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Abstract 22 

We used a spatially distributed and physically based energy and mass balance model to derive the 23 

Østrem curve, that is the supraglacial debris-related relative melt alteration versus the debris 24 

thickness, for the Djankuat Glacier, Caucasus, Russian Federation. The model is driven by 25 

meteorological input data from two on-glacier automatic weather stations and ERA-5 reanalysis 26 

data. A direct pixel-by-pixel comparison of the melt rates obtained from both a clean ice and 27 

debris-covered ice mass balance model results in the quantification of debris-related relative melt-28 

modification ratios, capturing the degree of melt enhancement or suppression as a function of the 29 

debris thickness. In doing so, our model is the first attempt to derive the glacier-specific Østrem 30 

curve through spatially distributed energy and mass balance modelling. The main results show that 31 

a maximum relative melt enhancement occurs on the Djankuat Glacier for thin and patchy debris 32 

with a thickness of 3 cm. However, insulating effects suppress sub-debris melt under debris layers 33 

thicker than a critical debris thickness of 9 cm. Sensitivity experiments show that especially within-34 

debris properties, such as the thermal conductivity, the vertical porosity gradient, and the moisture 35 

content of the debris pack, highly impact the magnitude of the sub-debris melt rates. 36 

Plain Language Summary 37 

The presence of rocks, boulders and sediments on top of glacier ice can significantly modify the 38 

behavior of mountain glaciers. As such, when compared to a clean ice surface, a debris-covered 39 

ice surface is subject to debris-related modified melting regimes. In our study, we quantify this 40 

melt-modification effect for the Djankuat Glacier, a well-studied glacier situated in the Caucasus. 41 

The results are expressed by a so-called Østrem curve, that quantifies the debris-related melt-42 

modification effect and compares it to the corresponding debris thickness. Here, we present the 43 

first attempt to construct such a glacier-specific Østrem curve through sophisticated 2D energy 44 

and mass balance modelling. Our results show that ice melt is enhanced for thin and patchy debris 45 

layers, whereas melt is increasingly suppressed for thick and continuous debris layers due to an 46 

insulating effect. The degree of melt modification and the shape of the Østrem curve are found to 47 

depend on the debris properties, its moisture content, its spatio-temporal distribution, and the local 48 

climatic conditions. Quantifying such melt-modification effects is important to more accurately 49 

understand and assess the behavior of (partly) debris-covered glaciers under a future warming 50 

climate. 51 

1 Introduction 52 

Recently, a lot of attention has been given to assessing and modelling the presence of a supraglacial 53 

debris cover (i.e. a cover of rocks, boulders and sediments on top of the ice) on mountain glaciers, 54 

especially due to the observed sharp worldwide increase of the supraglacial debris-covered areas 55 

and its increasingly important impact on glacier behavior within the current changing climate (e.g. 56 

Glasser et al., 2016; Scherler et al., 2018; Herreid and Pellicciotti, 2020). The increase of the 57 

supraglacial debris cover has been noted in many regions of the world (Scherler et al., 2018) but 58 

has been especially remarkable in the Caucasus region, as its total area increased from 59 

48.3±3.1 km2 in 1986 to 79.0±4.9 km2 in 2014 (Tielidze et al., 2020). Scherler et al. (2018) even 60 

conclude that the Caucasus region holds the highest percentage of debris-covered glacier surfaces 61 

worldwide. Because changing melting patterns of (sub-debris) glacier ice affect eventual glacier-62 

related global sea level contributions (e.g. Fox-Kemper et al., 2021), impacts the risk for glacio-63 

geomorphological hazardous threats (e.g. Chernomorets et al., 2018), and serves as an important 64 

factor for water resource management for many populated places (e.g. Hagg et al., 2010; Huss and 65 
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Hock, 2018; Fyffe et al., 2019), the need to incorporate the melt-altering effects of supraglacial 66 

debris into glacier models has increased greatly (Huo et al., 2021; Winter-Billington, 2022; 67 

Compagno et al., 2022). To assess the future water supply, it is therefore important to pinpoint the 68 

available glacial water resources and evaluate their melting rate in a warming climate. 69 

The presence of debris on the glacier surface can significantly influence the melting patterns of 70 

mountain glaciers, depending on the debris area and thickness, its physical and geometrical 71 

properties, its moisture content and the local climatic conditions (e.g. Østrem, 1959; Nicholson 72 

and Benn, 2006; Reid and Brock, 2010; Anderson and Anderson, 2016; Miles et al., 2022; 73 

Verhaegen et al., subm.). A slight relative melt enhancement seems to occur under thin debris, but 74 

ice melt and glacier retreat can be drastically suppressed if sufficiently thick debris is present over 75 

a large portion of a glacier (e.g. Reid and Brock, 2010; Evatt et al., 2015; Verhaegen et al., 2020; 76 

Rounce et al., 2021; Ferguson and Vieli, 2021). Glacier-specific debris-related relative melt-77 

altering effects are often expressed by a so-called Østrem curve, which quantifies the ratio of sub-78 

debris melt to clean ice melt as a function of the debris thickness at a fixed location (Østrem, 1959). 79 

The derivation of such a curve is crucial in determining the influence of supraglacial debris on the 80 

melt and climate change response of a mountain glacier. However, since a direct comparison of 81 

clean ice and debris-covered ice melt is not straightforward and requires an abundant amount of 82 

input data and model variables, the derivation of such an Østrem curve through spatially distributed 83 

mass balance modelling is still absent in the literature. Few studies have attempted to derive a 84 

glacier-specific Østrem curve, but have either (1) used scattered data from ablation stake 85 

measurements obtained during field work to construct the curve, hence failing to incorporate data 86 

from the entire debris-covered glacier surface, (2) suffered from the inability to directly compare 87 

clean ice and debris-covered ice melt at the same location, hence failing to derive relative melt 88 

ratios, (3) have derived the Østrem curve from modelling experiments for one single point on the 89 

glacier (e.g. by varying hypothetical debris thickness values at the location of an automatic weather 90 

station), (4) neglected or were unable to include the relative melt enhancement for thin debris in 91 

the Østrem curve, or (5) did not include varying effective debris properties with depth to construct 92 

the curve, which often deviates from real world conditions (e.g. Tangborn and Rana, 2000; 93 

Popovnin and Rozova, 2002; Reid and Brock, 2010; Wei et al. 2010; Wang et al., 2011; Brook et 94 

al., 2013; Dohbal et al., 2013; Juen et al., 2014; Ragettli et al., 2015; Carenzo et al., 2016; Anderson 95 

et al., 2021; Steiner et al., 2021; Compagno et al., 2022).  96 

In this research, we focus on deriving the relationship between supraglacial debris-related relative 97 

melt-altering effects and the debris thickness for the Djankuat Glacier, a partly debris-covered 98 

World Glacier Monitory Service (WGMS) reference glacier (North Caucasus, Russian 99 

Federation). A 2D spatially distributed and physically based energy and mass balance model for 100 

both the clean ice and the debris-covered ice areas of the Djankuat Glacier is therefore used 101 

(Verhaegen et al., subm.). The main objectives are (1) to use the model to derive the glacier-102 

specific Østrem curve for the Djankuat Glacier, and (2) to determine the sensitivity of sub-debris 103 
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melt and debris-related melt-altering effects to key parameters and local climatic conditions. In 104 

doing so, the model attempts to address the earlier-mentioned limitations of previous work.  105 

2 Location, data and models 106 

2.1 The Djankuat Glacier and its supraglacial debris cover 107 

The Djankuat Glacier (43°12′ N, 42°46′ E) is a partly debris-covered temperate valley glacier 108 

situated in the Caucasus, near the border of the Russian Federation and Georgia (Fig. 1). Annually 109 

repeated observations since 1967 CE have revealed a significant shrinkage of the glacier area over 110 

the years due to an increasingly negative cumulative surface mass balance (e.g. Popovnin and 111 

Naruse, 2005; Lavrentiev et al., 2014; Rets et al., 2019; WGMS 2022). For 2020 CE conditions, 112 

satellite imagery revealed that the glacier occupied an area of ca. 2.30 km2 and had a length of ca. 113 

3.1 km when taking from its highest point near the Djantugan peak. 114 

On the other hand, both the glacier-averaged debris thickness ℎ𝑑 (ca. +0.010 m yr-1) and the debris-115 

covered area 𝐴𝑑 (ca. +0.006 km2 yr-1) on the glacier have increased significantly. During the most 116 

recent debris survey in 2010 CE, the glacier-averaged debris thickness was estimated to be 0.54 117 

m, and about 13% of the glacier’s surface area was covered with debris (Popovnin et al., 2015). 118 

Recent observations have shown the increasingly noticeable impact of the supraglacial debris on 119 

the glacier. As such, the quasi-fully debris-covered western part of the snout retreated significantly 120 

slower than the less covered eastern part, resulting in a length difference between both sides of ca. 121 

180 m in 2010 and ca. 250 m for 2020 CE conditions. Based on the extrapolation of these debris 122 

area and thickness trends, and the anticipated continued climate warming, the supply of debris 123 

onto the Djankuat Glacier is believed to increase further in the future as long as the glacier does 124 

not retreat beyond the debris sources (Popovnin et al., 2015). 125 

 126 
Figure 1. Sketch of the Djankuat Glacier for 2010 CE conditions with debris thickness map 127 

(after Popovnin et al., 2015). 128 
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2.2 Surface energy and mass balance model 129 

The 2D physically based energy and mass balance model for the Djankuat Glacier is taken from 130 

Verhaegen et al. (subm.) and considers the difference between accumulation 𝐴𝐶𝐶 and runoff 𝑅𝑂 131 

during the entire 2008/09 measurement year and is driven by climatic input data (air temperature, 132 

precipitation, wind speed, relative humidity, atmospheric transmissivity and the sky emissivity) 133 

from 2 on-glacier Automatic Weather Stations (AWSs), the Terskol meteo station, and is 134 

supplemented with ERA5-Land data (Verhaegen et al. (subm.)). The local surface mass balance 135 

𝑏𝑎 is: 136 

𝑏𝑎 = ∫ (𝐴𝐶𝐶 − 𝑅𝑂)𝑑𝑡

𝑦𝑟

 (1) 

The model assumes that accumulation (𝐴𝐶𝐶) only depends on the occurrence of solid precipitation 137 

(𝑃𝑠). The runoff (𝑅𝑂) is determined as: 138 

𝑅𝑂 = {
𝑊𝑠        𝑖𝑓 ℎ𝑠 > 0  
𝑀        𝑖𝑓 ℎ𝑠 = 0  

 (2) 

Hence, in the case of snow on the surface (a snow depth ℎ𝑠 > 0), runoff is calculated as the 139 

meltwater outflow from a saturated snowpack 𝑊𝑠 , following Schaefli and Huss (2011). For snow-140 

free conditions (ℎ𝑠 = 0), runoff 𝑅𝑂 is considered equal to the melt 𝑀. The corresponding melt 𝑀 141 

of snow (𝑀𝑠), clean ice (𝑀𝑖) and debris-covered ice (𝑀𝑑) is calculated as:  142 

𝑀 = {

𝑀𝑠                                                𝑖𝑓 ℎ𝑠 > 0  

𝑀𝑖 (
𝐴𝑑 − 𝐴

𝐴
) + 𝑀𝑑 (

𝐴𝑑

𝐴
)       𝑖𝑓 ℎ𝑠 = 0  

 (3) 

where 𝐴𝑑 is the debris-covered area and 𝐴𝑑/𝐴 the fractional debris-covered area, for which an 143 

empirical formula was derived for the Djankuat Glacier (Verhaegen et al., subm.):  144 

𝐴𝑑

𝐴
= 1 −

1

(5.901 ∗  𝑒𝑥𝑝(0.0607 ∗ ℎ𝑑)  − 5.576
+ 0.000286 (4) 

 145 

where the debris thickness ℎ𝑑 is expressed in cm.  146 

2.2.1 Modelling snow and clean ice melt 147 

In the case of snow or ice, the energy available for melting 𝑄𝑀 is calculated as the residual of the 148 

surface energy balance (Verhaegen et al., subm.): 149 

𝑄𝑀 = 𝑆↓(1 − 𝛼𝑠)𝜏 + 𝜀𝑎𝜎𝑇𝑎
4 − 𝜀𝑠𝜎𝑇𝑠

4 + 𝑐𝑎𝜌𝑎𝐶𝐸𝑢(𝑇𝑎 − 𝑇𝑠) + 𝐿𝑣𝜌𝑎𝐶𝐸𝑢(𝑞𝑎 − 𝑞𝑠)  
+ 𝜌𝑤𝑐𝑤𝑃(𝑇𝑎 − 𝑇𝑠) 

(5) 

Here, 𝑆↓ is the downward solar radiation, 𝛼 the surface albedo, 𝜏 the sky transmissivity, 𝜀 the 150 

emissivity, 𝜎 the Stefan-Boltzmann constant, 𝑐 the specific heat capacity, 𝜌 the density, 𝑇 the 151 

temperature, 𝑢 the wind speed, 𝐶𝐸 the turbulent exchange coefficient, 𝑃 the precipitation rate, 𝐿𝑣 152 

the latent heat of evaporation, and 𝑞 the specific humidity. Subscripts “𝑎”, “𝑠” and “𝑤” stand for 153 

air, surface, and water respectively. The first term on the right-hand site of Eq. 5 denotes the net 154 

shortwave radiation 𝑄𝑆, the second and third term the net longwave radiation 𝑄𝐿 , the fourth and 155 

fifth term the sensible (𝑄𝑆𝐻) and latent heat fluxes (𝑄𝐿𝐻) respectively, and lastly, the sixth term 156 

represents the heat flux due to rainfall 𝑄𝑅 .  157 
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Melt rates for snow 𝑀𝑠 and clean ice 𝑀𝑖 are calculated using the energy available for melt, which 158 

is determined by a sophisticated surface energy balance model (Verhaegen et al., subm.): 159 

𝑀𝑠| 𝑀𝑖 = 𝑚𝑎𝑥 (0,
𝑄𝑀∆𝑡

𝜌𝑤𝐿𝑚
) (6) 

where 𝜌𝑤 is the density of water, 𝐿𝑚 the latent heat of fusion and ∆𝑡 the model time step. 160 

2.2.2 Modelling sub-debris ice melt 161 

2.2.2.1 Governing equations 162 

The sub-debris melt model starts from the energy balance equation at the debris surface: 163 

𝑆↓(1 − 𝛼𝑑)𝜏 + 𝜀𝑎𝜎𝑇𝑎
4 − 𝜀𝑑𝜎𝑇𝑠

4 + 𝑐𝑎𝜌𝑎𝐶𝐸𝑢(𝑇𝑎 − 𝑇𝑠) + 𝐿𝑣𝜌𝑎𝐶𝐸𝑢(𝑞𝑎 − 𝑞𝑠) + 𝜌𝑤𝑐𝑤𝑃(𝑇𝑎

− 𝑇𝑠) + 𝑘𝑑

𝜕𝑇𝑑

𝜕𝑧
= 0 

(7) 

where 𝑘 is the thermal conductivity. The last term on the left denotes the conductive heat flux, 164 

which is absent for snow and clean ice melt in Eq. 5. The subscript “𝑑” here refers to the debris 165 

pack. Beneath the surface layer, the change of the internal energy within the debris pack is defined 166 

by the thermodynamic heat equation: 167 

𝜌𝑑 𝑐𝑑

𝜕𝑇𝑑

𝜕𝑡
=

𝜕

𝜕𝑧
(𝑘𝑑

𝜕𝑇𝑑

𝜕𝑧
) + 𝜌𝑤𝑐𝑤𝑃 (

𝜕𝑇𝑑

𝜕𝑧
) + 𝜌𝑎𝑐𝑎𝐶𝐸𝑢 (

𝜕𝑇𝑑

𝜕𝑧
) + 𝐿𝑣 (

𝜕𝐸𝑑

𝜕𝑧
 )  +

𝜕𝜑𝑑

𝜕𝑧
    (8) 

where 𝜑 is the net radiation flux and 𝐸 the evaporation rate. Subsurface debris temperature changes 168 

can thus be driven by the five modes of heat transfer that are summed up at the right-hand side of 169 

Eq. 8: conduction (term 1), advection (term 2), convection (term 3), phase changes (term 4) and 170 

radiative transfer (term 5). Since sub-debris wind speeds are negligible for debris thicker than a 171 

few cm (Evatt et al., 2015), the convection term on the right-hand side of Eq. 8 is assumed 172 

negligible. Below the debris surface, radiative heat transfer furthermore becomes insignificant as 173 

radiation cannot easily penetrate rock (Reid and Brock, 2010), so that the fifth term on the right-174 

hand side of Eq. 8 is left out in our model as well. All terms have units J m-3 s-1. 175 

2.2.2.2 Effective debris properties 176 

In Eqs. 7 and 8, the debris properties 𝜌, 𝑐, and 𝑘 have been converted from “whole rock” properties 177 

(subscript 𝑟) to “effective” (subscript 𝑑) debris properties. A dependency of the debris thermal 178 

properties to the porosity (𝜙𝑑) and the moisture content (𝜃𝑑) is therefore considered. Following 179 

Collier et al. (2015) and Steiner et al. (2021), the debris characteristics are derived as weighted 180 

functions of whole-rock values and the contents of the pore spaces. Consequently, the debris 181 

volumetric heat capacity is calculated as: 182 

𝜌𝑑𝑐𝑑(𝑧) = 𝜌𝑟𝑐𝑟(1 − 𝜙𝑑(𝑧)) + (𝜌𝑤𝑐𝑤 (
𝜃𝑑(𝑧)

𝜙𝑑(𝑧)
) + 𝜌𝑎𝑐𝑎 (1 −

𝜃𝑑(𝑧)

𝜙𝑑(𝑧)
)) 𝜙𝑑(𝑧) (9) 

The effective thermal conductivity 𝑘𝑑 is calculated likewise: 183 

𝑘𝑑(𝑧) = 𝑘𝑟(1 − 𝜙𝑑(𝑧)) + (𝑘𝑤 (
𝜃𝑑(𝑧)

𝜙𝑑(𝑧)
) + 𝑘𝑎 (1 −

𝜃𝑑(𝑧)

𝜙𝑑(𝑧)
)) 𝜙𝑑(𝑧) (10) 
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The debris porosity 𝜙𝑑 decreases linearly with depth due to a vertical debris porosity gradient 𝛾𝜙𝑑
, 184 

resulting in depth-dependent effective debris properties (Verhaegen et al., subm.): 185 

𝜙𝑑(𝑧) = 𝜙𝑑 − 0.33 (
𝑧

ℎ𝑑
) (11) 

where ℎ𝑑 is the debris thickness and 𝑧 is the debris depth (i.e. 0 at the surface and ℎ𝑑 at the bottom), 186 

which results in a porosity 𝜙𝑑 of 43% and 10% at the top and bottom respectively. 187 

2.2.2.3 Within-debris moisture retention 188 

In the case that within-debris water retention occurs, the water depth 𝑤𝑑 in a vertical debris 189 

sublayer is determined from the balance between input and output: 190 

𝜕𝑤𝑑

𝜕𝑡
= 𝑀𝑖 + 𝑊𝑠 + 𝑃 −  𝑊𝑑 − Φ𝑑  (12) 

where we assume that the input of liquid moisture depends on ice melt (𝑀𝑖) at the bottom, and 191 

liquid precipitation (𝑃) and meltwater outflow from a saturated snowpack (𝑊𝑠) at the surface.  192 

 193 

We implement a simplified water percolation scheme which assumes that whenever liquid water 194 

enters the debris, it initially occupies the lowermost layer (on top the impermeable ice-debris 195 

interface) until local saturation is reached. Hereafter, moisture is allowed to accumulate in the next 196 

deepest unsaturated layer, and as such may gradually decrease the depth of the saturated horizon 197 

relative to the debris surface, as moisture accumulates within the debris pack. Note that this 198 

simplified scheme ignores a physically based quantification of the vertical debris water fluxes of 199 

percolating water, which would, in our opinion, add more detail than warranted for our study. 200 

Moisture output is governed by a depth-dependent within-debris runoff-related sink term 𝑊𝑑 : 201 

𝑊𝑑 = 𝑚𝑎𝑥 (0, 𝑤𝑑 − (
𝑤𝑑

𝑡𝑑
)) (13) 

Here, 𝑤𝑑 is the sublayer water depth (𝑤𝑑 = 𝜃𝑑ℎ𝑑) and 𝑡𝑑 is a depth-dependent runoff parameter 202 

(Reijmer and Hock, 2008; Collier et al., 2014; Giese et al., 2020). The term 𝑡𝑑 acts as a runoff 203 

timescale, defining the number of timesteps needed to drain a debris sublayer and as such 204 

determines the corresponding vertical distribution of moisture: 205 

𝑡𝑑 = 𝑡𝑚𝑖𝑛 + (𝑡𝑚𝑎𝑥 − 𝑡𝑚𝑖𝑛) ∗ (
𝑒𝑥𝑝 (𝑡𝑡

𝑧
ℎ𝑑

)

𝑒𝑥𝑝 (𝑡𝑡)
) (14) 

where 𝑡𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥 and 𝑡𝑡 are tunable parameters. Giese et al. (2020) reports typical values for the 206 

runoff-related parameters 𝑡𝑚𝑖𝑛 = 1 h, 𝑡𝑚𝑎𝑥 = 48 h, and 𝑡𝑡 = 30. Apart from runoff, an additional 207 

evaporation and condensation term Φ𝑑 (m s-1) is also included in Eq. 12 to account for the phase 208 

changes within the debris pack: 209 

Φ𝑑 =
𝐸𝑑

𝜌𝑤
=

𝑄𝐿𝐻

𝜌𝑤𝐿𝑣
         (15) 

The calculation scheme of 𝑄𝐿𝐻 is then implemented according to a reservoir approach, similar to 210 

Collier et al. (2014). In this case, the surface specific humidity in Eq. 7 includes a correction factor 211 

that implicitly incorporates within-debris evaporative cooling effects: 212 
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𝑞𝑠 = 𝑞𝑠
∗ (

∑ 𝜃𝑑,𝑖
𝑁
𝑖=1

∑ 𝜙𝑑,𝑖
𝑁
𝑖=1

)         (16) 

with 𝑞𝑠
∗ the saturated specific humidity of the surface. The correction term therefore varies between 213 

0 and 1 and depends on the total fraction of void spaces filled with water within the debris 214 

sublayers.  215 

Due to the high number of unknown variables in Eqs. 12 to 14, the within-debris phase changes 216 

term of Eq. 8 are initially neglected in our model. From now on, we thus assume a dry debris pack 217 

in which no within-debris water retention occurs and where all moisture input is immediately 218 

removed by runoff. This reduces the right-hand side of Eq. 8 to the first 2 terms (conduction and 219 

advection by percolating rain). Since 𝜃𝑑 = 0, Eqs. 9 and 10 are also reduced to only consider air-220 

filled pore spaces, which now corresponds to the dry debris model used in Verhaegen et al. (subm.). 221 

We will, however, later on determine the effect of within-debris water retention on the Østrem 222 

curve by arbitrarily varying the extent of moisture input and output into the debris pack through 223 

Eqs. 12 to 14 (see section 4.3). 224 

2.2.2.4 Calculation of sub-debris melt 225 

The energy for melting 𝑄𝑀
↓  at the debris-ice interface finally results from the conductive heat flux 226 

at the base of the debris and the heat added or removed by infiltrating rainwater: 227 

𝑄𝑀
↓ = 𝑄𝐶

↓ + 𝑄𝑅
↓  (17) 

where 𝑄𝑅
↓  is the heat advected (added or removed) by percolating rainwater. The term 𝑄𝐶

↓  is the 228 

conductive heat flux at the bottom layer of the debris, which depends on the effective debris 229 

properties (𝑘𝑑 , 𝜌𝑑 and 𝑐𝑑) and the internal debris temperature (𝑇𝑑) at the vertical ice-debris margin. 230 

Sub-debris melt rates 𝑀𝑑 are eventually calculated using the energy available for melt: 231 

𝑀𝑑 = 𝑚𝑎𝑥 (0,
𝑄𝑀

↓ ∆𝑡

𝜌𝑤𝐿𝑚
) (18) 

Hence, in the case of a debris cover, the conductive flux at the base of the debris and the heat added 232 

or removed by percolating rainwater provide the energy available for melting 𝑄𝑀
↓ . 233 

2.2.3 Model calibration and validation 234 

The model was calibrated by minimizing the root mean square error (RMSE) between observed 235 

and modelled local surface mass balances, and the model validation procedures showed satisfying 236 

results. A more extensive description of the energy and mass balance model and its construction, 237 

calibration and validation can be found in the accompanying paper Verhaegen et al. (subm.). 238 

3 Deriving the Østrem curve 239 

To quantify the melt-altering effects versus debris thickness on the Djankuat Glacier, we ran both 240 

the calibrated clean ice and debris-covered ice mass balance model throughout the 2008/09 241 

measurement year using the parameters listed in Table 2 of Verhaegen et al. (subm.). For the clean 242 

ice SMB model, we set the debris thickness over the entire glacier area to 0, as if there were no 243 

debris present. The SMB outcome from both models is then directly compared, so that pixel-by-244 

pixel debris-covered ice melt versus clean ice melt ratios 𝑀𝑑/𝑀𝑖 could be derived (Fig. 2). 245 
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 246 
Figure 2. The (a) modelled (calibrated) surface mass balance (SMB) in the ablation area of the 247 

Djankuat Glacier during the 2008/09 balance year, (b) the pixel-by-pixel fractional debris-248 

covered area, and (c) the modelled relative melt modification ratio (Md/Mi). 249 

After plotting the obtained melt ratios against the debris thickness itself (Fig. 3a), values for the 250 

critical (i.e. the debris thickness for which the sub-debris melt is equal to that of clean ice, ℎ𝑑
𝑐 ) and 251 

characteristic debris thickness (i.e. the debris thickness at which the melt rate is 𝑒−1 (~ 37%) of the 252 

clean ice melt, ℎ𝑑
∗ ) could be assigned to the debris thickness that exhibited a value for the melt 253 

ratio closest to 1 and 0.37 respectively. The effective debris thickness (i.e. the debris thickness of 254 

maximum ice ablation, ℎ𝑑
𝑒 ) and the associated maximum melt enhancement factor (𝑓𝑑

𝑒) were 255 

determined by locating the maximum of a polynomial function through all values between ℎ𝑑 = 0 256 

cm and ℎ𝑑 = ℎ𝑑
𝑐 . To then fit an equation to the Østrem curve itself, we used a linear equation for 257 

values of ℎ𝑑 ≤ ℎ𝑑
𝑒  (between points [0,1] and [ℎ𝑑

𝑒 ,𝑓𝑑
𝑒]), and a reciprocal equation for ℎ𝑑 > ℎ𝑑

𝑒 , 258 

which has been shown to provide the optimal fit for a Østrem curve (Rounce et al., 2021; Nicholson 259 

et al., 2021), see Fig. 3b. 260 

After deriving the pixel-by-pixel relative melt ratios from both the clean ice SMB and debris-261 

covered ice SMB model, their values could be directly compared to the corresponding debris 262 

thickness at that pixel. The result is shown in Fig. 3, where the best empirical fit was found with:   263 
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𝑀𝑑

𝑀𝑖
= 𝑓𝑑 = {

1 + 0.12 ∗ ℎ𝑑                                        𝑖𝑓 ℎ𝑑 ≤ ℎ𝑑
𝑒

1.66201

( 1 + 0.05415 ∗ ℎ𝑑)
− 0.10533       𝑖𝑓 ℎ𝑑 > ℎ𝑑

𝑒  (19) 

where 𝑀𝑑/𝑀𝑖 is the supraglacial debris-related relative ice melt ratio. A melt enhancement 264 

subsequently occurs for thin and patchy debris, while a typical reciprocal-type decrease of the 265 

relative melt can be seen as the debris further thickens. The effective and critical debris thicknesses 266 

are found to exhibit values of 3 and 9 cm respectively on the Djankuat Glacier, and at the effective 267 

debris thickness, ice melt is enhanced with a factor 𝑓𝑑
𝑒  of 1.36 according to our study. The 268 

characteristic debris thickness is, at last, modelled to be 44 cm. For thick debris, the melt becomes 269 

highly suppressed and gradually decays to negligible when the value approaches 200 cm. 270 

According to Eq. 19 melt equals 0 at a debris thickness of 272 cm. Outliers in Fig. 3a are all 271 

situated near the accumulation zone, where the effects of faster snow melt on debris-covered 272 

surfaces overtakes the effect of the relative melt-modification. 273 

The obtained Østrem curve produced by our model exhibits the typical features that are generally 274 

associated with a melt-modification versus debris thickness relationship. The occurrence of a 275 

maximum melt enhancement for thin debris, followed by a reciprocal decay of the sub-debris melt 276 

rates as debris thickens, therefore highlights the findings of previous research (e.g. Østrem, 1959; 277 

Reid and Brock, 2010; Evatt et al., 2015; Rounce et al., 2021).  278 

 279 
Figure 3. The (a) pixel-by-pixel modelled debris thickness vs. the relative melt modification 280 

factor and (b) the corresponding best fit to the Østrem curve for the Djankuat Glacier in this 281 

study. Shown in (b) are the corresponding effective (ℎ𝑑
𝑒 ), critical (ℎ𝑑

𝑐 ), and characteristic (ℎ𝑑
∗ ) 282 

debris thickness and the maximum melt enhancement factor 𝑓𝑑
𝑒 . 283 

4 Sensivity experiments 284 

4.1 Sensitivity to debris-related parameters 285 

By means of sensitivity experiments, the change of magnitude of the sub-debris melt rate and the 286 

shape of the Østrem curve with respect to five debris-related key parameters (𝑘𝑑, 𝐶𝐸, 𝛾𝜙𝑑
, 𝛼𝑑, and 287 
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𝜀𝑑) was analyzed by increasing or decreasing either one of the parameters by 5% and 10% 288 

respectively, while keeping the other four constant at their chosen or calibrated values.  289 

The results indicate that the sub-debris melt is especially sensitive to changes of the thermal 290 

conductivity 𝑘𝑑 (∆𝑀𝑑/∆𝑘𝑑 = +0.076 m yr-1 w.e. 10%-1) and the debris cover porosity gradient 291 

𝛾𝜙𝑑
 (∆𝑀𝑑/∆𝛾𝜙𝑑

 = +0.045 m yr-1 w.e. 10%-1), whereas sub-debris melt rates are slightly less, but 292 

still significantly, sensitive to the variations of the turbulent exchange coefficient 𝐶𝐸 (∆𝑀𝑑/∆𝐶𝐸  = 293 

-0.029 m yr-1 w.e. 10%-1), the debris surface emissivity (∆𝑀𝑑/∆𝜀𝑑 = -0.022 m yr-1 w.e. 10%-1) 294 

and the debris albedo 𝛼𝑑 (∆𝑀𝑑/∆𝛼𝑑 = -0.015 m yr-1 w.e. 10%-1). Hence, higher values for 𝑘𝑑 and 295 

a stronger porosity gradient 𝛾𝜙𝑑
 are shown to significantly increase sub-debris melt rates due to a 296 

more efficient thermal conduction (inset Fig. 4). In that case, the Østrem curve shifts to the right 297 

and the shielding effect of the debris is less efficient. The ratio 𝑀𝑑/𝑀𝑖 consequently increases for 298 

a given debris thickness, which results in higher values for 𝑓𝑑
𝑒 , ℎ𝑑

𝑒 , ℎ𝑑
𝑐 , and ℎ𝑑

∗ . On the other hand, 299 

higher values for 𝐶𝐸, 𝜀𝑑 and 𝛼𝑑 decrease sub-debris melt rates (inset Fig. 4). In that case, the 300 

Østrem curve shifts to the left, implying lower values for 𝑓𝑑
𝑒 , ℎ𝑑

𝑒 , ℎ𝑑
𝑐 , and ℎ𝑑

∗ .  301 

  302 
Figure 4. The resulting Østrem curves from 1,000 Monte Carlo (MC) model simulations with 303 

varying debris properties, shown with the average curve and the shaded standard deviation 304 

intervals. Decreasing (increasing) sub-debris melt rates shift the Østrem curve to the left (right). 305 

The inset on the right shows the sensitivity of the sub-debris melt rates to five debris-related 306 

parameters. 307 

As an additional sensitivity and uncertainty assessment procedure, a total of 1,000 Monte Carlo 308 

simulations were executed with the sub-debris melt model. Therefore, a set of assumed normally 309 

distributed values for the key debris property parameters was created, for which values range 310 

between -50% and +50% of the best fit or chosen value. As such, 1,000 simulations were 311 

conducted to generate a probability density function of the Østrem curve for the Djankuat Glacier, 312 

from which general statistics were determined (Fig. 4). The pattern shows that the effective debris 313 

thickness ℎ𝑑
𝑒  across all 1,000 runs has a mean value of 3.5 ± 1.5 cm, for which the sub-debris melt 314 
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is enhanced by a factor 1.31 ± 0.08. The critical debris thickness ℎ𝑑
𝑐  is modelled to have a value 315 

of 9.9 ± 2.4 cm and the characteristic debris thickness, at last, is found to be 48.3 ± 7.4 cm. These 316 

values closely resemble the characteristics of the Østrem curve that resulted from the model 317 

calibration (section 3). It is furthermore important to note that the sensitivity to varying debris 318 

properties decreases with an increasing debris thickness. This finding is presumably related to the 319 

enhanced attenuation of the net energy flux through thicker debris (e.g. Fyffe et al., 2014; Winter-320 

Billington, 2022). 321 

4.2 Sensitivity to local climatic conditions 322 

Local climatic conditions are believed to impact the Østrem curve as well (e.g. Reznichenko et al., 323 

2010; Miles et al., 2022). We investigated the influence of changing climatic conditions on the 324 

melt modification-debris thickness relationship by producing various Østrem curves after 325 

artificially perturbating the three main meteorological variables (air temperature, relative humidity 326 

and wind speed) with a fixed amount throughout the 2008/09 measurement year.  327 

4.2.1 Air temperature 328 

The air temperature perturbations ∆𝑇𝑎 were all positive in accordance with an expected future 329 

warming climate (e.g. Masson-Delmotte et al., 2021). For all scenarios, the corresponding values 330 

for the effective, critical and characteristic debris thickness were modelled to decrease, as the 331 

model outcome suggests values for, on average, ∆ℎ𝑑
𝑒 /∆𝑇𝑎 = -0.13 cm °C-1, ∆ℎ𝑑

𝑐 /∆𝑇𝑎 = -0.35 cm 332 

°C-1, and ∆ℎ𝑑
∗ /∆𝑇𝑎 = -1.44 cm °C-1. The maximum melt enhancement factor changes according to 333 

∆𝑓𝑑
𝑒/∆𝑇𝑎 = -0.006 °C-1 (Fig. 5). As such, for a temperature increase of +5°C, which is the order of 334 

magnitude of the increase that can be expected for a SSP5-8.5 scenario by 2071-2100 AD, the 335 

effective, critical and characteristic debris thickness have decreased to ca. 2 cm, 7 cm and 41 cm 336 

respectively, while the maximum melt enhancement slightly decreased to a factor 1.32.  337 

 338 

Figure 5. The (a) modelled influence of positive temperature perturbations on the shape of the 339 

Østrem curve for the Djankuat Glacier. Subplots (b) and (c) show the effect of the perturbation 340 

on the maximum melt enhancement factor (𝑓𝑑
𝑒), as well as on the effective (ℎ𝑑

𝑒 ), critical (ℎ𝑑
𝑐 ), and 341 

characteristic (ℎ𝑑
∗ ) debris thickness. The inset in (a) shows the corresponding curves for 342 

∆𝑀𝑑/∆𝑇𝑎 and ∆𝑀𝑖/∆𝑇𝑎. 343 



Manuscript submitted to AGU JGR-Earth Surface 

 

 

A relationship between the characteristic debris thickness ℎ𝑑
∗  and the air temperature was already 344 

proposed by Anderson and Anderson (2016) and Miles et al. (2022) and is thus confirmed by our 345 

experiments. A similar conclusion can be drawn for the effective and critical debris thickness: also 346 

ℎ𝑑
𝑒  and ℎ𝑑

𝑐  both exhibit lower values in a warming climate. This effect arises because ∆𝑀𝑑/∆𝑇𝑎 is 347 

generally lower than 𝜕𝑀𝑖/𝜕𝑇𝑎 due to the dampening effect of the debris cover, hence changing 348 

the ratio 𝑀𝑑/𝑀𝑖 (inset of Fig. 5). Increasing 𝑀𝑑 alone would increase the ratio 𝑀𝑑/𝑀𝑖 for a given 349 

debris thickness and shift the Østrem curve to the right, but increasing 𝑀𝑖 alone would decrease 350 

𝑀𝑑/𝑀𝑖 and shift the Østrem curve to the left. Since ∆𝑀𝑖/∆𝑇𝑎 > ∆𝑀𝑑/∆𝑇𝑎, the net result is that 351 

the ratio 𝑀𝑑/𝑀𝑖 overall decreases for a given debris thickness, hence shifting the Østrem curve to 352 

the left. Put into practice, this means that, although sub-debris melt and clean ice melt are both 353 

enhanced in a warmer climate, the relative melt suppression of the supraglacial debris layer 354 

becomes slightly more pronounced in a future warming climate. 355 

4.2.2 Wind speed 356 

Higher wind speeds increase the turbulent heat fluxes and enhance the efficiency of the surface-357 

atmosphere interaction, hence facilitating snow and ice melt. This decreases the ratio 𝑀𝑑/𝑀𝑖 and 358 

shifts the Østrem curve to the left. In the case of debris-covered ice, the opposite effect occurs. 359 

Here, higher wind speeds tend to decrease sub-debris melt, as the increasingly efficient turbulent 360 

mixing of the air generally tends to cool the heated debris surface. When wind speeds increase, 361 

both processes therefore decrease the ratio 𝑀𝑑/𝑀𝑖 for a given debris thickness, hence shifting the 362 

Østrem curve to the left. The relative shielding effect of the debris is therefore modelled to increase 363 

with increasing wind speeds. The corresponding change of the values for the effective, critical and 364 

characteristic debris thickness with wind speed are estimated to be, on average, ∆ℎ𝑑
𝑒 /∆𝑢 = -0.24 365 

cm (m s-1)-1, ∆ℎ𝑑
𝑐 /∆𝑢 = -1.08 cm (m s-1)-1, and ∆ℎ𝑑

∗ /∆𝑢 = -4.39 cm (m s-1)-1. The maximum melt 366 

enhancement factor changes according to ∆𝑓𝑑
𝑒/∆𝑢 = -0.042 (m s-1)-1 (Fig. 6). 367 

 368 

Figure 6. Same as for figure 5 but for the near-surface wind speed 𝑢. 369 
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4.2.3 Relative humidity 370 

Increasing the relative humidity of the air also affects the eventual shape of the Østrem curve. On 371 

the one hand, increasing 𝑅𝐻𝑎 facilitates clean ice and snow melt through changes of the latent heat 372 

flux. As such, a higher value for 𝑅𝐻𝑎 decreases the efficiency of evaporation at the saturated 373 

surface, with less evaporative cooling effects and hence more energy for melt. This decreases the 374 

ratio 𝑀𝑑/𝑀𝑖 and shifts the Østrem curve to the left. In the case of debris-covered ice, an increased 375 

relative humidity of the air causes the latent heat flux between the surface and the atmosphere to 376 

become increasingly pronounced, with moisture condensing more efficiently onto the debris 377 

surface from the moist air above. The corresponding release of latent heat due to the condensation 378 

process affects the debris surface, ultimately implying more sub-debris ice melt. The effect is that 379 

the ratio 𝑀𝑑/𝑀𝑖 increases for a given debris thickness, shifting the Østrem curve to the right. 380 

Again, since ∆𝑀𝑖/∆𝑅𝐻𝑎 > ∆𝑀𝑑/∆𝑅𝐻𝑎, the net result is a shift of the Østrem curve to the left. The 381 

corresponding change of the values for the effective, critical and characteristic debris thickness 382 

with air relative humidity are estimated to be, on average, ∆ℎ𝑑
𝑒 /∆𝑅𝐻𝑎  = -0.60 cm (10 %)-1, 383 

∆ℎ𝑑
𝑐 /∆𝑅𝐻𝑎  = -1.52 cm (10 %)-1, and lastly ∆ℎ𝑑

∗ /∆𝑅𝐻𝑎  = -4.21 cm (10 %)-1. The melt enhancement 384 

factor 𝑓𝑑
𝑒  changes according to ∆𝑓𝑑

𝑒/∆𝑅𝐻𝑎  = -0.034 (10 %)-1 (Fig. 7).  385 

 386 

Figure 7. Same as for figure 6 but for the air relative humidity 𝑅𝐻𝑎. 387 

4.3 Effect of moisture retention 388 

The inclusion of the simplified percolation scheme from section 2.2.2.3 with the proposed values 389 

of 𝑡𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥 and 𝑡𝑡 by Giese et al. (2020) results in an almost permanently saturated bottom layer 390 

during the summer season. However, the presence of moisture at the base of the debris did not 391 

significantly influence our model results. In fact, including moisture retention in our model caused 392 

the values for 𝑓𝑑
𝑒 , ℎ𝑑

𝑒 , ℎ𝑑
𝑐  and ℎ𝑑

∗  to change by only -0.1%, -4.7%, -5.2%, and -3.8%, respectively, 393 
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when compared to our dry debris reference model. The corresponding sub-debris melt rates have 394 

decreased only by ca. 4% on average.  395 

We furthermore tested the effect of within-debris moisture retention on the shape of the Østrem 396 

curve by comparing the sub-debris melt beneath a completely dry debris pack (our actual model 397 

as used in this study) to a permanent partially saturated and a permanent completely saturated 398 

debris pack (Fig. 8). Here, a partially saturated debris pack involves a condition in which only the 399 

bottom layer(s) are fully saturated. The effects of moisture retention are modelled to become more 400 

pronounced with a higher degree of within-debris saturation. Especially for a higher degree of 401 

saturation, the impact on sub-debris melt changes notably. When, for example, assuming a fully 402 

water-saturated debris pack (i.e. the correction term in Eq. 16 becomes 1 and 𝑞𝑠 equals 𝑞𝑠
∗), the 403 

Østrem curve and the corresponding sub-debris melt rates do change significantly. This condition 404 

can be achieved by putting 𝑡𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥 and 𝑡𝑡 to 1000, 1000 and 500 respectively, resulting in 405 

extreme slow runoff and a high degree of saturation in the entire vertical column. As the magnitude 406 

of heat extraction due to the latent heat flux increases greatly, the sub-debris melt rates decrease 407 

with ca. 27% on average in that case. The values for 𝑓𝑑
𝑒 , ℎ𝑑

𝑒 , ℎ𝑑
𝑐  and ℎ𝑑

∗  change by -8.4%, -20.8%, 408 

-42.1% and -45.2% respectively, indicating a significant shift of the Østrem curve to the left (Fig. 409 

8). As with air temperature, wind speed and the relative humidity, the effect of within-debris 410 

moisture retention decreases with an increasing debris thickness, as shown by the Østrem curves 411 

in Fig. 8. 412 

 413 

Figure 8. The (above) influence of within-debris moisture retention on the Østrem curve of the 414 

Djankuat Glacier. The three columns below visualize the degree of saturation within the debris 415 

pack in the vertical. 416 

 417 
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5 Discussion 418 

5.1 Comparison with other glaciers 419 

When compared to Østrem curves derived for other glaciers (e.g. Østrem, 1959; Reid and Brock, 420 

2010; Wang et al., 2011; Brook et al., 2013; Ragettli et al., 2015; Carenzo et al., 2016; Anderson 421 

et al., 2021; Steiner et al., 2021), the melt-debris thickness relationship for the Djankuat Glacier is 422 

found to exhibit relatively high sub-debris melting rates. As such, in other studies, the effective 423 

debris thickness ℎ𝑑
𝑒  is generally found within the 0-2 cm range, while typical values for the critical 424 

thickness ℎ𝑑
𝑐  are usually found within the 2-5 cm range (e.g. Evatt et al., 2015; Reznichenko et al., 425 

2010; Steiner et al., 2021). The literature furthermore suggests that the characteristic debris 426 

thicknesses ℎ𝑑
∗  exhibits a value of only ca. 10-20 cm for most glaciers (e.g. Anderson and 427 

Anderson, 2016; Steiner et al., 2021). The respective values for ℎ𝑑
𝑒 , ℎ𝑑

𝑑 and ℎ𝑑
∗  for the Djankuat 428 

Glacier are all situated outside the higher limits of the proposed intervals in the literature.  429 

We assume that the relatively high thermal conductivity and the strong vertical porosity gradient 430 

are the most plausible determining factors in explaining this pattern, due to their ability to facilitate 431 

heat conduction, as well as their high sensitivity with respect to the sub-debris melt rates (section 432 

4.1). Adding to this, the elevated melting rates may also be explained through the presence of 433 

nonconductive processes within the debris (e.g. Conway and Rasmussen, 2000; Evatt et al., 2015; 434 

Giese et al., 2020; Petersen et al., 2022). In our model, we, for example, included the heat added 435 

or removed by rainwater, which can impact sub-debris melt rates significantly in the relatively wet 436 

climate around the northern slope of the Main Caucasus Ridge (ca. 3000 mm yr-1 or more of 437 

precipitation at the highest elevations of the glacier). In our model, it is found to increase the total 438 

sub-debris melt at the AWS2 location by ca. 16% (if it is assumed that no within-debris water 439 

retention takes place). Unfortunately, data to further investigate other nonconductive processes, 440 

such as within-debris convection (e.g. Evatt et al., 2015), are lacking. 441 

However, a direct comparison of Østrem curves from different glaciers may not be the most 442 

appropriate strategy to consider. The sensitivity experiments in our study namely point out that the 443 

magnitude of the sub-debris melt rates and the shape of the Østrem curve highly depend on the 444 

physical and geometrical debris properties (𝑘𝑑, 𝐶𝐸, 𝛾𝜙𝑑
, 𝛼𝑑, and 𝜀𝑑), its moisture content (𝜃𝑑) and 445 

the local climatic conditions (𝑇𝑎, 𝑅𝐻𝑎 and 𝑢). Changes of these parameters and/or conditions 446 

consequently imply a corresponding change of the Østrem curve. When put into practice, this 447 

implies that the effective, critical, and characteristic debris thickness may (slightly) vary in space 448 

across different regions but may also slightly change at local scales on individual glaciers, hence 449 

further complicating a direct comparison of Østrem curves of different glaciers located in different 450 

regions and at different altitudes. The outcomes of our model and the corresponding sensitivity 451 

experiments therefore indicate the need to account for site-specific debris properties, as well as for 452 

the vertical changes of these properties. It is namely striking that sub-debris melt rates are 453 

especially impacted by within-debris properties (𝑘𝑑, 𝛾𝜙𝑑
 and 𝜃𝑑) rather than by surface properties 454 

(𝛼𝑑, 𝜀𝑑 and 𝐶𝐸), as the within-debris parameters impact the effective debris properties through the 455 

entire vertical debris column.  Our model results furthermore underline the need to account for 456 

changing site-specific local climatic conditions, which can be especially important for time-457 

dependent debris-covered glacier modelling under a future warming climate. 458 

5.2 Model limitations, uncertainties and recommendations 459 

The incorporation of debris properties into the model is shown to significantly affect the eventual 460 

modelled sub-debris melt rates. In our model, it should be noted that values for 𝜌𝑟 , 𝑐𝑟, 𝑘𝑟 , 𝛾𝜙𝑑
 and 461 
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𝜙𝑑 are kept constant in space and time. However, it is known that debris properties may vary 462 

largely in space and time, depending primarily on the debris lithology, porosity and water content 463 

(e.g. Nicholson and Benn, 2006; Giese et al., 2020). Typical values for the density, specific heat 464 

capacity and thermal conductivity of gneiss and granite-type rocks are suggested to be 2670 kg m-
465 

3, 770 J kg-1 K-1 and 3.3 W m-1 K-1 in the literature (Robertson, 1988; Gupta, 2003). In the case of 466 

schists, which have been found on the Djankuat Glacier, the thermal properties also depend on the 467 

geometric relationship between the direction of the heat flux and that of the schist planes. Since 468 

our experiments have shown that sub-debris melt is especially highly sensitive to changes of the 469 

within-debris properties, the proper choice of these parameters is subsequently important for sub-470 

debris melt modelling. It is therefore assumed that including the spatial variability the debris 471 

properties may presumably have a significant impact on the eventual results and hence needs to be 472 

considered when assessing the results of our research. If doing so, however, an abundant amount 473 

of field data would be required, which is out of scope for this study.  474 

The inclusion of the vertical porosity gradient in our model is furthermore particularly valuable, 475 

as many earlier studies have assumed constant debris properties with depth (e.g. Reid and Brock, 476 

2010; Foster et al., 2012; Rounce et al., 2018), which may be significantly different from real-477 

world conditions. Although hard to quantify and validate, the inclusion of a porosity gradient 478 

certainly needs to be assessed in future debris-covered glacier modelling, together with changing 479 

debris properties with depth in general. In our study, the incorporation of a porosity gradient allows 480 

the model to produce a good agreement between simulated and observed values. Moreover, the 481 

sub-debris melt rates show a rather high sensitivity to changes of the porosity gradient. The 482 

inclusion of varying debris properties with depth, as done in this study by means of a porosity 483 

gradient and the inclusion of a percolating water scheme, therefore certainly opens opportunities 484 

for more sophisticated debris-covered glacier models. 485 

It must, at last, be noted that several supraglacial debris-related processes have not been included 486 

into our model. The most important of these processes include within-debris convection, meltwater 487 

pooling, within-debris refreezing of meltwater, as well as the presence of ice slopes and cliffs (e.g. 488 

Reid and Brock, 2010; Petersen et al., 2022). Especially the presence of supraglacial water bodies, 489 

bare-ice slopes and ice cliffs have been shown to potentially increase local melt rates substantially 490 

and act as local ablation hotspots (e.g. Buri et al., 2021; Lorieaux and Ruiz, 2021; Miles et al., 491 

2022). To capture such small-scaled and detailed processes, however, high resolution input data 492 

are required at both temporal and spatial scales, which is out of scope for this study. Moreover, 493 

within-debris refreezing processes may not be significant anyway during the ablation season in 494 

low-elevation areas (Ayala et al., 2017), where most debris is located on the Djankuat Glacier. 495 

The incorporation of debris properties into the model is shown to significantly affect the eventual 496 

modelled sub-debris melt rates. In our model, it should be noted that values for 𝜌𝑟 , 𝑐𝑟, 𝑘𝑟 , 𝛾𝜙𝑑
 and 497 

𝜙𝑑 are kept constant in space and time. However, it is known that debris properties may vary 498 

largely in space and time, depending primarily on the debris lithology, porosity and water content 499 

(e.g. Nicholson and Benn, 2006; Giese et al., 2020). Typical values for the density, specific heat 500 

capacity and thermal conductivity of gneiss and granite-type rocks are suggested to be 2670 kg m-501 
3, 770 J kg-1 K-1 and 3.3 W m-1 K-1 in the literature (Robertson, 1988; Gupta, 2003). In the case of 502 

schists, which have been found on the Djankuat Glacier, the thermal properties also depend on the 503 

geometric relationship between the direction of the heat flux and that of the schist planes. Since 504 

our experiments have shown that sub-debris melt is especially highly sensitive to changes of the 505 

within-debris properties, the proper choice of these parameters is subsequently important for sub-506 
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debris melt modelling. It is therefore assumed that including the spatial variability the debris 507 

properties may presumably have a significant impact on the eventual results and hence needs to be 508 

considered when assessing the results of our research. If doing so, however, an abundant amount 509 

of field data would be required, which is out of scope for this study.  510 

The inclusion of the vertical porosity gradient in our model is furthermore particularly valuable, 511 

as many earlier studies have assumed constant debris properties with depth (e.g. Reid and Brock, 512 

2010; Foster et al., 2012; Rounce et al., 2018), which may be significantly different from real-513 

world conditions. Although hard to quantify and validate, the inclusion of a porosity gradient 514 

certainly needs to be assessed in future debris-covered glacier modelling, together with changing 515 

debris properties with depth in general. In our study, the incorporation of a porosity gradient allows 516 

the model to produce a good agreement between simulated and observed values. Moreover, the 517 

sub-debris melt rates show a rather high sensitivity to changes of the porosity gradient. The 518 

inclusion of varying debris properties with depth, as done in this study by means of a porosity 519 

gradient and the inclusion of a percolating water scheme, therefore certainly opens opportunities 520 

for more sophisticated debris-covered glacier models. 521 

It must, at last, be noted that several supraglacial debris-related processes have not been included 522 

into our model. The most important of these processes include within-debris convection, meltwater 523 

pooling, within-debris refreezing of meltwater, as well as the presence of ice slopes and cliffs (e.g. 524 

Reid and Brock, 2010; Petersen et al., 2022). Especially the presence of supraglacial water bodies, 525 

bare-ice slopes and ice cliffs have been shown to potentially increase local melt rates substantially 526 

and act as local ablation hotspots (e.g. Buri et al., 2021; Lorieaux and Ruiz, 2021; Miles et al., 527 

2022). To capture such small-scaled and detailed processes, however, high resolution input data 528 

are required at both temporal and spatial scales, which is out of scope for this study. Moreover, 529 

within-debris refreezing processes may not be significant anyway during the ablation season in 530 

low-elevation areas (Ayala et al., 2017), where most debris is located on the Djankuat Glacier. 531 

6 Conclusions 532 

In this study, a spatially distributed and physically based 2D surface energy and mass balance 533 

model at high spatial (25 m) and temporal (3-hourly) resolution was used to derive the Østrem 534 

curve (i.e. debris-related relative melt-altering effects versus debris thickness) during the 2008/09 535 

measurement year for the Djankuat Glacier, a partly debris-covered WGMS reference glacier 536 

situated in the Caucasus (Republic of Kabardino-Balkaria, Russian Federation).  537 

The main results show that the sub-debris ice melt is enhanced for thin and patchy debris, up to a 538 

factor 𝑓𝑑
𝑒  of 1.36 when compared to clean ice melt rates at a debris thickness of 3 cm. The clean 539 

ice melt was approximately equal to sub-debris melt for a critical debris thickness ℎ𝑑
𝑐  of 9 cm, and 540 

a gradual reciprocal-type decay was hereafter noted, where thicker debris efficiently insulates the 541 

underlying ice and suppresses its melt significantly. The corresponding sub-debris melt rates were 542 

found to be especially sensitive to the changes of within-debris parameters and their variation with 543 

depth, such as the thermal conductivity, the porosity gradient, and its moisture content. Apart from 544 

that, changing local climatic conditions (air temperature, relative humidity, and wind speed) play 545 

a decisive role as well. The above suggests that the shape of the glacier-specific Østrem curve 546 

depends upon a complex interaction between the site-specific debris properties, the local climatic 547 

conditions, and the spatio-temporal distribution of the debris. Our results thus indicate the need to 548 

account for site-specific debris-related parameters and changing local climatic conditions during 549 
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transient debris-covered glacier modelling, as it can have a significant impact on sub-debris melt 550 

rates and the eventual shape of the Østrem curve. 551 

In conclusion, this work presents, for the first time, a modelling approach to derive the glacier-552 

specific Østrem curve, which is crucial in determining the effect of supraglacial debris on glacier 553 

melt patterns and its climate change response. The inclusion of varying debris properties with 554 

depth, as done in this study by means of a porosity gradient and a simple percolating rainwater 555 

scheme, opens opportunities for future debris-covered glacier modelling. Using a modelling 556 

approach, as presented here, furthermore allows capturing debris-related melt modification at the 557 

glacier-wide scale and also enables taking into account very small debris thicknesses (< 5 cm), 558 

which are typically hard to determine using in-situ methods such as ablation stake readings. 559 

Although improvements can surely be made (e.g. spatially varying debris properties, or the 560 

inclusion of the effects of other processes such as meltwater pooling, refreezing of meltwater 561 

within the debris, as well as ice slopes and cliffs), our model proves to be useful in determining 562 

the effects of supraglacial debris on sub-debris melt under changing climatic conditions. Future 563 

work should explore the effect of including glacier-specific debris-related melt-altering effects into 564 

time-dependent glacier models to determine (partly) debris-covered glacier behavior under 565 

different climate change projects and its implications for processes such as water resource 566 

management and/or glacier-related hazards (e.g. Fyffe, 2019b; Racoviteanu, 2021). 567 

Figure captions 568 

Figure 1. Sketch of the Djankuat Glacier for 2010 CE conditions with debris thickness map (after 569 

Popovnin et al., 2015). 570 

Figure 2. The (a) modelled (calibrated) surface mass balance (SMB) in the ablation area of the 571 

Djankuat Glacier during the 2008/09 balance year, (b) the pixel-by-pixel fractional debris-covered 572 

area, and (c) the modelled relative melt modification ratio (Md/Mi). 573 

Figure 3. The (a) pixel-by-pixel modelled debris thickness vs. the relative melt modification factor 574 

and (b) the corresponding best fit to the Østrem curve for the Djankuat Glacier in this study. Shown 575 

in (b) are the corresponding effective (ℎ𝑑
𝑒 ), critical (ℎ𝑑

𝑐 ), and characteristic (ℎ𝑑
∗ ) debris thickness 576 

and the maximum melt enhancement factor 𝑓𝑑
𝑒 . 577 

Figure 4. The resulting Østrem curves from 1,000 Monte Carlo (MC) model simulations with 578 

varying debris properties, shown with the average curve and the shaded standard deviation 579 

intervals. Decreasing (increasing) sub-debris melt rates shift the Østrem curve to the left (right). 580 

The inset on the right shows the sensitivity of the sub-debris melt rates to five debris-related 581 

parameters. 582 

Figure 5. The (a) modelled influence of positive temperature perturbations on the shape of the 583 

Østrem curve for the Djankuat Glacier. Subplots (b) and (c) show the effect of the perturbation on 584 

the maximum melt enhancement factor (𝑓𝑑
𝑒), as well as on the effective (ℎ𝑑

𝑒 ), critical (ℎ𝑑
𝑐 ), and 585 

characteristic (ℎ𝑑
∗ ) debris thickness. The inset in (a) shows the corresponding curves for 586 

∆𝑀𝑑/∆𝑇𝑎 and∆𝑀𝑖/∆𝑇𝑎. 587 

Figure 6. Same as for figure 5 but for the near-surface wind speed 𝑢. 588 

Figure 7. Same as for figure 6 but for the air relative humidity 𝑅𝐻𝑎. 589 



Manuscript submitted to AGU JGR-Earth Surface 

 

 

Figure 8. The (above) influence of within-debris moisture retention on the Østrem curve of the 590 

Djankuat Glacier. The three columns below visualize the degree of saturation within the debris 591 

pack in the vertical. 592 
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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