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Supraglacial debris modulates the thermal regime and alters glacial melt rates 
depending on its thickness. Thus, the estimation of debris thickness becomes 
imperative for predicting the hydrological response and dynamics of such 
glaciers. This study tests the performance of empirical and thermal resistance-
based debris thickness approaches against field measurements on the Hoksar 
Glacier, Kashmir Himalaya. The aim of this study was accomplished using thermal 
imageries (Landsat 8 Operational Land Imager [Landsat-OLI], 2017 and Advanced 
Spaceborne Thermal Emission and Reflection Radiometer [ASTER] Surface Kinetic 
Temperature Product [AST08], 2017) and the European Centre for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis v5 (ERA-5) datasets. First, the spatially 
resolved estimates of debris thickness for the entire debris-covered zone were 
achieved by establishing an empirical relationship between debris thickness and 
debris surface temperature (both field and satellite thermal imageries). Second, 
debris thickness for every pixel of thermal imagery was executed by calculating 
thermal resistance from the energy balance model incorporating primary inputs 
from (ERA-5), debris temperature (AST08, Landsat OLI), and thermal conductivity. 
On comparison with field temperature and thickness measurements with satellite 
temperature, homogenous debris thickness pixels showed an excellent coherence 
(r = 0.9; p < 0.001 for TAST08 and r = 0.88; p < 0.001 for TLandsat OLI for temperature) 
and (r = 0.9; p < 0.001 for TAST08 and r = 0.87; p < 0.002 for TLandsat OLI for debris 
thickness). Both approaches effectively captured the spatial pattern of debris 
thickness using Landsat OLI and AST08 datasets. However, results specify an 
average debris thickness of 18.9 ± 7.9 cm from the field, which the empirical 
approach underestimated by 12% for AST08 and 28% for Landsat OLI, and the 
thermal resistance approach overestimated by 6.2% for AST08 and 5.1% for Landsat 
OLI, respectively. Debris thickness estimates from the thermal resistance approach 
(deviation 11.2% for AST08 and 11.6% for Landsat OLI) closely mirror the field 
measurements compared to the empirical approach (deviation 26.9% for AST08 
and 35% for Landsat OLI). Thus, the thermal resistance approach can solve spatial 
variability in debris thickness on different heavily debris-covered glaciers globally 
without adequate knowledge of field measurements.
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1 Introduction

Debris-covered glaciers constitute an indispensable component of 
Earth’s cryospheric system (Scherler et  al., 2018; Anderson and 
Anderson, 2018). Supraglacial debris finds its existence on 7.3% of 
Earth’s Mountain glaciers with its global increase in the context of 
changing climate (Scherler et al., 2018; Kirkbride and Deline, 2013; 
Bhambri et al., 2011; Bolch et al., 2012). High mountain regions such 
as Himalaya, where a sizeable population is essentially dependent on 
glacier-driven runoff, can be highly afflicted due to their characterised 
sensitivity to climate warming (Scherler et  al., 2018; Sharma 
et al., 2016).

Supraglacial debris thickness is closely associated with the 
thermodynamic system of the glacier (Rowan et al., 2020; Brun et al., 
2019; Ali et al., 2017; Pellicciotti et al., 2015). It modifies the impact of 
atmospheric warming on glacier mass balance by changing the 
distribution and magnitude of ablation of the underlying ice (Minora 
et  al., 2016). Generally, thin and patchy debris represents higher 
ablation rates than clean-ice surfaces until reaching critical thickness 
(Minora et al., 2016; Fyffe et al., 2014; Lejeune et al., 2013; Brock et al., 
2010; Nicholson and Benn, 2006; Mihalcea et al., 2006; Østrem, 1959). 
This is usually attributed to efficient heat transfer through the debris 
and the lower albedo of rock debris compared to clean ice (Nicholson 
and Benn, 2006; Mihalcea et al., 2006; Østrem, 1959). However, the 
insulating effect of thick debris cover suppresses subdebris melting 
rates compared to clean ice (Minora et al., 2016; Anderson et al., 2021; 
Immerzeel et  al., 2012). The spatial variability in debris thickness 
distribution thus makes the response of these glaciers strongly 
non-linear to the changing climate and emphasises their detailed 
assessment (Minora et al., 2016; Anderson et al., 2021; Nicholson and 
Benn, 2013). A comprehensive understanding of the spatial pattern of 
debris thickness facilitates their vulnerability to climate change (Ali 
et al., 2017; Huss, 2011; Shukla et al., 2010; King et al., 2019). As such, 
the suitable knowledge of debris thickness simplifies the model 
predictions of meltwater production and glacier lake outburst flood-
like hazards (Benn et al., 2012; Sattar et al., 2022; Harrison et al., 2018; 
Herreid and Pellicciotti, 2020), which is poorly addressed at both 
regional and global levels.

Detailed in situ debris thickness measurements remain a challenge 
for the majority of the glaciers on Earth, with special reference to 
Himalaya (Scherler et al., 2018; Berthier et al., 2010; McCarthy et al., 
2017). Challenging field debris thickness measurements has become 
possible only for a few Himalayan glaciers (Patel et al., 2016; Soncini 
et al., 2016; Rounce and McKinney, 2014; Reid et al., 2012; Nicholson 
and Mertes, 2017). Furthermore, these field debris thickness 
measurements were mainly achieved manually, either by digging or 
excavation of the debris (Soncini et al., 2016; Rounce and McKinney, 
2014), using a total station and reflector (Immerzeel et  al., 2012), 
terrestrial photography (Nicholson and Benn, 2013), ground 
penetrating radar (Patel et  al., 2016) and ice-cliff extrapolation 
(Nicholson and Benn, 2013; Foster et al., 2012). Although accurate, the 
logical complexity and a single debris thickness value representative of 
the entire sampled area prevents their applicability at mountain-range 
or basin scales (Nicholson and Benn, 2006; Mihalcea et al., 2008a; 
Ranzi et al., 2004). Conversely, appropriate resolution remotely sensed 
data have shown the potential to provide a reasonable estimate of the 
debris thicknesses at higher spatial and temporal scales (Mihalcea 
et al., 2008a; Ranzi et al., 2004). Earlier studies have confirmed a good 

agreement between debris thickness and debris surface temperature 
for thickness values ranging between >1 and < 40 cm (Rounce and 
McKinney, 2014; Nicholson and Benn, 2013; Mihalcea et al., 2008a; 
Ranzi et  al., 2004). This known dependence of debris surface 
temperature for varying debris thickness formed the basis for the 
empirical debris thickness measurements (Ranzi et al., 2004; Taschner 
and Ranzi, 2002; Fujita and Sakai, 2014). Such empirical relationships 
were previously developed by using thermal satellite imagery and 
extensive field debris thickness measurements concomitant with the 
acquisition of satellite images (Ranzi et al., 2004; Taschner and Ranzi, 
2002; Fujita and Sakai, 2014). Although such progressive attempts 
assisted in understanding the spatial pattern of debris thickness at a 
glacier-wide scale, the concern of considerable field debris thickness 
measurements curtailed their transferability to other glacier sites 
(Mihalcea et al., 2008a). Addressing this research gap, later studies 
reconstructed debris thickness from surface energy balance modelling, 
which solved debris thickness as a function of prevailing 
meteorological parameters, debris properties, and the corresponding 
surface temperature from field/satellite imagery (Rounce and 
McKinney, 2014; Reid et al., 2012; Mihalcea et al., 2008a; Ranzi et al., 
2004; Suzuki et al., 2007; Yong et al., 2016). A progression of suggested 
energy balance models resolved the transferability issue either by (a) 
solving thermal resistance, which is the debris thickness divided by the 
thermal conductivity (Zhang et al., 2011; Suzuki et al., 2007; Nakawo 
and Rana, 1999; Nakawo and Young, 1982; Nakawo and Young, 1981), 
(b) assuming linear debris-temperature profile within the debris layer 
(Rounce and McKinney, 2014; Mihalcea et al., 2008a; Ranzi et al., 
2004), (c) inverting the Østrem curve (a plot of the melt rate as a 
function of debris depth) using an energy balance model and surface 
lowering measurements (Carenzo et al., 2016; Ragettli et al., 2015; 
Stewart et al., 2021), (d) reversal of subdebris melting rates (Stewart 
et al., 2021), and (e) by accounting a non-linear temperature gradient 
within the debris layer (Reid et al., 2012; Schauwecker et al., 2015; 
Yong et  al., 2016). While acknowledging such attempts as a step-
change in mitigating transferability issues, they were inherited by 
several limitations. Inconsistencies in such approaches profoundly 
arise from prerequisite well-quantified meteorological parameters, 
complex debris properties, improper validation, and immense data 
requirements, which are usually unavailable in the Himalayan region. 
The broader application of such approaches is additionally obstructed 
by inappropriate validation of unavailable in situ measurements. 
Earlier attempts to estimate debris thickness were further accomplished 
by inversion of subdebris melt model using difference-derived 
elevation change from the digital elevation model (Rounce et  al., 
2018). The approach accurately estimated thicker debris (>0.5 m) over 
both actively flowing and stagnant parts of the glacier. However, the 
uncertainties in the debris thickness estimates emerged due to thermal 
conductivity and elevation change, which is usually a challenge to 
determine in the field. To overcome these concerns, mapping debris 
thickness remains a hot topic in the field of glaciology.

The intended goal of the present research is to estimate debris 
thickness on the Hoksar Glacier, Kashmir Himalaya, using (a) an 
empirical approach that establishes a correlation between debris 
thickness and debris surface temperature using data inputs from 
AST08/Landsat OLI thermal imageries and field measurements and 
(b) thermal resistance approach using inputs from European Centre 
for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 
(ERA-5) reanalysis data, thermal imageries, and field measurements. 
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The first attempt to introduce thermal resistance as representative of 
debris thickness was on the Hailuogou Glacier in southern Tibet 
(Suzuki et  al., 2007). The approach worked well throughout the 
glacier’s length and showed a good agreement with field-derived debris 
thickness observations. Consequently, the potential to estimate debris 
thickness effectively with minimum site-specific data requirements 
encouraged its implementation in other regions (Zhang et al., 2011; 
Zhang et  al., 2013; Ali, 2019). With this advance over previous 
approaches, for this study, we consider the thermal resistance approach 
for estimating debris thickness (Suzuki et  al., 2007). However, 
we primarily progress the approach by evaluating its performance in 
measuring debris thickness using two distinct thermal datasets 
(AST08 and Landsat OLI). Second, we  introduce both thermal 
conductivity (which principally controls heat conduction to the 
debris–ice interface) and thermal resistance (debris thickness divided 
by the thermal conductivity of the debris layer) as representative of 
debris thickness, unlike previous studies (Suzuki et al., 2007; Zhang 
et al., 2013; Ali, 2019). We preferred this study to be primarily in the 
Kashmir Himalayan region where no such work has been adopted. 
Mainly, it is a necessary first step towards understanding the spatial 
pattern of debris thickness in the region where meteorological data are 
scarce, and weather stations are unavailable at altitudes above 3,000 m. 
Such an analysis is crucial to understand the glaciers’ behavior to 
climate change and in the assessment of freshwater reserves to satisfy 
increasing water demands in high mountainous regions.

2 Study area

Hoksar Glacier, Kashmir Himalaya, is a small-sized glacier with an 
area of 2.1 km2 and a length of 2.2 km (Kaul, 1990). The accessibility and 
small size of the glacier helped in the extensive measurement of debris 
thickness and temperature. Geographically it extends between 34°17′58″ 
N to 33°19′54″ N latitude and 75°29′42″ E to 75°30′56″ E longitude 
(Figure 1). It exists in west Lidder valley between Dudnag and Hoksar 
Mountains at an altitude of 4,200 m and the snout terminates at 3,200 m 
(Rashid et al., 2022). The glacier has a northwest orientation (Rashid 
et al., 2022) with a mean slope of 23° (Kanth et al., 2011). The annual 
field expeditions from 2013 to 2018 have shown an upwards shift of 
40 ± 3 m in ELA, ranging from 4,022 m in 2013 to 4,062 m in 2018 
(Romshoo et al., 2022). Approximately 57% of the total area of the glacier 
is debris covered (Figure 1B) (Kaul, 1990), and a proglacial lake exists 
near the snout of the glacier (Figure 1C). The glacier is slashed by both 
longitudinal and transverse crevasses (Figure 1D). Distribution of debris 
on the surface of the glacier is heterogeneous, and the size of the debris 
ranges from few millimetres of gravel to several metres of large boulders 
(Figure 1F). Low lateral moraines flank the snout. These moraines are 
0.5 km long (Rashid et al., 2022). It has deposited a vast end moraine of 
angular blocks in front of the snout, the majority of whose ground mass 
has been washed away (Rashid et al., 2022). The melt of this glacier 
predominantly contributes to the drainage flows of the Lidder basin, 
which additionally forms a vital tributary of the Indus River system.

FIGURE 1

Location map of the Hoksar Glacier. (A) Broad geographical setup of the Hoksar Glacier (shown by a red rectangle). The background image is False 
Colour Composite (FCC): 3:2:1 created from LISS IV image (dated 19 September 2013); (B) debris extent shown on the panoramic view of the glacier; 
(C) location of proglacial lake; (D) existence of crevasses in the middle of the glacier between upper ablation and lower accumulation zones; 
(E) accumulation zone of the glacier; and (F) spatial variability in debris size found in the ablation zone of the glacier.
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The region has a sub-Mediterranean type of climate, with nearly 
80% of its annual rainfall in winter and spring seasons (Kanth et al., 
2011). The annual minimum and maximum temperatures vary 
between −10 and 35°C (Romshoo et al., 2022). The glaciers are winter 
accumulation type and experience snow precipitation predominantly 
from westerlies during winter seasons (Romshoo et al., 2020; Yadav 
et al., 2012; Dimri, 2006; Kaul et al., 1977).

Literature review suggests that the interest in glaciers and hydrology 
of the Kashmir Himalaya has been renewed lately (Benn and Owen, 
1998; Marazi and Romshoo, 2018; Shukla and Ali, 2016; Shukla and 
Yousuf, 2016; Kanth et al., 2011). In addition, these inceptive studies in 
the region have mainly focused on field mapping (Murtaza and 
Romshoo, 2017), estimates of retreat (Kanth et al., 2011; Shukla and 
Yousuf, 2016; Murtaza and Romshoo, 2017; Neve, 1910; Kanth et al., 
2011), geomorphology and palaeoglaciation (Rashid et al., 2022; Odell, 
1963), and mass balance (Shukla and Yousuf, 2016). However, none of 
the studies have focussed on debris thickness mapping in the region.

3 Materials and methods

3.1 Data acquisition

A complete list of the repository of datasets used in the study is 
given in Table 1. Two scenes of Landsat 8 Operational Land Imager 
(OLI) and Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) kinetic temperature product (AST08) were 
acquired from the U.S. Geological Survey (USGS; http://earthexplorer.
usgs.gov/) and NASA’s Earth Observing System Data and Information 
System1 under the auspices of the Global Land Ice Measurements from 

1 https://reverb.echo.nasa.gov

Space (GLIMS) project. Landsat optical and thermal bands, used as 
input parameters in empirical and thermal resistance approaches, 
were converted to respective reflectance and brightness temperatures 
following the procedure suggested in King et al. (2019) and Boxall 
et al. (2021). In addition, AST08 by Land Processes Distributed Active 
Archive Center to Level 1 are atmospherically, radiometrically, and 
geometrically corrected products with temperature resolution of 0.5 K 
and absolute accuracies of 0.3 and 4 K, respectively (Iwasaki and 
Fujisada, 2005; Tonooka, 2005). Furthermore, Landsat OLI images 
were co-registered with AST08 with an acceptable co-registration 
error limited to one pixel.

Apart from this, ERA-5 reanalysis data were downloaded from the 
European Centre for Medium Range Weather Forecasts (ECMWF).2 
The data are available in netCDF4 format, and each grid point has a 
horizontal resolution of 31 km (Hersbach, 2018). The primary data 
variables used in the study are listed in Table 1. It is pertinent to 
mention that each variable is produced with a 1-h time step 
corresponding to the nearest time and location of the Landsat 7 
overpass (Hersbach, 2018). ERA-5 reanalysis data have widely been 
used to deduce debris thickness (Schauwecker et al., 2015; Hersbach, 
2018; Gök et al., 2023).

As many as 109 debris thicknesses and temperature 
measurements were accomplished between 18 Sepember 2017 and 20 
September 2017 field campaign, especially across the glacier’s 
altitudinal range of 3,700–4,100 masl. Both debris thickness and 
temperature measurements recorded during the period were selected 
to develop the empirical approach and to appraise the thermal 
resistance approach. The glacier is characterised by deep crevasses 
and steep moraines, which strongly prohibited the transect-wise field 
measurements (Figure 1E). As such, for safe access, the thermal and 

2 https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5

TABLE 1 Details of various data sources and their respective application in the current study.

S. no. Sensor/source Acquisition 
date

Scene ID Bands/
parameters used

Application

1 IRS P6-LISS IV 19/09/2013 154,597,241 VNIR Used as background image in Figure 1

2. Landsat8 OLI 08/09/2017 LC81490362017269LGN00 VNIR, NIR, TIR Used as input in empirical/TR approaches for 

derivation of debris surface temperature and 

albedo and mapping of debris spatial extent.

3 Landsat8 OLI 17/09/2018 LC81490362018289LGN00 VNIR, NIR, TIR Used as secondary dataset for measurement 

of thermal resistance in TR approach

4. Terra AST08 20/10/2017 AST_08_0030920200305525

3_20171020071728_32175

TIR Used as input in empirical/TR approaches for 

derivation of debris surface temperature.

5 ASTER DEM V2 2009
-

- Used for correction of incoming RS 

radiations.

6. ERA-5 reanalysis data 2017 - Shortwave radiations, 

longwave radiations, 

albedo, air temperature, 

relative humidity and 

wind speed

Used as major inputs in TR approach for 

derivation of net radiations and thermal 

resistance.

7. Field data 17-09-2017 - debris temperature and 

thickness measurements

Used as input in empirical/TR approaches for 

derivation of debris thickness over an entire 

debris-covered zone.

Here VNIR = visible near infrared, NIR = near infrared, TIR = thermal infrared, TR = Thermal resistance approach, Rs = incoming shortwave radiations.
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thickness characteristics of the entire debris-covered zone were 
achieved at different intervals randomly in a north, south, east, and 
west direction. However, it was ascertained that a minimum of 10 
measurements were attained along each direction to investigate the 
spatial variability of debris thickness over a small scale. From this an 
average value of debris thickness for the sampled area was calculated 
to have an acceptable comparison for the estimated debris thickness 
from both approaches. Debris thickness was measured at each site by 
digging through the debris layer to the ice beneath. An accurate 
estimate of debris thickness was primarily accomplished by placing a 
straight edge across the top of each excavation site, followed by 
measurement of the vertical height of the debris–ice interface as 
shown by the red arrow in Figure 2A. The giant boulders and glacier 
margins above 4.000 masl were deliberately avoided due to apparent 
unstable glacier flanks. Earlier studies have applied similar procedures 
for debris thickness profiling of different glaciers at distinct sites 
(Rounce and McKinney, 2014; Mihalcea et al., 2008a; Suzuki et al., 
2007). The debris temperature was recorded simultaneously on the 
same sites using an infrared thermometer (Figure 2B). The infrared 
thermometer measures temperature in the range of −30 to 100°C 
with a resolution of 0.1°C and accuracy of ±0.5% (Suzuki et al., 2007). 
At each sample point, debris surface temperature was recorded for 
5 min with a minimum of 15 readings. The recorded measurements 
were averaged and were assumed to be more representative of AST08/
OLI (90 m × 90 m) pixel than point measurements as suggested by 
(Foster et al., 2012). The procedure was also targeted to account for 
spatial variability of debris surface temperature at different time and 
space intervals to have a precise estimate of debris thickness from 

thermal imagery (Patel et al., 2016). Furthermore, the debris rock 
samples from the glacier surface were also collected to identify rock 
types and geological characteristics.

3.2 Methodology adopted

Before implementing empirical and thermal resistance approaches 
for debris thickness estimation, it was essential to map its spatial 
extent. Debris extent was mapped from Landsat OLI (2017) because 
a more recent image for the glacier was unavailable due to extensive 
snow and cloud cover. A hierarchical knowledge-based classification 
procedure was applied to map debris extent (Ali et al., 2017; Marazi 
and Romshoo, 2018; Shukla et al., 2016). The classification scheme 
involved generating numerous input layers from the primary dataset 
(Landsat OLI, 2017), which were later set to exclusive conditions for 
the extraction of debris cover (Ali et al., 2017).

A schematic flowchart adopted for estimating debris thickness 
through both approaches is given in Figure 3, Table 2 and described 
in the following subsections.

4 Methodology

4.1 Empirical approach

In the first step, debris surface temperature (Tf) and debris 
thickness (Df) measured at 109 sites were overlaid on AST08 and 
Landsat OLI images. Field observations (both Tf and Df) falling within 
the (90 m × 90 m) pixel were averaged, resulting in a new set of 26 
data points. The resultant observations were considered more reliable 
and accurate than point measurements (Patel et al., 2016). The spatial 
distribution of both point and averaged field measurements is given 
in Figure 4.

The empirical approach worked on the premises of higher 
temperatures associated with thicker debris (Suzuki et  al., 2007; 
Rounce et al., 2021). Following this basic idea, an in-depth analysis 
of Tf and Df was performed which emerged in a linear empirical 
relationship between the parameters. A strong correlation of (r = 0.9; 
p < 0.001) achieved during the analysis is in agreement with earlier 
findings, which recorded an empirical relation of R2 = 0.82 between 
debris thickness and temperature on the Miage glacier (Patel et al., 
2016). Based on the relationship between Tf and Df, we developed 
debris thickness over the entire debris-covered zone of the glacier by 
substituting the debris surface temperature from AST08 and Landsat 
OLI according to Equations 1 and 2:

 AST08 AST08D 1.196T – 2.168=  (1)

 Landsat OLI Landsat OLID 1.153T 1.650= +  (2)

where DAST08 and TAST08 are debris thickness and surface 
temperature from AST08 and DLandsat OLI and TLandsat OLI are debris 
thickness and surface temperature from Landsat OLI, respectively. 
Inevitably, spatial patterns in debris thickness on different Himalayan 
glaciers were effectively established based on locally derived empirical 
relationships between debris thickness and surface temperature 

FIGURE 2

Field photographs showing the procedure for collection of field data 
on the Hoksar Glacier’s (A) debris thickness measurements and 
(B) debris temperature measurements.
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(Rounce and McKinney, 2014; Mihalcea et al., 2008a; Ranzi et al., 
2004; Taschner and Ranzi, 2002; Fujita and Sakai, 2014; Srigyan 
et al., 2023).

4.2 Thermal resistance approach

This approach estimates debris thickness for every pixel of 
thermal imagery by calculating thermal resistance from the 
energy balance model of a debris-covered glacier surface coupling 

primary inputs from meteorological data (ERA-5), remote sensing 
surface temperature (AST08, Landsat OLI) and thermal 
conductivity as shown in Figure  3. Under uniform debris 
condition, the transfer of energy within the debris layer is 
governed by thermal resistance (R) which in turn is controlled by 
thermal conductivity (Tc) (Rounce et al., 2021; Boxall et al., 2021). 
Consequently, R of the debris layer is defined as the ratio between 
D and Tc as expressed in Equation 3:

 RD / Tc (3)

FIGURE 3

Schematic flowchart adopted for the development of empirical and thermal resistance approaches for mapping debris thickness over the glacier-wide 
scale of the Hoksar Glacier.

TABLE 2 Main input variables used to estimate debris thickness.

Study site No. of debris temperature/thickness 
measurements

Empirical/thermal resistance model 
input variables

Units

Hoksar Glacier 109 Debris surface temperature °C

Debris thickness cm

Longwave radiations (L) Wm−2

Shortwave radiations (S) Wm−2

Air temperature (Tair) °C

Relative humidity (RH) -

Wind speed (u) ms−1

Net radiations (Rn) Wm−2

AST08/Landsat OLI surface temperature °C

albedo -

Thermal resistance m2K W−1

Thermal conductivity Wm−1 K−1
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where D is calculated by solving the relationship of R with Tc of 
the debris layer (Equation 4) according to the relationship suggested 
by the study mentioned in Suzuki et al. (2007).

 DR / Tc (4)

The determination of R and Tc on the field becomes cumbersome 
and unrealistic when considering the vast extent of glaciers. Therefore, 
earlier studies have estimated the spatial variation of thermal 
resistance using remote sensing data (Zhang et al., 2011; Suzuki et al., 
2007; Nakawo and Rana, 1999; Nakawo and Young, 1982). In addition, 
thermal resistance is independent of the glacier area and topographic 
parameters which permits it to compute as an isolated parameter. 
Considering a linear temperature gradient (due to a lack of reliable 
temperature measurements between the debris layer and ice interface) 
within the debris layer and ice–debris interface at melting point 
(Mihalcea et al., 2008a; Suzuki et al., 2007; Yin et al., 2013), conductive 
heat flux (G) of the debris layer is related to surface temperature (Ts) 
and R by Equation 5:

 GTS0 / R (5)

Earlier studies have verified that the assumption of ice–debris 
interface at the melting point with a linear vertical temperature 
gradient within the debris layer stands true for the ablation season 
(Reid and Brock, 2010). Further investigation regarding the 

temperature profiles within the debris layer confirmed almost a linear 
trend at the time of image acquisition and during the middle hours of 
the day (Reid and Brock, 2010). Even though few studies have 
incorporated a non-linear approximation factor (Gratio) as a 
temperature profile within the debris layer, it is expected to vary from 
glacier to glacier (Reid et al., 2012; Schauwecker et al., 2015; Yong 
et al., 2016). Likewise, the value of Gratio in earlier studies was either 
measured on the field (Reid et al., 2012) or used based on a previous 
study (Schauwecker et al., 2015) which apparently may not stand true 
everywhere. It is noteworthy that Gratio can cause limited uncertainty 
to estimated debris thickness for it being least or moderately sensitive 
to debris thickness (Reid et al., 2012; Schauwecker et al., 2015).

In Equation 5, G was calculated from the general energy-balance 
equation, according to which the total source of the energy available 
to the debris surface is summed in Equation 6:

 nR H LE P G 0+ + + + =  (6)

where Rn is the net radiation flux; H is the net sensible heat flux, LE 
is the net latent heat flux, P is the heat flux supplied or consumed by 
precipitation falling on the surface, and G is the conductive heat flux into 
the debris layer, which controls the warming or cooling of the snow or 
icepack, respectively (Suzuki et al., 2007). All these fluxes (Wm−2) are 
considered positive when directed towards the debris surface (Patel et al., 
2016; Zhang et al., 2011). Energy contributions from P can be neglected 
as the debris surface is dry under clear sky conditions in the ablation 

FIGURE 4

Spatial distribution of the field measurements (September 2017) on the Hoksar Glacier; (A) 109-point debris thickness (Df) and corresponding debris 
temperature (Tf) measurements and (B) average debris thickness (Df) and corresponding debris temperature (Tf) measurements. The base image is FCC: 
3:2:1, created from the LISS P6-IV image (dated 13 September 2015).
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season except immediately after precipitation, which is unlikely to 
impact satellite imagery acquired under dry conditions (Brock et al., 
2010). The net latent heat flux (LE) includes energy transfer through 
sources and sinks (e.g., convection, advection, phase changes, or 
ventilation) which are negligible when considering the neutral 
atmosphere (Nicholson and Benn, 2006; Reid et al., 2012; Yong et al., 
2016). Although a thin debris layer can be saturated at the surface, the 
vapour pressure gradient between the surface and atmosphere is usually 
weak owing to the low surface temperature, which further points towards 
low LH for such areas (Yong et al., 2016). Simplifying for LE = 0 and 
p = 0, the sources of energy available at the surface are reduced to net 
radiations (Rn) and sensible heat flux (H) (Kayastha et al., 2000; Takeuchi 
et al., 2000). This approximation is also in line with previous studies, 
which concluded that net radiation is the dominant source of heat energy 
on the Himalayan debris-covered glaciers with negligible uncertainties 
introduced by omitting latent heat fluxes (Rounce and McKinney, 2014; 
Suzuki et al., 2007; Nakawo and Rana, 1999; Nicholson et al., 2018; 
Kayastha et al., 2000). These studies further stressed that the spatial 
pattern of thermal resistance is least dominated by excluding latent heat 
fluxes. Although the presence of water in the debris layer influences 
thermal resistance (Nakawo and Rana, 1999), the acquisition of AST08/
Landsat OLI imageries under a clear sky and dry conditions minimise 
such impacts (Nicholson et al., 2018; Kayastha et al., 2000). In addition, 
to assess our approach’s effectiveness and certainty in the calculation of 
R, two Landsat OLI imageries of different dates (dated 8 September 2017 
and 17 September 2018) were used. Previous studies have amply 
demonstrated that the R of the debris layer at a specific site can 
be considered constant during the melting season (Nakawo and Rana, 
1999; Nakawo and Young, 1982; Takeuchi et al., 2000). Comparative 
analysis of R values from Landsat OLI images of different dates showed 
minimal differences. The overall correlation coefficient of r = 0.83 
(p < 0.001) was obtained between R of two independent Landsat OLI 
imageries, which were consequently considered to be constant on the 
glacier during the melting season of 2017. The finding of slight 
differences in calculated R from two distinct datasets is also corroborated 
elsewhere (Suzuki et al., 2007).

Subsequently, Equations 5, 6 can be simplified as follows:

 S nR T 0 / R H= +  (7)

where R of the debris layer was determined from the surface 
temperature (TS°C) of the debris layer obtained from thermal infrared 
(TIR) bands of AST08 and Landsat OLI (Figure 3), and Rn and LE 
were calculated following Suzuki et al. (2007), as shown in 
Equations 8 and 9:

 ( ) ( )4n S L sR 1 R R – T 273.2α ε σ= − + × −  (8)

 ( )2 1ëT K / ln K / L 1= +  (9)

where RS is downwards shortwave radiation, RL is downwards 
longwave radiation, α is albedo which was set to 0.3 and kept constant 
throughout the glacier due to the relative insensitivity of the model to 
its change (Nicholson and Mertes, 2017; Foster et al., 2012; Suzuki 
et al., 2007; Schauwecker et al., 2015), ε is the emissivity of the debris 
surface (taken to be 1) (Suzuki et al., 2007), σ is the Stefan–Boltzmann 
constant (5.67 × 10−8 W m−2 K−4), TS is the surface temperature of the 

debris (°C), K1 and K2 are coefficients determined by effective 
wavelength, and Lλ is top of atmospheric spectral radiance. Likewise, 
sensible heat flux (H) was calculated by using the bulk method as 
expressed in Equation 10:

 ( )a a air sH c CU T T= ρ −
 (10)

where ca is the specific heat capacity of air (1,006 J kg−1 K−1), ρa is the 
density of air (kg m−3), C is the bulk coefficient for sensible heat (0.002), 
U is wind speed (which was set to 1.41 m s−1), Tair is air temperature (°C). 
It should be noted that distributed incoming RS was corrected for the 
effects of topography using ASTER DEM, as proposed by (Rana et al., 
1997). Thus, the R of debris cover was calculated by substituting 
Equations 8–10 in Equation 7.

Debris conductivity is heterogeneous and depends mainly on rock 
type, lithology, and water saturation (Rounce and McKinney, 2014; 
Foster et al., 2012; Yong et al., 2016). All these debris characteristics are 
spatially variable and impractical to measure on the field. The lack of 
knowledge of the moisture in the debris and at its surface makes it 
difficult to estimate the thermal conductivity accurately. The problems 
are further exacerbated in data-scarce regions (such as Himalaya) where 
automatic weather stations are unavailable. In these situations, using the 
thermal conductivity of the rock type found in the region was most 
convenient. During the field expedition, a mixture of two rock types 
(mainly granite and basalt) was identified on the glacier surface. 
Furthermore, the surface of the glacier is dominated by boulders, gravel, 
and cobbles, however, as observed at the excavation sites, the debris 
interface was majorly composed of fine sand (Figures  2, 4). The 
composition and size of the debris on the glacier finds its resemblance 
with different Himalayan glaciers elsewhere (Rounce and McKinney, 
2014; Kayastha et al., 2000). Considering the type and composition of 
debris, a uniform value of Tc = 1.3 W s−1 K−1 (mean Tc of the two rock 
types) was found to be more reasonable to match best with the field 
evidence (Gibson et al., 2017). Interestingly, a small variation in the range 
of values for Tc on a single glacier (standard deviation of 0.20 W m−1 K−1) 
has generated an acceptable level of uncertainty in modelled debris 
thickness, which justifies the use of a single value of Tc for an isolated 
glacier (Reid and Brock, 2010). Even though earlier studies quantified a 
wide range of thermal conductivity values from 0.42 (±0.04) to 2.28 
(±0.23) W m−1 K−1, which are in agreement with other studies that have 
found thermal conductivity to vary between 0.60 and 
1.29 W m − 1 K − 1in Everest region (Immerzeel et al., 2012; Reid et al., 
2012; Nicholson et al., 2018; Kayastha et al., 2000). However, it is worth 
mentioning that such analysis was specifically accomplished in the 
Everest region, and we assume that no such investigation has so far been 
executed on the Kashmir Himalayan glaciers, which further restricts its 
intercomparison or uncertainty analysis. Nevertheless, a single value for 
thermal conductivity throughout the glacier was extensively used in 
previous studies (Immerzeel et al., 2012; Reid et al., 2012; Schauwecker 
et al., 2015; Kayastha et al., 2000). The wide range of thermal conductivity 
applied on different glaciers at different sites is given in Table 3.

5 Results and discussions

In this section, a comparative analysis of field measurements (Tf 
and Df) and satellite thermal characteristics Ts (both TAST08 and TLandsat 

OLI) with Tf and Df is accomplished, which shall be followed by an 
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investigation of spatial variability in debris thickness estimates as 
obtained from field, empirical and thermal resistance approaches.

5.1 Spatial variation in Tf and Ts

The spatial distribution of debris thickness on a glacier is computed 
as a function of debris surface temperature (Nicholson and Benn, 2006; 
Ranzi et  al., 2004; Kirkbride and Warren, 1999). Therefore, an 
assessment of the consistency of temperature from TAST08 and TLandsat OLI 
was performed by its appraisal with Tf observations sampled during the 
2017 field expedition (Figure 5). On comparison, we find a statistically 
significant correlation of (r = 0.85; p < 0.001) for Tf/TAST08 and (r = 0.87; 
p < 0.001) for Tf/TLandsat OLI, respectively (Figure 6). The consistency of 
temperature between Tf/TAST08 and Tf/TLandsat OLI increased for 
homogenous debris thickness pixels sampled along the western margins 
of glacier; however, the correlation decayed as the variability of debris 
thickness within and between the pixels increased (Figure  6). For 
homogenous pixels, a correlation of (r = 0.9; p < 0. 001) for TAST08 and 
(r = 0.88, p < 0.001) for TLandsat OLI was observed. Overall, we found a 
close agreement in the spatial pattern of temperature between Tf, TAST08, 
and TLandsat OLI (Figure 6). However, on closer inspection, two major 
temperature differences were noted between Tf, TAST08, and TLandsat OLI—
one in which TAST08 and TLandsat OLI overestimated Tf, and the other TAST08 
and TLandsat OLI underestimated the other Tf. These two differences were 
recognised at different glacier elevations with variable debris thickness. 
We found Tf > TAST08 and TLandsat OLI along the eastern margins of the 
glacier (TAST08 ≥ 8°C at 3,900 m and TLandsat OLI ≥ 6.5°C at 3,970 m). Such 
temperature differences between Tf and TAST08 and TLandsat OLI may 
be likely due to the time difference in image acquisition (10:30 to 10:40 
coordinated universal time [UTC]) and field debris measurements 
(10:30 to 12:30 UTC). Furthermore, Tf is enhanced for sites with single-
point temperature measurements that are highly sensitive to 
microclimatic conditions such as shadow, aspect, and moisture. 

However, any such temperature variations are averaged out within an 
AST08 and Landsat OLI pixel. Accordingly, we noted Tf < TAST08 and 
TLandsat OLI towards the western part of the glacier closer to the central 
flowline (TAST08 > 7.8°C at 3,470 m; TLandsat OLI > 9.2°C at 3,553 m). In 
particular, local glacial conditions such as microtopography, shading, 
variable lithology, small ponds, crevasses, and the influence of the Sun 
and wind principally affect Tf. However, such differences in temperature 
within a single pixel (90 m × 90 m pixel) are averaged in TAST08 and 
TLandsat OLI. Earlier, such magnitude differences in Tf and satellite-derived 
temperature were noticed by Mihalcea et al. (2008a), which further 
suggested that the satellite-derived surface temperature is better for use 
in debris thickness estimations over large spatial scales.

5.2 Spatial variability in Df and Ts

As mentioned earlier, Df depends on the debris surface 
temperature’s magnitude (Suzuki et al., 2007; Kirkbride and Warren, 
1999; Aubry-Wake et al., 2023). Therefore, we analysed the relation of 
Df with Tf, TAST08, and TLandsat OLI to have confidence in accurate 
estimates of debris thickness. Though, synchronisation of satellite 
data with field expeditions is better for achieving significant results, 
as found in previous studies (Ranzi et  al., 2004; Mihalcea et  al., 
2008b). However, aligning field observations with the availability of 
remote sensing datasets is difficult, especially in the Himalaya 
(Mihalcea et  al., 2008b; Rounce et  al., 2018). Accordingly, 
we compared field observations with satellite imageries of different 
acquisition dates and attained a reasonable statistically significant 
correlation. As shown in Figure 7, Tf, TAST08, and TOLI showed the 
influence of debris thickness and correlated strongly. On comparison, 
Df showed a stronger correlation with Tf (r = 0.9; p < 0.001) followed 
by TAST08 (r = 0.87; p < 0.001) and least with TLandsat OLI (r = 0.8; 
p < 0.002) (Figure 7). The strongest and most consistent correlation 
was observed for homogeneous debris thickness pixels (for such 

TABLE 3 Range of values for thermal conductivity (Tc) used on different glaciers situated at different sites.

S. no. Glacier site Lithology Value (W m−1 K−1) Reference

1. Lirung Glacier, Nepal Himalaya - 1.4–2.6 Rana et al. (1997)

2. Khumbu, Nepal Himalaya - 0.85 ± 0.2 Conway and Rasmussen (2000)

3. Khumbu, Nepal Himalaya - 1.28 ± 0.15 Conway and Rasmussen (2000)

4. Miage, Italy Schists and granites 0.96 Brock et al. (2010)

5. Baltoro, Pakistan - 0.94 Schauwecker (2012)

6. Ngozumpa, Nepal Himalaya Sillimanite grade gneiss 1.36 ± 0.14 Nicholson and Benn (2013)

7. ChangriNup, Nepal Himalaya - 0.7 Lejeune et al. (2013)

8 Imja-Lhotse Shar, Nepal Himalaya - 0.96 ± 0.33 Rounce and McKinney (2014)

9 Bara Shigri, Indian Himalaya Metamorphites, migmatites and gneisses 0.94 Schauwecker et al. (2015)

10 Miage Glacier, Italy

Khumbu Glacier, Nepal

Haut Glacier d’Arolla, Switzerland

- 0.96 Stewart et al. (2021)

11 This study Granite and basalt 1.3 -

12 Miage, Italy Schists and granites 0.96 Foster et al. (2012)

13 Ngozumpa Glacier, Nepal Himalaya - 1.29 Nicholson et al. (2018)

14 Llaca Glacier, Ancash Region, Peru - 0.963 Bisset et al. (2022)
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pixels, r = 0.91; p < 0.001 for Tf, r = 0.9; p < 0.001 for TAST08 and 
r = 0.87; p < 0.002 for TLandsat OLI) which is in agreement to existing 
literature evidenced elsewhere (Rounce and McKinney, 2014; 
Mihalcea et al., 2008a; Ranzi et al., 2004). In contrast, correlation 
sharply deteriorated (r = 0.78; p < 0.02 for Tf, r = 0.66; p < 0.03 for 
TAST08 and r = 0.6; p < 0.04 for TLandsat OLI) for thin and dispersed debris 
at higher elevations towards the upper ablation zone of the glacier. 

These results emphasise the careful interpretation of the spatial 
patterns of debris thickness for highly heterogeneous debris thickness 
environments obtained from an empirical approach. A maximum 
Df ≤ 39 cm was found to be  quite consistent with the highest 
Tf ≥ 30°C at an elevation of 3,741 masl near the snout along the 
western region of the glacier (Figure 7C). We also observed large 
differences (<3.6°C) in temperature for small variation in debris 
thickness at different elevations which reflects the influence of 
microenvironment on temperature. Previous studies have noted a 
temperature difference of ≥4°C between the recorded and ASTER 
temperatures and suggested they are acceptable and within the range 
of error when considering the absolute accuracy of 4 K for ASTER 
(Suzuki et al., 2007). This motivated us to use both TAST08 and TLandsat 

OLI for the estimation of debris thickness over the entire debris-
covered zone of the glacier.

5.3 Spatial pattern of debris thickness from 
empirical approach

Over an entire debris-covered zone, we noted a general trend of 
increasing debris thickness towards the snout at lower elevations from 
both AST08 and Landsat OLI, consistent with field debris thickness 
measurements (Figure 8). A similar pattern of relatively thicker debris 
was observed along the lateral and the terminal areas of the glacier 
which nevertheless decreased continuously along the central flowline 
(Figure 8). A maximum debris thickness ≤ 39 cm near the snout from 
field was comparatively higher than Landsat OLI (≤30 cm) and quite 
consistent with AST08 (≤42 cm) (Figure  8). The mean debris 
thickness (mean + standard deviation [SD]) of 18.9 ± 7.9 cm, 
16.6 ± 9.7 cm, and 12.5 ± 8.9 cm from field, AST08, and Landsat OLI 
was obtained over an entire 1.2 km2 debris-covered zone of the glacier. 
Thus, the empirical approach using different satellite images for debris 
thickness estimation could prove useful in gaining knowledge about 
the spatial pattern of debris thickness distribution at glacier-wide 
scale. However, the resulting debris thickness cannot be relied upon 

FIGURE 5

Spatial pattern of surface temperature (90 m pixel and temperature in °C) on the Hoksar Glacier obtained from (A) AST08; (B) Landsat OLI; and (C) field.

FIGURE 6

Relationship between field temperature (Tf) measurements with 
(A) AST08 temperature (TAST08) and (B) Landsat OLI temperature 
(TLandsatOLI).
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to give accurate thickness values, particularly in the regions associated 
with crevasses, water ponds, and ice cliffs. However, it can identify 
relatively thick/thin debris pixels. Furthermore, the deviation in debris 
thickness estimates at pixel level from AST08 and Landsat OLI was 
prominent in the areas where the debris layer was very thin and 
patchy. The general trend of higher debris thickness values at each 
pixel from the field compared to AST08 and OLI could be likely due 
to scanty field debris thickness observations, which does not reflect 
the average debris thickness for a pixel of AST08 and Landsat 
OLI. Furthermore, the possible explanation for the deviation in 
estimated debris thickness from AST08 and Landsat OLI may 
be  related to the difference in image acquisition time; AST08 
(10:40 a.m.), OLI (9:16 a.m.) local time in the study area and field data 
collection. At this time of the day, the low solar elevation (~48°) results 
in significant topographic shadowing on many south and west-facing 
slopes (Rounce and McKinney, 2014). This effect could be enough to 
obscure the thermal signatures exhibited by the glacier, which forms 

the basis for debris thickness estimation through an empirical 
approach. Earlier studies on debris-covered studies have also 
concluded a significant difference in the general trend of debris 
thickness induced by the characteristic presence of crevasses, water 
ponds, and ice cliffs on glacier surfaces (Rounce and McKinney, 2014; 
Juen et al., 2014).

5.4 Spatial variability in thermal resistance 
(R)

Spatial variation of estimated R ranged from (RAST08 = 0 to 
9.8 × 10−2 m2 W K−1 and RLandsat OLI = 0 to 8.7 × 10−2 m2 W K−1) for 
AST08 and Landsat OLI, respectively (Figure 9). A general trend of 
relatively higher values of R from both AST08 and Landsat OLI were 
observed near the snout and along the western margins of the glacier 
where the debris is thick (Figure 9). However, a gradual decrease in R 
along the central flowline (CFL) towards the accumulation zone was 
well distinguished where the debris is comparatively thinner and 
discontinuous (Figure 9). Thus, it can be perceived that R followed the 
consistency of measured spatial pattern of debris thickness existing on 
the glacier (Section 5.5). Thermal resistance correlated well with Df, 
and we achieved a significant correlation of (r = 0.89; p < 0.001 for 
RAST08 and r = 0.83; p < 0.002 for RLandsat OLI), respectively. Excluding 
mixed pixels, earlier findings on the spatial distribution of thermal 
resistance have typically agreed well with field observations (Suzuki 
et al., 2007). The mixed pixel effect refers to the pixels in the satellite 
imagery comprising supraglacial ponds, ice cliffs, and bare ice areas 
(Suzuki et al., 2007). Significantly lower values for calculated thermal 
resistance were also observed for the areas with exposed ice cliffs 
having lower temperature (Nakawo and Young, 1982). In contrast, 
Zhang et al. (2011) did not address the low values of thermal resistances 
but did attribute the small disagreement between modelled and 
observed melt rates to the unknown variations in meteorological 
conditions caused by altitude, aspect, and shading in different areas, as 
well as the unknown nature of water content in the debris. In addition, 
earlier findings argued that though the mixed-pixel effect and the 
spatial variation in meteorological conditions may reduce the thermal 
resistances, it is unlikely to cause the satellite-derived thermal 
resistances to be 1 or 2 orders of a magnitude lower than those found 
in the field (Rounce and McKinney, 2014). However, it has been used 
in the current study to understand the spatial pattern of debris 
thickness in combination with thermal conductivity and restricted 
meteorological inputs. Moreover, we compared the derived thermal 
resistance with observed debris thickness, and we achieved a significant 
correlation, which encourages us to use thermal resistance as one 
variable for estimating debris thickness.

5.5 Spatial pattern of debris thickness from 
thermal resistance approach

Debris thickness estimates using AST08 and Landsat OLI showed 
a considerable inhomogeneity that thickens towards the snout and 
thins up-glacier, identical to that obtained from the field (Figure 10). 
In general, debris thickness from Landsat OLI varied from 0 to 55 cm 
with a mean debris thickness of ≥23 ± 17 cm. In contrast, a slightly 
higher debris thickness of 0–57 cm with a mean debris thickness of 

FIGURE 7

Relationship of field debris thickness (Df) measurements with 
corresponding (A) field debris surface temperature (Tf); (B) AST08 
debris surface temperature (TAST08), and (C) Landsat OLI debris 
surface temperature (TLandsat OLI).
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≥23 ± 17 cm was observed from AST08. A maximum thickness of 
53 ± 7 cm for Landsat OLI and 55 ± 9 cm for AST08 was computed 
for the regions situated along the western margins near the terminus 
where the debris had likely accumulated over time due to differential 
melting and backwasting (Figure  10). Although computed debris 
thickness from AST08 and Landsat OLI varied at the pixel level, 
however, we  observed a similar and consistent pattern of debris 
thickness variation which gradually decreased from west to east 

(Figure 10). Areas of thin debris cover, that is, 22 ± 9 cm for Landsat 
OLI and 25 ± 11 cm for AST08 were represented along the eastern 
lateral margins and towards the accumulation zone of the glacier 
(Figure 9). We could not obtain a wide rage in the spatial variability of 
debris thickness which could be  partially explained by small size 
(~2.1 km2 in the area; debris-covered area ~ 1.2 km2) of the glacier 
and further by pixel scale (90 m × 90 m) of AST08 and 60 * 60 m of 
Landsat OLI datasets.

FIGURE 8

Spatial pattern of debris thickness derived from empirical approach over an entire debris-covered zone of the Hoksar Glacier using (A) Landsat OLI, 
(B) AST08, and (C) Field. The background image is ASTER (dated 23 October 2015) FCC with band combinations R = near-infrared, G = red, and 
B = green band, and debris thickness is expressed in (cm). In each panel, D = debris thickness.
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FIGURE 9

Spatial variability of thermal resistance (R) as achieved from AST08 and Landsat OLI. Note that the thermal resistance was measured in 10−2 m2 W K−1.

FIGURE 10

Spatial distribution of debris thickness on the Hoksar Glacier as obtained through thermal resistance approach using (A) Landsat OLI and (B) AST08. In 
each panel, DOLI = debris thickness from Landsat OLI and DAST08 = debris thickness from AST08.

https://doi.org/10.3389/frwa.2024.1480585
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org


Ali et al. 10.3389/frwa.2024.1480585

Frontiers in Water 14 frontiersin.org

5.6 Comparison of debris thickness 
estimates on the Hoksar Glacier

We also compared and evaluated debris thickness estimates 
obtained through empirical and thermal resistance-based approaches 
along different transects set along the glacier’s central flowline. 
Starting from the snout, at a regular distance of 90 m, a total of five 
transects, namely, T1, T2, T3, T4, and T5, were drawn throughout the 
debris-covered zone of the glacier (Figure 10A). The average debris 
thickness obtained through these transects is shown in Figure 11B.

From both empirical (AST08 and Landsat OLI) and thermal 
resistance (AST08 and Landsat OLI) approaches, we  observed an 
identical fluctuating trend in debris thickness along the central 
flowline, which can be expected for high heterogeneity of thickness 
over short distances (Patel et al., 2016; Nicholson and Benn, 2013; 
Ranzi et al., 2004; Suzuki et al., 2007). However, a noticeable deviation 
was recognised in average debris thickness within each transect 
(Figure  11). The empirical average debris thickness along these 
transects was significantly smaller (AST08 = 19.6 ± 5 cm; Landsat 

OLI = 17.4 ± 8 cm) in comparison to the average field debris thickness 
(26.8 ± 7.5 cm) yielding a percentage deviation of 26.9 and 35%, 
respectively. Comparatively, thermal resistance-derived average debris 
thickness of 23.7 ± 7.8 cm from AST08 and 22.3 ± 4.8  cm from 
Landsat OLI coincided well with field-derived average debris thickness 
achieving a smaller deviation of 11.2 and 11.6%, respectively. Since the 
empirical approach could not capture debris thickness > 50 cm which 
has influenced an overall estimated debris thickness (Ranzi et al., 
2004; Yong et al., 2016; Conway and Rasmussen, 2000).

The thermal resistance approach showed the highest average 
debris thickness (AST08 = 39.4 ± 7.8 cm; Landsat 
OLI = 37.6 ± 8.9 cm) in transect T1, which agreed reasonably well 
with field mean debris thickness (40 ± 6.7 cm) in the same transect 
(Figure 11B). However, relatively lower mean debris thickness was 
obtained from empirical approach in transect T1, which is likely due 
to insensitivity of satellite surface temperature to debris 
thickness > 50 cm (Figure 11B). The empirical approach estimated 
relatively higher average debris thickness (AST08 = 42.8 ± 12 cm; 
Landsat OLI = 37 ± 9.5 cm) in transect T2 compared to 26 ± 5.5 cm 

FIGURE 11

Comparative analysis of debris thickness on the Hoksar Glacier derived through different approaches; (A) represents the location of transects T1, T2, 
T3, T4, and T5 along the central flowline of the glacier and (B) represents the average debris thickness along transects T1 to T5. In legend, 
Empirical = Empirical Approach and TR = thermal resistance approach.
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and 29.6 ± 7 cm in field and thermal resistance approach, respectively 
(Figure 11B). Overshoot in transect T2 from empirical approach is 
possible due to predominant south- and east-facing orientation of 
pixels which allows them to experience more incoming shortwave 
radiations throughout morning, thereby enhancing debris surface 
temperature and resultant debris thickness (Nicholson and Mertes, 
2017; Mihalcea et al., 2008a). In transect T3, empirical and thermal 
resistance approaches mapped debris thickness (AST08 = 60%; 
Landsat OLI = 42%) and (AST08 = 33%; Landsat OLI = 35%) lower 
when compared to field debris thickness. This trend in debris 
thickness in transect T3 can be  the impact of microclimate (e.g., 
shading by surrounding terrain), presence of crevasses (Figure 1E), 
and north and west-facing slopes (that receive less radiation), which 
results in reduced net radiations/debris surface temperature, used to 
derive debris thickness (Mihalcea et al., 2008a; Ranzi et al., 2004). A 
close approximation in estimated debris thickness from empirical and 
thermal resistance approaches with the field in transect T4 can 
be explained as a consequence of the uniform distribution of debris 
thickness where the thickness/temperature relationship is supposed 
to be the strongest (Figure 11). In contrast, the spatial variability in 
temperature which influences debris thickness is pronounced in 
transect T5 particularly due to patchy and discontinuous debris cover. 
Thus, the average debris thickness in transect T5 is comparatively 
underrepresented in the empirical approach compared to the field and 
thermal resistance approach. These results suggest that the estimated 
debris thickness from both approaches is reliable in areas with 
uniform debris cover. Unlike the thermal resistance approach, the 
method of obtaining debris thickness from the thickness-temperature 
relationship does not perform well where debris thickness is thin and 
patchy. In such areas, debris thickness from the empirical approach 
appears to be relatively lower, indicating that the surface temperature 
of the debris is independent of the thickness of the underlying debris. 
Furthermore, the local microclimatic-driven surface temperature 
differences (which can be the limitation of AST08 and Landsat OLI 
pixel size to compensate for the small-scale local variations in 
temperature) are reflected in both approaches where surface 
temperature-driven debris thickness is obscured. Therefore, 
we recommend that future studies estimating debris thickness from 
thermal imagery may collect enough site-specific debris temperature 
and thickness measurements to ensure that empirical and thermal 
resistance approaches used are calibrated to account for these 
differences. In the future, applying the thermal resistance approach at 
a regional scale and its validation with the existing in-situ 
measurements would enable its further validation and 
universal applicability.

5.7 Status of debris thickness on the Hoksar 
Glacier

Debris thickness estimates from the thermal resistance approach 
(deviation ~11.2% for AST08 and 11.6% for Landsat OLI) closely 
approximate to field measurements. We  exhibit a typical spatial 
distribution of debris thickness that decreases from the snout towards 
the up-glacier but thickens towards margins with increasing distance 
from the central flowline. This generalisation is also confirmed by field 
measurements that show a thinly debris-covered central portion of the 
glacier with a positive trend towards western margins (Figure  8), 

usually typical of widespread debris-covered glaciers globally 
(Anderson and Anderson, 2018; Rana et al., 1997; Kraaijenbrink et al., 
2018). Such a distribution of debris thickness further reflects the 
phenomenon of differential melting wherein higher melting has 
occurred near or along the central flowline and lower at the margins. 
A constant englacial transport of debris through debris slides and 
rockfall coupled with the steepness of surrounding topography could 
explain higher debris thickness in the lower sections (Kirkbride and 
Deline, 2013; Suzuki et al., 2007; Rana et al., 1997). Earlier studies have 
investigated net deglaciation with a consequent increase in debris 
cover in the region (Ali et al., 2017; Gibson et al., 2017). Under such a 
negative mass balance regime, this pattern of debris thickness is 
essentially governed by glacier flow, ablation, medial moraine 
expansion, and englacial transport (Kirkbride and Deline, 2013; Ali 
et al., 2017). To investigate the effectiveness of the approach, we further 
compared our thermal resistance-derived debris thickness estimates 
to global debris thickness data modelled from satellite data. Global 
debris thickness was earlier produced by using Landsat 8 surface 
temperature data in combination with the mass-continuity-based 
subdebris melt inversion method (Rounce et al., 2021). The spatial 
distribution of debris thickness from the current approach is very 
similar to that generated by Rounce et al. (2021). In both cases, the 
debris is thicker closer to the terminus and along the western margins 
of the glacier and thinner up-glacier. However, our thermal resistance-
based debris thickness estimates indicate a mean debris thickness of 
23.7 ± 7.8 cm from AST08 and 22.3 ± 4.8 cm from Landsat OLI, 
which is 39% (AST08) and 35% (Landsat OLI) less than the mean 
debris thickness modelled by Rounce et al. (2021). The difference in 
debris thickness estimates in the present study and Rounce et al. 
(2021) is expected due to (a) smaller debris-covered zone considered 
by Rounce et al. (2021) ~0.7 km2 compared to this study (~1.2 km2) 
and (b) difference in the approaches and data inputs used for 
estimation of debris thickness. Similarly, supraglacial debris thickness 
was modelled for 4,689 glaciers in High Mountain Asia using 
downscaled ERA5-Land reanalysis data (McCarthy et al., 2022). The 
results from the study suggest a strong spatial variability in debris 
thickness both at the local and regional levels. Interestingly, the study 
indicated thinner debris concentrated at higher elevations up-glacier 
due to recent exhumation from the ice, while thicker debris was 
concentrated at lower elevations down-glacier where there tend to 
be large moraines and extensive debris, which also corroborates the 
current study.

5.8 Limitations and way forward

The empirical approach presented here relies on site-specific 
information (debris temperature and thickness measurements), which 
is expected to vary from glacier to glacier or within the same glacier. 
The large variation in debris thickness over small spatial scales prevents 
the universality of the empirical approach for wider application. The 
results of our study further indicate that the approach becomes 
insensitive to relatively thick (>50 cm) debris pixels. This provides 
further evidence that debris surface temperature becomes independent 
for thicker debris, as discussed in Ragettli et al. (2015) and Yong et al. 
(2016). However, the impact of this limitation will be insignificant for 
melt models for which the melt below a thick debris layer is generally 
low (Ranzi et al., 2004). It appears that a single value of debris thickness 
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for a pixel (90 m × 90 m for AST08 and 60 × 60 for Landsat OLI) may 
not be representative when considering the heterogeneity of debris 
thickness and its variation on a scale smaller than 30 m × 30 m (Foster 
et  al., 2012). Moreover, microclimatic conditions prevalent on the 
glacier surface, such as shading caused by surrounding mountains, ice 
cliffs, and supraglacial ponds, influence the spatial distribution of 
surface temperature (Mihalcea et al., 2008a; Ranzi et al., 2004). The 
impact of shadows in the current study was considered to be negligible, 
considering the acquisition time of remote sensing imageries 
(10:40 a.m.) and field observations (11:30 a.m.). Therefore, the small-
scale variation in temperature from ice cliffs and crevasses was usually 
associated with inhomogeneous pixels with high variability of debris 
thickness (Transect T3; Figures 1E, 10). However, the coarse resolution 
of thermal imageries (both AST08 and Landsat OLI) could not account 
for such variation in temperature (usually more than a pixel of thermal 
imagery). Therefore, this should be  acknowledged as an inherent 
limitation of the empirical approach. We further advocate for further 
high-precision studies of debris thickness that will ensure uncertainties 
associated with similar complex surfaces (supraglacial ponds, ice cliffs, 
aspects, and shadings, and also the meteorological variables, such as air 
temperature or wind) using a high-resolution airborne unmanned 
aerial vehicle (UAV). Better understanding of the debris thickness–
temperature relationships for the derivation of the universal algorithm 
remains a challenge for future studies. The acquisition of more in-situ 
data could potentially solve this problem and could help in statistical 
modelling (such as semi-variograms) and interpolation (such as 
kriging) to capture debris thickness with finer details. The present 
study does not account for the variation of temperature with elevation, 
which we consider negligible in the context of the small-sized debris-
covered zone of the glacier (~1.2 km2). However, the derivation of 
empirical relationships for separate elevation bands could potentially 
solve this issue (Reid et al., 2012; Mihalcea et al., 2008a; Yong et al., 
2016; Reid and Brock, 2010). In conclusion, only a method capable of 
estimating and subtracting all the factors controlling surface 
temperature may reliably relate debris thickness to surface temperature 
for an accurate estimation of debris thickness through 
empirical approaches.

In the future, the thermal resistance approach would be highly 
beneficial for the derivation of debris thickness without the need for 
extensive field measurements in data-scarce Himalayan region. 
Though the spatial distribution of thermal resistance typically agreed 
well with observed debris thickness (r = 0.89; p < 0.001 for RAST08 and 
r = 0.83; p < 0.002 for RLandsat OLI) which motivated us to use thermal 
resistance as one variable for the estimation of debris thickness. 
However, earlier studies suggested actual values of thermal resistance 
to be significantly lower than field observations (Nakawo and Rana, 
1999). This uncertainty in the estimated thermal resistance prevailed 
for the regions associated with supraglacial ponds, ice cliffs and bare 
ice areas (Nakawo and Rana, 1999). The thermal resistance of the 
regions corresponding to exposed ice cliffs was further reduced due 
to lower surface temperature (Nakawo and Young, 1982). On the 
contrary, small disagreement between modelled and observed melt 
rates due to unknown variations in meteorological conditions caused 
by microclimatic conditions were addressed in a different study 
instead of minimum values for thermal resistance (Suzuki et  al., 
2007). Adding to the discussion, the spatial variation in 
meteorological may reduce the thermal resistance, but it is unlikely 
to cause deviation in satellite-derived thermal resistances (Nicholson 

and Mertes, 2017). Although this limitation may exist at the same 
time, it allows the development of an understanding of the spatial 
pattern of debris thickness with limited meteorological and site-
specific inputs. We believe that the approach is unable to capture 
exact local variations in temperature, which may influence the 
thermal resistance. One way to overcome this problem may be to 
apply the corrections to the incoming solar radiation and then 
resample these values of incoming solar radiation with the surface 
temperature pixels (30 m). Future studies should seek to quantify 
how much the debris thickness is underestimated by the spatially 
variable thermal resistance of mixed pixels and to develop a method 
that is able to accurately quantify the debris thickness for such pixels. 
Furthermore, to minimise the uncertainties associated with sensible 
heat fluxes and thermal conductivity (which were either neglected or 
considered constant in the current study) by gathering site-specific 
meteorological data and debris properties. While the glacier selected 
in the present study is small and a constant value for shortwave and 
longwave radiation across the glacier is acceptable, future efforts 
could be  made by accounting for the effects of local topography 
(debris mounds and ice cliffs) on the distribution of these radiations. 
It is also possible to have an in-depth depth evaluation of reanalysis 
ERA-5 data based on field meteorological measurements that could 
be helpful to estimate biases there in and to estimate a general range 
of deviations between the two. Furthermore, it would be of great 
interest to compare reanalysis ERA-5 data to field meteorological data 
from other glaciers, especially for high-altitude glaciers in the 
Himalaya. The consistency and reliability of the approach can further 
be appraised by comparing the debris thickness maps obtained from 
spatially and temporally variable images in the future which can assist 
its wider application.

6 Summary and conclusion

The study presented here investigates the performance of 
empirical and thermal resistance debris thickness approaches against 
field measurements on the Hoksar Glacier, Kashmir Himalaya. The 
study used thermal imageries (Landsat OLI, 2017 and AST08, 2017) 
and reanalysis ERA-5 data for the assessment of debris thickness over 
the entire debris-covered zone of the glacier. Our major findings of the 
study are listed in the following:

 • For homogenous debris thickness, we  have noticed excellent 
coherence (r = 0.9; p < 0. 001 for TAST08 and r = 0.88; p < 0.001 
TLandsat OLI for temperature) and (r = 0.9; p < 0.001 for TAST08 and 
r = 0.87; p < 0.002 for TLandsat OLI for debris thickness) between 
field temperature and thickness measurements with satellite 
temperature indicating that the accuracy of the estimated debris 
thicknesses to be maximum for such regions.

 • From the empirical approach (both AST08 and Landsat OLI), a 
prominent deviation in debris thickness estimates for relatively 
thin debris-covered pixels was observed when compared to field 
data, which is possibly linked to higher spatial variability in 
surface temperature caused by patchy and moisture-laden 
debris layer.

 • Over an entire debris-covered zone of the glacier, an average 
debris thickness of 18.9 ± 7.9 cm was observed from the field, 
which the empirical approach underestimated (12% for AST08 

https://doi.org/10.3389/frwa.2024.1480585
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org


Ali et al. 10.3389/frwa.2024.1480585

Frontiers in Water 17 frontiersin.org

and 28% for Landsat OLI) and the thermal resistance approach 
overestimated by (6.2% for AST08 and 5.1% Landsat OLI), 
respectively.

 • A close approximation of the thermal resistance approach 
(deviation ~11.2% for AST08 and 11.6% for Landsat OLI) with 
field measurements in contrast to the empirical approach 
(deviation ~26.9% for AST08 and 35% for Landsat OLI) makes 
it more reliable approach for derivation of debris thickness with 
reduced requirement of field data.

 • The study further emphasises on evaluating the consistency 
and reliability of the thermal resistance approach by comparing 
the debris thickness maps obtained from spatially and 
temporally variable images and by in-depth examining of 
reanalysis data with field meteorological measurements for its 
universal application.
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