are currently unknown within Khumbu Glacier.

Cold-temperate transition surface. The values of Tm were used along with the undisturbed ice temperatures to estimate the CTS depth27,28,46. At Sites 2 and 3, a line of best fit through all the undisturbed thermistor
values (as presented in Fig. 3) beneath the surface 10 m was extended until it intersected Tm. Goodness-of-fit was
calculated to be R2 = 0.9206 for Site 2, and R2 = 0.9996 for Site 3. The CTS is interpreted to occur at this intersection of the extended best-fit line with Tm, and occurred at a depth of 255 m below the surface at Site 3, and
31 m below the surface at Site 2. To estimate the CTS depth at Site 1, a line of the same gradient as for Site 2 was
extrapolated from the mid-point of the error bar for the first thermistor below the seasonally-affected shallow ice
layer (S1_15.0). This line intersected Tm at 20 m depth. For reference, when a line of the same gradient as Site 3
was used, it intersected Tm at 30 m depth.

Data Availability

The datasets presented in this study are available for download from: https://doi.org/10.6084/m9.figshare.7165531.v1.

References

1. Kraaijenbrink, P. D. A., Bierkens, M. F. P., Lutz, A. F. & Immerzeel, W. W. Impact of a global temperature rise of 1.5 degrees Celsius
on Asia’s glaciers. Nature 549, 257–260 (2017).
2. Pepin, N. et al. Elevation-dependent warming in mountain regions of the world. Nat. Clim. Chang. 5, 424–430 (2015).
3. Glen, J. The Creep of Polycrystalline Ice. Proc. R. Soc. A Math. Phys. Eng. Sci. 228, 519–538 (1955).
4. Weertman, J. On the sliding of glaciers. J. Glaciol. 3, 33–38 (1957).
5. Irvine-Fynn, T. D. L., Hodson, A. J., Moorman, B. J., Vatne, G. & Hubbard, A. L. Polythermal Glacier Hydrology: A Review. Rev.
Geophys. 49, 1–37 (2011).
6. Immerzeel, W. W., van Beek, L. P. H. & Bierkens, M. F. P. Climate change will affect the Asian water towers. Science. 328, 1382–1385 (2010).
7. Huss, M. & Hock, R. Global-scale hydrological response to future glacier mass loss. Nat. Clim. Chang. 8, 135–140 (2018).
8. Ragettli, S., Immerzeel, W. W. & Pellicciotti, F. Contrasting climate change impact on river flows from high-altitude catchments in
the Himalayan and Andes Mountains. Proc. Natl. Acad. Sci. USA 113, 9222–9227 (2016).
9. Shea, J. M., Immerzeel, W. W., Wagnon, P., Vincent, C. & Bajracharya, S. Modelling glacier change in the Everest region, Nepal
Himalaya. Cryosph. 9, 1105–1128 (2015).
10. Soncini, A. et al. Future hydrological regimes and glacier cover in the Everest region: The case study of the upper Dudh Koshi basin.
Sci. Total Environ. 1084–1101, https://doi.org/10.1016/j.scitotenv.2016.05.138 (2016).
11. Rowan, A. V., Egholm, D. L., Quincey, D. J. & Glasser, N. F. Modelling the feedbacks between mass balance, ice flow and debris
transport to predict the response to climate change of debris-covered glaciers in the Himalaya. Earth Planet. Sci. Lett. 430, 427–438
(2015).
12. Egholm, D. L., Pedersen, V. K., Knudsen, M. F. & Larsen, N. K. Coupling the flow of ice, water, and sediment in a glacial landscape
evolution model. Geomorphology 141–142, 47–66 (2012).
13. Østrem, G. Ice Melting under a Thin Layer of Moraine, and the Existence of Ice Cores in Moraine Ridges. Geogr. Ann. 41, 228–230
(1959).
14. Thompson, S., Benn, D. I., Mertes, J. & Luckman, A. Stagnation and mass loss on a Himalayan debris-covered glacier: Processes,
patterns and rates. J. Glaciol. 62, 467–485 (2016).
15. Quincey, D. J., Luckman, A. & Benn, D. Quantification of Everest region glacier velocities between 1992 and 2002, using satellite
radar interferometry and feature tracking. J. Glaciol. 55, 596–606 (2009).
16. Benn, D. I. et al. Structure and evolution of the drainage system of a Himalayan debris-covered glacier, and its relationship with
patterns of mass loss. Cryosph. 11, 2247–2264 (2017).

SCiENtifiC REPOrTS |

(2018) 8:16825 | DOI:10.1038/s41598-018-34327-5

7

www.nature.com/scientificreports/
17. Blatter, H. On the thermal regime of an Arctic valley glacier: A study of White Glacier, Axel Heiberg Island, N.W.T., Canada. J.
Glaciol. 33, 200–211 (1987).
18. Mae, S., Wushiki, H., Ageta, Y. & Higuchi, K. Thermal Drilling and Temperature Measurements in Khumbu Glacier, Nepal
Measurements Himalayas. J. Japanese Soc. Snow Ice 37, 161–169 (1975).
19. Mae, S. Ice Temperature of Khumbu Glacier. J. Japanese Soc. Snow Ice 38, 37–38 (1976).
20. Academia Sinica. Basic features of the glaciers of Mt. Jolmo Lungma Region, Southern part of the Tibet Autonomous Region, China.
Sci. Sin. 18, 106–130 (1975).
21. Zhang, T. et al. Observed and modelled ice temperature and velocity along the main flowline of East Rongbuk Glacier, Qomolangma
(Mount Everest), Himalaya. J. Glaciol. 59, 438–448 (2013).
22. Hou, S. et al. Summer temperature trend over the past two millennia using air content in Himalayan ice. Clim. Past, Eur. Geosci.
Union 3, 89–95 (2007).
23. Liu, Y., Hou, S., Wang, Y. & Song, L. Distribution of borehole temperature at four high-altitude alpine glaciers in Central Asia. J. Mt.
Sci. 6, 221–227 (2009).
24. Bollasina, M., Bertolani, L. & Tartari, G. Meteorological observations at high altitude in the Khumbu Valley, Nepal Himalayas,
1994–1999. Bull. Glaciol. Res. 19, 1–11 (2002).
25. Shea, J. M. et al. A comparative high-altitude meteorological analysis from three catchments in the Nepalese Himalaya. Int. J. Water
Resour. Dev. 31, 174–200 (2015).
26. Humphrey, N. & Echelmeyer, K. Hot-water drilling and bore-hole closure in cold ice. J. Glaciol. 36, 287–298 (1990).
27. Ryser, C. et al. Cold ice in the ablation zone: Its relation to glacier hydrology and ice water content. J. Geophys. Res. Earth Surf. 118,
693–705 (2013).
28. Blatter, H. & Hutter, K. Polythermal conditions in Arctic glaciers. J. Glaciol. 37, 261–269 (1991).
29. Eisen, O., Bauder, A., Lüthi, M., Riesen, P. & Funk, M. Deducing the thermal structure in the tongue of Gornergletscher, Switzerland,
from radar surveys and borehole measurements. Ann. Glaciol. 50, 63–70 (2009).
30. Cuffey, K. & Paterson, W. S. B. The Physics of Glaciers. (Butterworth-Heinemann, 2010).
31. Salerno, F. et al. Weak precipitation, warm winters and springs impact glaciers of south slopes of Mt. Everest (central Himalaya) in
the last 2 decades (1994–2013). Cryosph. 9, 1229–1247 (2015).
32. Fisher, J. Internal temperatures of a cold glacier and conclusions therefrom. J. Glaciol. 18, 583–591 (1955).
33. Phillips, T., Rajaram, H. & Steffen, K. Cryo-hydrologic warming: A potential mechanism for rapid thermal response of ice sheets.
Geophys. Res. Lett. 37, 1–5 (2010).
34. Lliboutry, B. L., Briat, M., Creseveur, M. & Pourchet, M. 15 m deep temperatures in the glaciers of Mont Blanc (French Alps). J.
Glaciol. 16, 197–203 (1976).
35. Thompson, S. S., Benn, D. I., Dennis, K. & Luckman, A. A rapidly growing moraine-dammed glacial lake on Ngozumpa Glacier,
Nepal. Geomorphology 145–146, 1–11 (2012).
36. Watson, C. S., Quincey, D. J., Carrivick, J. L. & Smith, M. W. The dynamics of supraglacial ponds in the Everest region, central
Himalaya. Glob. Planet. Change 142, 14–27 (2016).
37. Miles, E. S. et al. Refined energy-balance modelling of a supraglacial pond, Langtang Khola, Nepal. Ann. Glaciol. 57, 29–40 (2016).
38. Stokes, C. R., Popovnin, V., Aleynikov, A., Gurney, S. D. & Shahgedanova, M. Recent glacier retreat in the Caucasus Mountains,
Russia, and associated increase in supraglacial debris cover and supra-/proglacial lake development. Ann. Glaciol. 46, 195–203
(2007).
39. Miles, E. S. et al. Pond dynamics and supraglacial-englacial connectivity on debris-covered Lirung Glacier. Front. Earth Sci., https://
doi.org/10.3389/feart.2017.00069 (2017).
40. Irvine-Fynn, T. D. L. et al. Supraglacial Ponds Regulate Runoff From Himalayan Debris-Covered Glaciers. Geophys. Res. Lett. 44(11),
894–11,904 (2017).
41. Hubbard, B. & Glasser, N. Field Techniques in Glaciology and Glacial Geomorphology. (Wiley, 2005).
42. Gades, A., Conway, H., Nereson, N., Naito, N. & Kadota, T. In Debris-Covered Glaciers (eds Nakawo, M., Raymond, C. F. & Fountain,
A.) 264, 13–22 (International Association of HydrologicalSciences, 2000).
43. Steinhart, J. S. & Hart, S. R. Calibration curves for thermistors. Deep Sea Res. Oceanogr. Abstr. 15, 497–503 (1968).
44. Iken, A., Echelmeyer, K., Harrison, W. & Funk, M. Mechanisms of fast flow in Jakobshavns Isbrae, West Greenland: Part I.
Measurements of temperature and water level in deep boreholes. J. Glaciol. 39 (1993).
45. Bayley, O. D. R. Temperature of a ‘temperate’ alpine glacier: Glacier de Tsanfleuron, Switzerland. PhD Thesis (2007).
46. Doyle, S. H. et al. Physical Conditions of Fast Glacier Flow: 1. Measurements From Boreholes Drilled to the Bed of Store Glacier,
West Greenland. J. Geophys. Res. Earth Surf. 123 (2018).
47. Lüthi, M., Funk, M., Iken, A., Gogineni, S. & Truffer, M. Mechanisms of fast flow in Jakobshavn Isbræ, West Greenland: Part III.
Measurements of ice deformation, temperature and cross-borehole conductivity in boreholes to the bedrock. J. Glaciol. 48, 369–385
(2002).
48. Harrison, W. D. Temperature of a temperate glacier. J. Glaciol. 11, 15–29 (1972).
49. Planet Team Planet Application Program Interface: In Space for Life on Earth. San Francisco, CA, https://api.planet.com (2017).
50. Noh, M. J. & Howat, I. M. Automated stereo-photogrammetric DEM generation at high latitudes: Surface Extraction from TIN-Based
Search Minimization (SETSM) validation and demonstration over glaciated regions. GIScience Remote Sens. 52, 198–217 (2015).
51. RGI Consortium. Randolph Glacier Inventory - A Dataset of Global Glacier Outlines: Version 6.0: Technical Report, Global Land
Ice Measurements from Space, Colorado, USA. Digit. Media, https://doi.org/10.7265/N5-RGI-60 (2017).

Acknowledgements

This research was supported by the ‘EverDrill’ Natural Environment Research Council Grant awarded to the
Universities of Leeds and Sheffield (NE/P00265X) and Aberystwyth University (NE/P002021). K.M. is funded by
an AberDoc PhD Scholarship (Aberystwyth University). The authors would like to thank Himalayan Research
Expeditions for organising the logistics that supported fieldwork in Nepal during 2017, and in particular Mahesh
Magar for guiding, navigation and general assistance with fieldwork, and Emily Potter for fieldwork support. We
acknowledge the support of the Sagarmatha National Park and their assistance with permitting.

Author Contributions

D.Q. conceived of and led the EverDrill project. B.H. and A.R. co-led the project. B.H. and S.D. designed, and
K.M. and E.M. assisted in building the borehole sensors. B.H. led the hot-water drilling. K.M., B.H., D.Q., E.M.
and T.S. carried out the data collection in the field. K.M. processed the data and wrote the manuscript. All authors
contributed to the data analysis and editing of the manuscript.

SCiENtifiC REPOrTS |

(2018) 8:16825 | DOI:10.1038/s41598-018-34327-5

8

www.nature.com/scientificreports/

Additional Information

Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

SCiENtifiC REPOrTS |

(2018) 8:16825 | DOI:10.1038/s41598-018-34327-5

9

