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ABSTRACT. Estimates of melt from debris-covered glaciers require distributed estimates of meteoro-
logical variables and air temperature in particular. Meteorological data are scarce for this environment,
and spatial variability of temperature over debris is poorly understood. Based on multiple measure-
ments of air and surface temperature from three ablation seasons (2012-14) we investigate the
variability of temperature over Lirung Glacier, Nepal, in order to reveal how air temperature is affected
by the debris cover and improve ways to extrapolate it. We investigate how much on-glacier
temperature deviates from that predicted from a valley lapse rate (LR), analyse on-glacier LRs and test
regression models of air temperature and surface temperature. Air temperature over the debris-covered
glacier tongue is much higher than what a valley LR would prescribe, so an extrapolation from off-
glacier stations is not applicable. An on-glacier LR is clearly defined at night, with strong correlation,
but not during the day, when the warming debris disrupts the elevation control. An alternative to derive
daytime air temperature is to use a relationship between air and surface temperature, as previously
suggested. We find strong variability during daytime that should be accounted for if these regressions

are used for temperature extrapolation.
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INTRODUCTION

Air temperature is one of the main controls of the energy
balance of glaciers, and the main input variable to melt and
mass-balance models. Little is known, however, about its
variability over melting glaciers, and most modelling studies
assume that it varies linearly with elevation, a concept
reproduced by so-called lapse rates (LRs) or temperature
gradients. This assumption, which is valid in the case of free
atmospheric conditions, does not take into account the
effect of terrain (Minder and others, 2010), and the presence
of glaciers in particular (Greuell and Boehm, 1998; Petersen
and Pellicciotti, 2011; Ayala and others, 2015). A number of
recent studies have shown that temperature variability over
bare-ice glaciers is complex and not reproduced by constant
LRs (Shea and Moore, 2010; Petersen and Pellicciotti, 2011;
Petersen and others, 2013).

Even more limited is our knowledge of air temperature
over debris-covered glaciers. Debris-covered glaciers,
mantled in a layer of debris varying from a few centimetres
to several metres of material of different sizes and com-
position, are common features in many mountain ranges
worldwide, especially in the Hindu Kush-Karakoram-
Himalaya (HKH) region (Scherler and others, 2011; Benn
and others, 2012; Bolch and others, 2012). Because of the
lack of a 0°C surface and the movement of air being
dominated by surface convection from debris-cover heating
under good weather conditions, katabatic flows (i.e. the
down-glacier gravitational movement of cooled and thus
denser air parcels) generally do not develop over such
glaciers (Shaw and others, 2016).

However, it is not clear whether the lack of this
phenomenon typical of debris-free glaciers means that
elevation is restored as a main control over air temperature,
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and very few studies have looked at air temperature
variability over debris-covered glaciers.

Brock and others (2010) analysed temperature data from
two automatic weather stations (AWSs) over the debris-
covered tongue of Miage glacier, Italian Alps, and found LRs
between —0.0080°Cm~" and -0.0067°Cm~" over different
seasons, and a pronounced diurnal cycle. These values are
more negative than the environmental lapse rate (ELR) of
-0.0065°C m~" and considerably steeper than typical debris-
free glacier LRs (e.g. -0.0032°Cm~" for Haut Glacier
d’Arolla, Swiss Alps (Petersen and others, 2013)). Fujita
and Sakai (2000) measured air and surface temperature on
the debris-covered tongue of Lirung Glacier and at an off-
glacier site, and calculated LRs between the two sites over
the period May to October 1996, differentiating between
seasons. A steep LR (-0.0075°C m~') was also calculated by
Mihalcea and others (2006) for Baltoro Glacier, Pakistan;
however, the lower AWS was located not on the glacier but
on the moraine ridge, so the representativeness of the
calculated LR may be questionable.

Lapse rates calculated from only two stations suffer from
lacking any indication of the strength of the temperature—
elevation relationship. The correlation coefficients of a
linear regression fitted to more than two measurements can
enable this; however, it requires a multitude of sensors, and
no previous field experiment has provided such a set-up
over debris-covered glaciers.

Foster and others (2012) suggested that over debris-
covered glaciers surface temperature is a stronger control on
air temperature variability than elevation, and used a linear
relationship derived from air and surface temperature
records at one AWS to derive a distributed field of 2 m air
temperature over Miage glacier. While it is evident that thick
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Fig. 1. Map of Lirung Glacier in the Langtang catchment (shown in top left inset), located in the Nepalese Himalaya (top right inset). The
black border indicates the debris-covered area, the blue area the debris-free glacier area, and the dashed blue line the catchment borders.
The position of Kyanjing AWS is marked in the main map, and the locations of the temperature sensors (T-Loggers) are provided in the main
inset, showing the lower section of Lirung tongue (background image is a Rapid Eye image of 25 March 2010).

debris can heat up considerably during the day, thus
affecting the overlying air, it is not clear that the relationship
identified is significant enough, constant in time or uniform
in space.

Knowledge of spatial fields of air temperature seems
important for forcing distributed models of melt under
debris, and methods to calculate these fields are still lacking.
The few existing distributed models of debris ablation have
been forced with air temperature extrapolated with constant
LRs (e.g. Zhang and others, 2011; Reid and others, 2012;
Fujita and Sakai, 2014; Fyffe and others, 2014), but that has
not been supported by evidence and might introduce
uncertainties in modelled ablation (Reid and others, 2012).

In this paper we use a new dataset of 2 m air temperature
records at a network of locations over the debris-covered
tongue of Lirung Glacier, Nepalese Himalaya, collected
over three seasons (2012-14), to investigate air temperature
variability in space and time. The aims of the paper are:
(1) to use the data collected to test whether elevation is a
main control on air temperature over a debris-covered
glacier; (2) to identify possible alternative controls related to
debris characteristics; and (3) to test, in both space and
time, the robustness of the relationship identified by Foster
and others (2012).

STUDY SITE

Lirung Glacier (28°13'57” N, 85°33’43"E), is located in the
Upper Langtang catchment (Fig. 1), which covers an area of
350km?, ~30% of which is glacierized (Shiraiwa and
Yamada, 1991; Ragettli and others, 2015). Debris-covered
glaciers are among the largest in the catchment, and
represent ~25% of the total glacierized area (Pellicciotti

https://doi.org/10.3189/2016A0G71A066 Published online by Cambridge University Press

and others, 2015; Ragettli and others, 2015). Of these
glaciers, Lirung Glacier has the greatest elevation range
(4050-7132 ma.s.l.), with debris cover extending from 4050
to 4650 ma.s.l. Its total area is >6 km?, with >20% covered
in debris (Shiraiwa and Yamada, 1991). The debris-covered
tongue has a length of 3.5km and an average width of
500m (Immerzeel and others, 2014a). The ablation area is
currently detached from the accumulation zone (e.g. Steiner
and others, 2015).

The catchment climate is dominated by the Indian
monsoon, which lasts from June to September. Most of the
annual precipitation falls during this period, which is
characterized by persistent overcast conditions (Immerzeel
and others, 2014a,b; Ragettli and others, 2015). The pre-
monsoon season is warmer on average, while the post-
monsoon season is considerably colder. The dates defining
the seasons (Table 1) are based on analysis of temperature
and precipitation time series, corresponding to Steiner and
others (2015).

The debris-covered tongue of Lirung Glacier has a rough
topography, with a succession of depressions and local
debris mounds, ridges and troughs, and elevation differ-
ences of up to 100 m within a lateral distance of 200-300 m.
Numerous supraglacial ponds and ice cliffs exist, and cliffs
range in height from 5 to 50 m.

MEASUREMENT SET-UP AND METHODS

Measurement set-up

Between 2012 and 2014 two field campaigns were carried
out annually on the glacier, in May (pre-monsoon) and from
mid-October to mid-November (post-monsoon). Sensors
were installed during the first visit, left in place for the
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Fig. 2. T-Logger structure (a), consisting of air temperature
measurements 2 m above ground, where the sensor is placed in a
cylinder shielded from solar radiation with aluminium foil and
aligned in the direction of the valley (b), and a surface sensor taped
to a rock and roped to the base structure (shown here without
shielding; c).

duration of the monsoon and data were read out during the
second visit after the monsoon. The measurement periods
are listed in Table 1.

Air and surface temperatures were measured using a
network of T-Loggers (Fig. 1). The sensors were Onset
TidBits (UTBI-001). The air temperature sensors were placed
at a height of 2m (Fig. 2a); at most locations, surface
temperature was also recorded. The air temperature sensors
were placed in a cylinder covered with aluminium foil as a
shield against radiation (Fig. 2b; Petersen and Pellicciotti
(2011) provide details of the sensor set-up). Sensors at the
surface were covered in foil in 2013 and 2014 but not in
2012 (Fig. 2c). The locations of the T-Loggers were
measured with handheld GPS in 2012 and during a more
accurate differential GPS survey in 2013 and 2074.
Temperature data from a Rotronic SC2 sensor at an off-
glacier AWS in Kyanjing were available throughout the
investigation (Fig. 1).

In 2012, 13 T-Loggers were distributed over a large part
of the tongue to cover a relatively large elevation range of
203 m (Fig. 3; long tongues of debris-covered glaciers tend
to be relatively flat). They were generally located on top of
debris mounds. In 2013, eight T-Loggers were located
closer together around a glacier AWS, only 48 m apart in
elevation. They were densely distributed over a small plot at
locations with different characteristics, some of them on
slopes or mounds, others in depressions. In 2014, some of
the locations around the AWS were re-instrumented, but

Table 1. Definition of measurement periods and seasons in this study
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Fig. 3. Elevation of the T-Loggers in 2012, 2013 and 2014. The zero
mark on the x-axis represents the lowest point of the debris-covered
tongue. Labels for 2014 are in italics. Lines for 2012 and 2014
indicate the level of the surface where the T-Loggers were placed
but do not indicate the actual profile of the surface, as the T-Loggers
were not all aligned along the same longitudinal profile.

additional T-Loggers were located up- and down-glacier,
both on slopes between mounds and depressions and in
large depressions. A total of seven T-Loggers were deployed
in this year. These set-ups enabled the investigation of LRs
over the extent of the lower tongue in 2012 and of small-
scale effects over the rough topography in 2013. In 2014 the
set-up was between the former and the latter, with sensors
distributed over the length of the glacier tongue, over an
elevation range of 106m, but with more placed in
depressions than on debris mounds.

We also use a high-resolution digital elevation model
(DEM) (20 cm) of the glacier surface derived from a survey
with an unmanned aerial vehicle (UAV) in May 2013
(Immerzeel and others, 2014), which was employed to
obtain accurate topographic parameters for each T-Logger
location.

Methods

Here we provide an overview of the seasonal and spatial
variability of air and surface temperature for the three years
at all locations investigated. We use these datasets of air and
surface temperature to investigate three aspects.

First, we consider the elevation control over air tempera-
ture. For this we conduct two main types of analysis. We
investigate the relationship between the air temperature
measurements over Lirung and the ELR determined for the
main valley of the Upper Langtang catchment (Heynen
and others, 2016), by calculating the temperature anomaly
from this valley ELR. Debris-covered glacier surfaces are
assumed to be warmer than the surrounding terrain,
because debris, being drier, warms more rapidly than off-
glacier terrain. This effect should also be felt by the air layer
above the debris, resulting in higher average temperatures
over the glacier. The ELR is used to extrapolate air

Year Time period T-Loggers Time period Kyanjing Pre-monsoon Monsoon Post-monsoon
AWS

T-Logger 2012 5 Sep-29 Oct 1 May-8 Dec 1 Mar-14 Jun 15 Jun-19 Sep 20 Sep-31 Dec

T-Logger 2013 8 May-31 Dec 1 Jan-1 Dec 1 Mar-14 Jun 15 Jun-19 Sep 20 Sep-31 Dec

T-Logger 2014 4 May-25 Oct 1 Jan-9 Oct 1 Mar-14 Jun 15 Jun-19 Sep 20 Sep-31 Dec
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Fig. 4. Mean and standard deviation (indicated by bars) at each
T-Logger, separately for daytime and night-time, in 2012 (a, b),
2013 (c, d) and 2014 (e, ). (a, ¢, €) Air temperature; (b, d, f) surface
temperature. The elevation of the T-Loggers increases from left
to right.

temperature from the AWS located in the main valley near
the village of Kyanjing (Fig. 1). We use mean daily air
temperature data from Kyanjing AWS and the ELR derived
for all years and separately for each season and compare
this extrapolated temperature to the on-glacier measure-
ments. Because there are too few data at Kyanjing AWS in
post-monsoon 2014, temperature could not be extrapolated
for this season. We then try to identify a glacier LR,
considering all the on-glacier observations vs elevation. We
do this only for the 2012 dataset, as in 2013 and 2014 the
elevation range was too small to distinguish a real signal
from measurement errors.

Second, we examine whether surface characteristics and
topographic attributes can explain the observed variability
and provide alternatives to deriving air temperature fields.
For this, we calculate the slope, aspect, curvature and sky-
view factors for every T-Logger location from the high-
resolution UAV DEM, and use them to interpret both the air
temperature anomaly and surface temperature observations.

Third, we conclude by investigating the relationship
between air and surface temperature in time and space,
building on the regression approach suggested by Foster
and others (2012). For this, we fit both linear and piece-
wise linear regressions to the relationships obtained and
analyse which of the two approaches is superior in
cross-validation.
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TEMPERATURE DATA OVER THE GLACIER SURFACE

Figure 4 shows the mean and standard deviation of air and
surface temperature at each T-Logger location for the three
seasons. Surface temperature is generally higher than air
temperature during the day, and lower at night-time, at all
locations and in all seasons, because of the debris conduct-
ive capacity.

The surface temperature has a stronger daily variability
than air temperature, especially in 2012, possibly because
the surface sensors were not shielded in that year.

In all three years the daytime air temperature in monsoon
and pre-monsoon is similar, with mean values ranging
between 9°C and 12.4°C. The same is true for post-monsoon
in 2012, while in 2013 and 2014 temperatures in post-
monsoon dropped markedly. This is probably due to
Cyclone Phaelin which struck Langtang from 13 to 15 Octo-
ber 2013 and to Cyclone Hudhud which hit the valley at the
same time in 2014. Both events resulted in a marked drop in
temperature and high rates of precipitation (Shea and
others, 2015).

At night-time, air and surface temperatures are consider-
ably higher in the monsoon than in the two other seasons
due to the buffering effect of clouds, which prevent the
night-time radiative cooling typical of clear-sky conditions.
During the day, the near-continuous cloud cover typical of
the monsoon leads to lower temperatures than in the dry
seasons as less shortwave radiation reaches the surface. In
general, overcast conditions reduce the variability of air
temperatures, as suggested by the low standard deviations in
the monsoon (Fig. 4a, c and e).

Surface temperatures were unusually high and standard
deviations large in 2012, partly because the surface
temperature sensors were not covered in foil. In 2013 and
2014, surface temperatures were highest in pre-monsoon,
lower in monsoon and lowest in post-monsoon. This is
explained by the radiative fluxes at the debris surface. In
pre-monsoon the Sun is at a relatively high angle, days are
mostly clear and solar radiation warms the debris. In
monsoon, the cloud cover prevents direct solar radiation
from reaching the surface for most of the day, hence the
lower temperature of the surface. In post-monsoon, the
inclination of the Sun is at its lowest and many locations
were additionally shaded by the local topography.

RESULTS

Here we report the main results of the three analyses
described above. First, we report results of the elevation
control over air temperature for the deviations from the
valley ELR and for the glacier LR. Second, we discuss
whether surface characteristics and topographic attributes
can explain the observed variability and provide alternatives
to deriving air temperature fields. Third, we show the results
of the relationship between air and surface temperature in
time and space.

Elevation as a control on air temperature

Deviation from the valley lapse rate

Air temperature over the lower tongue of Lirung Glacier is
consistently higher than predicted by the valley ELR, more
so during the day than at night-time and more strongly in
pre-monsoon and post-monsoon (Fig. 5). The much higher
temperature anomaly during daytime is due to the much
stronger influence of debris heating during the day than the
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Fig. 5. Mean air temperatures measured at the T-Loggers in the daytime (red) and at night-time (blue) in all three seasons (a—c) and from 2012
to 2014 (top to bottom). The lines show the temperatures determined with the ELR from the off-glacier AWS Kyanjing. The plots at the
bottom show absolute deviation of each value from the ELR.

night (Fig. 4). This effect is more or less pronounced
depending on the sensor location (see next section).

(10-17%) during pre-monsoon, by only 0.1-0.2°C (2% in all
years) in monsoon and by 0.5-0.7°C (12-14%) in post-

Variability and residuals are larger during the dry seasons,
when there is less cloud cover. ELR underestimates daytime
air temperature by 1.9-2°C (19-20%) during pre-monsoon,
by only 1-1.1°C (10%) in monsoon and by 1.6-1.8°C
(18-20%) in post-monsoon.

The ELR provides more accurate results at night-time,
when the effect of the debris heating the air layer above
plays a much smaller role. However, the residuals are
consistently higher during the dry seasons, which indicates
the debris is still warmer well into the night-time hours.
Night-time temperature is underestimated by 0.6-0.7°C
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monsoon.

It is also evident that, especially in 2012, the daytime
temperature observations are more scattered than at night-
time. In 2012, in particular, they seem to cluster around two
main groups of values.

Residuals in all years show a clear dependence on
elevation. During the daytime, they tend to decrease with
elevation, indicating steeper LRs on-glacier than off-glacier.
A possible explanation is the likely thinner debris cover in
higher regions (e.g. Kirkbride and Deline, 2013), which
aligns with local observations but has not yet been
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confirmed for this glacier on a distributed scale. Addition-
ally, increased shading from the surrounding steep mountain
slopes in the upper areas could have a stronger cooling
effect at higher elevations.

Glacier lapse rates

Following the observations above, we calculated a LR from
the mean air temperature of each season, and separately for
daytime and night-time, for 2012 only. In this year the
T-Loggers were distributed over a large portion of the length
of the debris-covered tongue and the elevation range
between T-Loggers allows a meaningful calculation given
the observation errors. In 2012, a LR is evident at night but
less so in the daytime (Fig. 6). This is indicated by a strong
correlation between air temperature and elevation at night-
time, which weakens in the daytime (Fig. 7). We hypothe-
size that in the daytime the heating of the debris disrupts a
linear relation by coupling air temperature closely to surface

-
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Table 2. Lapse rates between the T-Loggers in 2012 (°Cm™').
"Whole day’ is the LR for the whole 24 hours, "daytime’ is 08:00-
19:55 and 'night-time’ 20:00-07:55

Pre-monsoon Monsoon Post-monsoon
Whole day -0.0050 -0.0066 -0.0078
Daytime -0.0057 -0.0083 -0.0120
Night-time -0.0043 -0.0049 -0.0035

temperature and thus overcoming the elevation control.
Elevation seems to be restored as the dominant control at
night, when surface temperature warming is limited.

The daytime LR is disrupted more during the dry seasons
of the pre- and post-monsoon, when the debris heats up
more because of higher incoming solar radiation, supporting
the hypothesis above. In post-monsoon the LR becomes
positive at ~07:00 when the Sun rises (Fig. 7). This could be
explained by higher locations being hit earlier by direct
radiation, resulting in these areas being warmer than lower
locations. Brock and others (2010) showed a similar effect
on Miage glacier, with a slightly rising LR at approximately
this time of day before it decreased sharply.

Glacier LRs show a clear diurnal cycle in all three
seasons, with strongly correlated LRs at night-time and
weakly correlated LRs in the daytime (Fig. 7), as noted
above. Night-time LR is less negative than the generally
assumed ELR (-0.0065°Cd~") while daytime LRs are
generally more negative than the ELR (Table 2). The diurnal
cycle shown in Brock and others (2010), reaching up to
-0.012°C m~" in the daytime, is similar to the diurnal cycle
observed in the post-monsoon (Fig. 7).

Topographic controls

Using the high-resolution DEM, aspect, slope, curvature and
sky-view factors were calculated at each T-Logger location
(Steiner and others (2015) provide details of the sky-view
factor computations). This was done only for the year 2013,
for which the T-Loggers were located in close proximity but
at sites with different topographic characteristics. In this way
we remove as far as possible the effect of elevation and
analyse only that of topographic characteristics. Aspect
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Fig. 7. Mean hourly LRs calculated from all the T-Loggers for pre-monsoon (a), monsoon (b) and post-monsoon (c) in 2012. The top panels

show the correlation coefficient r for all hourly values in the season.
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provides an indication of whether a T-Logger was relatively
more or less exposed to the Sun (being more exposed when
facing east to south). The sky-view factors describe what
fraction of the sky is visible from the sensor. Slope and
curvature were also extracted, but since they showed no, or
an ambiguous, relation with both air and surface tempera-
ture are not discussed further. We use these topographic
parameters to seek an explanation for those values that
were markedly different from the values that the valley ELR
would prescribe.

The deviations of observed from extrapolated air
temperature are plotted against aspect in Figure 8a. It can
be seen that residuals decrease (and hence measured air
temperatures are more similar to those predicted by the
valley ELR) consistently for northwest-facing slopes that are
shaded from the Sun for most of the time. This seems to
reduce the strong effect of solar radiation on the warming
debris and air temperature, which thus is more similar to
that predicted by the valley ELR. Measured glacier surface
temperatures tend to rise with higher sky-view factors
(Fig. 8b), again suggesting incoming solar radiation as a
main control on variability, as higher sky-view factors
indicate that the location received incoming shortwave
radiation from a larger portion of the sky. The T-Logger
with the highest residual in pre-monsoon and monsoon
(TL1) faced east and had the second highest sky-view
factor. These effects are also visible, albeit less pro-
nounced, at night-time. This indicates that radiative heating
has a lasting effect as longwave radiation from the debris is
likely released well into the evening hours.

These first results on the influence of solar radiation
through aspect and sky-view factors are encouraging, and
seem to point to a clear effect of solar radiation on both air
and surface temperature. However, our study is seriously
limited by the reduced number of locations that we could
equip with both air and surface loggers, and a larger
dataset would be needed to explore the full controls of
topographic parameters on air and surface temperature and
derive robust relationships.

Air and surface temperature relationship

As shown above, deriving air temperature over the debris-
covered tongue of Lirung Glacier with LRs from an off-
glacier station is questionable in the daytime. Explaining it
with topographic controls is still a challenge because of
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limited data. An alternative approach suggested in the
literature (Foster and others, 2012) is to derive it from
surface temperature. This approach has great potential
because of the availability of surface temperature maps
from satellite sensors with a thermal band (e.g. Landsat;
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER)). We therefore investigate the relation
between air and surface temperature.

Figure 9 shows the diurnal cycles of air and surface
temperature at all the T-Loggers in the three years. It should
be noted that the sensors at the surface were not covered in
foil in 2012, which exposed them to direct incoming solar
radiation. They showed higher temperatures in the daytime
and cooled off more strongly at night, with an overall larger
amplitude than in 2013 and 2014. While this might reflect at
least partly real environmental conditions, we decided to
exclude this dataset from the following analysis because of
the different sensor set-up.

In both 2013 and 2014, surface temperatures rise well
above 25°C on average in the dry seasons, when cloud
cover is rare, and are still >20°C during monsoon (Fig. 9).
Surface temperatures exceed air temperatures after sunrise
and are lower than air temperature late at night. They vary
strongly between the different locations, especially in 2013
when T-Loggers were located on heterogeneous terrain (see
especially post-monsoon 2013 in Fig. 9).

We used two approaches to identify a relation between
air and surface temperature that is valid over the glacier
surface in space and in time. The first uses a linear
regression (following Foster and others, 2012) and the
second a piece-wise linear regression.

Linear regression

Following Foster and others (2012), we investigated a linear
relationship between air and surface temperature (Fig. 10).
The correlation coefficient r for the linear regression is high
at all T-Loggers, and on average equal to 0.92, 0.93 and
0.92 in pre-monsoon, monsoon and post-monsoon respect-
ively in 2013 and 0.96, 0.94 and 0.92 in 2014. The relation
is, however, not perfectly linear, and there are marked
differences between the seasons. The regression is steeper
for lower temperatures and shallower above a certain
temperature threshold, which seems to depend on time
and location. We therefore examined the diurnal variability
of the regression lines and calculated their slope and
intercept for each hour of the day (considering all tempera-
ture data pairs for each hour of the day separately, hence
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Fig. 9. Diurnal cycles of all T-Loggers in 2012, 2013 and 2014. Solid lines indicate air temperature while dashed lines indicate surface
temperature. (a) Pre-monsoon season; (b) monsoon season; and (c) post-monsoon season.

24 regressions per T-Logger and season). Both slope and In the dry seasons, some of the T-Loggers do not show
intercept show a clear diurnal pattern for all T-Loggers,  this pattern clearly, perhaps because the data were scarcer
with the exception of the intercept in post-monsoon  than in the monsoon. This is also confirmed by a relatively
(Fig. 11). The slope is shallower and the intercept higher  higher standard deviation of the intercept between all
in the daytime (Fig. 11), suggesting higher air temperature in ~ sensors, o, in post-monsoon in the daytime. While clearly
the daytime but a stronger decoupling between air and  more data are required to corroborate our finding, it is
surface temperature. The slope of the linear regression is  encouraging that we obtained the same results for two years
largely steeper for the dry seasons (green and black in (2013 and 2014) for which the sensors were placed at
Fig. 11) than for the monsoon season (red in Fig. 11), with  different locations over the debris-covered surface. This
the intercept becoming consistently lower. This suggests that  suggests that the relationships are robust in time. The small
during the monsoon, air temperature is coupled less to  standard deviation o between the different T-Loggers, on the
surface temperature. other hand, indicates some spatial robustness (Fig. 11).
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The correlation coefficient r in this case is calculated from all measurements in time for each T-Logger.
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Piece-wise regression
Since the relation between air and surface temperature
seems to exhibit two segments with distinct slopes, we fitted
a piece-wise regression at each T-Logger location. We use
an algorithm that determines the threshold between the two
segments with a least-squares method (Hudson, 1966), and
we calculate the threshold (7.) and regression parameters,
slope and intercept. The method is sketched for one
T-Logger in Figure 12. T, represents the surface temperature
at which the correlation coefficient r of both pieces of the
regression combined becomes maximal. This approach was
applied to all T-Loggers in the three seasons (Fig. 13), and
we derived average regression parameters for the three
seasons (Table 3).

Apart from one major outlier in 2014 (TLD, at a very
warm location) and one in pre-monsoon 2013 (TL1), the

Steiner and others: Air temperature over a debris-covered glacier

Table 3. Median slopes (a1 and a,) and intercepts (by and b,) of the
piece-wise approach in all three seasons in 2013 and 2014. The
parameter pairs are for the lower and upper segment respectively,
which are red and blue in Figure 13. T is the threshold temperature
(°C). In parentheses are standard deviations (o) between the
locations. r is the mean correlation coefficient for the piece-wise
regression over all T-Loggers

Season EN by ED) b, Tc r

Pre-monsoon  0.61 2.55 0.30 4.50 6.67 0.88

(0.08) (0.59) (0.02) (0.49) (1.09)
Monsoon 0.57 3.22 0.26 5.95 9.99 0.89
(0.05) (0.61) (0.05) (0.55) (1.65)
Post-monsoon  0.56 2.20 0.33 3.24 6.30 0.87
(0.13) (0.56) (0.11) (1.04) (3.47)
Pre-monsoon  0.56 2.65 0.33 4.67 7.76 0.93
(0.06) (0.42) (0.09) (1.14) (4.22)
Monsoon 0.52 3.67 0.28 6.50 11.41 0.92
(0.03) (0.46) (0.05) (0.53) (2.04)
Post-monsoon  0.59 1.84 0.29 4.00 5.83 0.89
(0.05) (0.26) (0.08) (0.90) (4.99)

segments are fairly similar at all locations; however, the
variability increases markedly for the upper segments which
describe the relationship between air and surface tempera-
ture for the ranges of higher temperatures (Table 3; Fig. 13).
The slopes of the upper segment (a;) are about half as
shallow as those of the lower segment (a;), indicating that
below a certain threshold (T.), air temperatures rise faster
with rising surface temperatures. After that, a certain degree
of decoupling occurs, as air-temperature increases cannot
follow the increases in surface temperature at the same rate.
The slopes of the upper segment are also steeper during the
dry seasons, when the air temperature is affected by the
incoming direct solar radiation in addition to the heat
exchange with the debris below. Also here the relation
between air and surface temperature seems to depend more
on the location of the sensor, indicated by the higher
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Fig. 13. Piece-wise regressions for all T-Loggers in 2013 (top) and 2014 (bottom).
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Fig. 14. Root-mean-square error (RMSE) calculated between measured and extrapolated air temperature with the linear regression (red) and
the piece-wise regression (blue) in the three seasons at each T-Logger in 2013 and 2014 indicated by the numbers in the panels, 13 and 14,
respectively. (a) The fit using the parameter set obtained in the same year; and (b) the fit when using the parameter set from the other year.

variability. Because of one outlier the standard deviation for
the threshold T. is considerably higher in 2014 than 2013.

The threshold temperature T. might suggest the time
when air temperature becomes more decoupled from
surface temperature, so we calculated the hours of the day
corresponding to T.. Below T, air temperature rises slowly
but consistently at all locations with the heating surface. The
decoupling takes place earlier in pre-monsoon (between
07:40 and 08:00) than in monsoon (between 08:30 and
08:40) and post-monsoon (08:30). During the daytime, air
temperature is additionally likely affected by wind and
incoming solar radiation. This influence, however, is vari-
able depending on the sensor location and exposure. During
pre-monsoon this decoupled period lasts nearly 3 hours
longer (until 22:00 and 19:30 in 2013 and 2014) than in
monsoon (until 19:30 and 17:00) as there is less cloud cover
and longer exposure to solar radiation.

Validation

To evaluate the two approaches above, we calculated a
parameter set for each season as the median of the optimal
parameter combination at each T-Logger. We then derived
air temperature at all T-Logger locations with the median set
of parameters and compared the extrapolated air tempera-
ture to the measured data. To test the temporal robustness we
also applied the parameter sets of one year to the data of the
other year. We use the root-mean-square error (RMSE) and
the Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe, 1970)
to compare measured and extrapolated air temperature.

A clearly superior performance of one approach over the
other is not evident. More evident is the large variability of
performance. The average NSE for the linear regression in
2013 is 0.83, 0.81 and 0.79 in pre-monsoon, monsoon and
post-monsoon when using the parameters obtained from the
same year. At individual T-Loggers the values range from
0.56 to 0.93, indicating strong variability among locations.
The RMSE is 1.33, 0.96 and 1.49°C. For the piece-wise
regression the corresponding NSE are 0.85, 0.83 and 0.81
and RMSE 1.38, 0.96 and 1.46°C. In 2014 the NSE is
considerably higher in pre-monsoon and monsoon (0.90
and 0.88) but lower in post-monsoon (0.71) and the same
for both regression types. The RMSE decreased in all seasons
compared to 2013 (Fig. 14).
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The lower RMSE during monsoon can be explained by
the fact that the extrapolated time series tends to under-
estimate the high peak values in the daytime and over-
estimates the low temperatures at night-time. These peak
values are less extreme in monsoon, where the near-
continuous cloud cover reduces incoming solar radiation
but also prevents the surface from cooling down to low
values during the night, thus maintaining a relatively narrow
range of oscillations in air temperature.

Although the median NSE increased when using the piece-
wise approach in 2013, this increase was not consistent at all
T-Loggers. Equally, the RMSE did not indicate a significantly
better approach (Fig. 14). The NSE both increases and
decreases when the parameter set of the other year is used
and so does the RMSE. This suggests that both types of re-
gression are robust in time and can likely be applied to other
years with no significant loss in performance.

DISCUSSION AND CONCLUSIONS

Air temperatures over a debris-covered glacier are subject to
feedback from the debris layer that heats up in the daytime
and cools down at night. This effect, combined with the
rough surface typical of debris-covered tongues, might
question the applicability of standard temperature LRs for
extrapolating air temperature at the distributed scale (e.g. for
energy-balance modelling). We have provided a dataset of
air and surface temperature measurements at multiple
locations over a debris-covered glacier, which spans the
dry and wet seasons during three subsequent years. We used
the data to determine how much elevation controls air
temperature, to identify alternative topographic controls and
to investigate in more detail the relationship between air and
surface temperature.

Our data show that strong differences in air and surface
temperature exist between the dry and wet seasons that
define the climate in the Himalaya. Differentiating between
these seasons rather than using relationships valid for the
whole year seems to be appropriate. It also seems pertinent
to differentiate between daytime and night-time conditions,
since high amplitudes in the daily temperature cycle were
observed, especially for the surface temperature.

Air temperature over the debris-covered Lirung Glacier
tongue is consistently higher than it would be if calculated
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using LRs from observations in the valley. Using a LR
determined for the main upper Langtang valley underesti-
mates air temperatures over the glacier consistently during all
seasons and during both daytime and night-time. The
residuals between lapsed and measured temperatures are
especially large in the daytime during the pre-monsoon,
amounting to up to 20% of measured air temperature. At the
same time the residuals are also most variable during this
period. During monsoon, air temperature is underestimated
by 10% in the daytime and only 2% at night-time. This
suggests that glacio-hydrological models of high-elevation
catchments containing debris-covered glaciers need to
account separately for extrapolation of air temperature on-
and off-glacier. While off-glacier temperatures can be ex-
trapolated using LRs determined off-glacier (Immerzeel and
others, 2014b; Heynen and others, 2016), the warming over
debris-covered glaciers needs to be taken into account. A
possible way to do this is to consider an average offset, which
seems to be stable over the years investigated but changes
seasonally. However, there is still a strong control of elev-
ation over air temperature variability over Lirung, especially
at night. During night-time, glacier LRs have a strong
correlation, suggesting that they could be used to extrapolate
air temperature from on-glacier stations, when available. In
the daytime, however, other methods might be needed.
One such method is to derive air temperature from
surface temperature, as surface temperature data are often
available from remotely sensed data products. Our analysis
showed that the linear relationship between air and surface
temperature suggested by Foster and others (2012) is
suitable. The regressions have a r of 0.92-0.96 (depending
on the season), so it seems generally viable to use surface
temperature to determine air temperature with some margin
of error (between approximately 0.5 and 2°C). Importantly,
the relation seems to be robust across sites (Fig. 11).
However, it has a strong diurnal variability and we suggest
that different regression parameters should be used for each
hour of the day. The slope and intercept vary strongly
between day and night, with a slope twice as shallow in the
daytime as at night, indicating that air temperature rises
much more slowly in the daytime than does surface
temperature. This difference between daytime and night-
time suggests that at a certain threshold a decoupling
between the temperature of the two media takes place. We
have therefore tested as an alternative a piece-wise
regression, which differentiates between the warm and cold
segments of the temperature cycle. This approach seems to
be very robust in space for cold conditions but is less so for
warm conditions, where the slope of the regression segment
is more variable between different locations. Air tempera-
ture also rises more quickly during the dry seasons, when it
is not only forced by the debris below but also by more

direct solar radiation.

Finally, we have used topographic controls to explain
some of the variability that cannot be explained with
elevation. Air temperature is especially dependent on the
exposition of the debris surface, as this probably deter-
mines its exposure to incoming solar radiation. Surface
temperatures show a stronger relation to sky-view factors
for the same reason. None of these relationships, however,
is conclusive since too few data are available, and we
suggest that more extensive experiments be conducted to
determine a relationship of topography with either air or

surface temperature.
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