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Abstract 10 

Glacier retreat will increase the sea level and decrease the fresh water availability. Glacier 11 

retreat will also induce morphologic and hydrologic changes due with the formation of glacial 12 

lakes. Hence, it is important not only to estimate glacier volume, but also the spatial 13 

distribution of ice thickness. GlabTop and mass turnover ice-flow mechanics (MTIFM) are 14 

practical approaches for estimating spatially distributed glacier thickness. However, they 15 

depend on some parameters that must be calibrated. Although there are some suggestions for 16 

the calibration of those parameters, such suggestions are based on studies on mid and high 17 

latitude glaciers. Unfortunately, there are no studies about the application of those methods to 18 

tropical glaciers. The present study applied GlabTop and MTIFM to the tropical glacier 19 

Huayna West. Then, a Monte Carlo analysis was performed to the whole range of the volume 20 

estimations considering the possible BSS values. The different confidence intervals were 21 

compared and related to volume estimations from V-A method. The volume estimations 22 

within a confidence higher than 70% provide volume estimations close to the V-A estimations 23 

suggested for tropical glaciers. The GlabTop estimations were compared with estimations 24 

from MTIFM. Both approaches provide a volume about 0.034km3 and show the formation of 25 

future glacial lake. GlabTop is more sensitive to local slopes estimates a deeper lake. The 26 

volume of the Huayna West glacier is bigger than the full capacity of the Tuni reservoir. 27 

 28 
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1 Introduction 2 

Galciers may be considered as the most important water reservoirs since they store some 68% 3 

of total fresh water. Unfortunately, they are retreating (Paul et al., 2007; Ramirez et al., 2001). 4 

Glacier retreat will increase sea level rise and decrease water resources (Dyurgeyov and Meier 5 

2005; Vuille et al., 2008).  Thus, it is important to estimate glacier volume in order to predict 6 

future water availability and sea level rise (Kaser et al., 2010; Raper and Braithwaite 2006). 7 

Glacier volume can be estimated by field measurements using ground penetrating radar 8 

(GPR) and radio echo sounding (RES) (Navarro et al., 2001; Andreassen et al., 2012). 9 

However, GPR and RES are impractical methods, especially for remote and big glaciers. 10 

Hence, new and simpler alternatives for estimating glacier thickness and glacier volume have 11 

been developed. One popular and practical approach is the volume area (V-A) relation.  V-12 

A assumes a power law scaling relation between glacier area and glacier volume, and is based 13 

on ice dynamic constraints due to ice rheology and typical climatic-topographic conditions of 14 

glacierized areas (Bahr et al., 1997). Nevertheless, V-A approach is prone to an important 15 

degree of uncertainty since it depends on two empirical parameters. Currently, the accuracy of 16 

V-A is questioned when applied to small sample of glaciers or single glaciers (Farinotti and 17 

Huss 2013; Bahr et al., 2012). Besides, V-A method only provides glacier volume, neglecting 18 

the spatially distribution of thickness. Spatially distributed glacier thickness is valuable 19 

information since it would allow us to predict the glacier bed topography (GBT). Such GBT is 20 

important for modelling the glacier evolution (Huss et al., 2010), for estimating possible 21 

changes in the runoff regime (Huss et al., 2008), or for predicting the formation of future 22 

lakes (Frey et al., 2010).   23 

In the last years several analytical models were proposed for estimating glacier thickness and 24 

glacier volume (Farinotti et al., 2013; Zekollari et al., 2013; Colgan et al., 2012; Michel et al., 25 

2013; Morlingem et al., 2011). One practical approach for estimating glacier ice thickness and 26 

glacier volume is the glacier bed topography (GlabTop) approach proposed by Paul and 27 

Lindsbauer (2012). The popularity of the GlabTop is increasing rapidly and it has been 28 

applied in various studies (Li et al., 2012; Lindbauer et al., 2012; Clarke et al., 2013). 29 

GalbTop assumes a plastic behaviour of glacier; glaciers flow easily enough to redistribute 30 

mass and prevent stresses from rising above a given limit (Cuffey and Paterson 2012; Nye 31 
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1967). Such plastic assumption is supported by field measurements showing that glacier 1 

deformation is best reproduced considering a plastic deformation (Kavanaugh and Clarke 2 

2006). GlabTop assumes the glacier thickness as a function of surface slope and basal shear 3 

stress. However, GlabTop requires basal shear stress (BSS) which is never measured but 4 

estimated in a very approximate way. Hence, the GlabTop estimations are prone to a wide 5 

range of uncertainty that should be addressed. 6 

Other analytical approach with rising popularity is the mass turnover ice-flow mechanics 7 

(MTIFM) (Farinotti et al., 2009). This approach is based on the mass conservation principle; 8 

the mass balance is balanced by the ice-flux divergence and the surface elevation change.  9 

However, this method transfers all of its uncertainties into a calibration parameter. If there are 10 

no measurements for the calibration, the uncertainties of this approach cannot be addressed. 11 

Previous studies have already applied both GlabTop and MTIFM to high latitude glaciers.  12 

However, there are no studies about the performance of such methods when applied to 13 

tropical glaciers. 14 

In the present study we apply the V-A, GlabTop and MTIFM approaches to the tropical 15 

glacier Huayna West. First, glacier thickness and volume were estimated with GlabTop 16 

considering different BSS values. Then, a Monte Carlo analysis was performed to the volume 17 

estimations.  The different confidence of volume estimations were compared with volume 18 

estimations from V-A. The estimations with confidence higher than 70% provide a voilume 19 

close to the one from V-A suggested for tropical glaciers. Then, MTIFM was applied and its 20 

results compared with the ones from GlabTop. The basal shear stress in tropical glaciers tends 21 

to be closer the one of maritime glaciers. The main uncertainties in GlabTop are the BSS and 22 

the valley support. The GlabTop is more sensitive to possible errors due to local small slopes. 23 

With the spatially distributed glacier thickness it was possible to reconstruct the glacier bed 24 

topography (GBT). Both approaches GlabTop and MTIFM GBT show the formation of a 25 

future lake.  26 

2 Study Area 27 

The study area is the Huayna West glacier in the Bolivian Andes (16° 16’ S, 68° 10’ W). It is 28 

located at the west side of the Huayna Potosi massif. This 0.783 km2 glacier accounts for 29 

5.76% of the total area of the Huayna West basin. The Huayna Potosi massif is one of the 30 

biggest glaciers in the Royal Cordillera (Figure 1). Huayna glacier is a tropical one located in 31 
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the tropic of Capricorn, where the climate is characterized by two seasons with a period of 1 

precipitation and a dry period (Mote and Kaser 2007). The melting water from the Huayna 2 

Potosi glacier flows towards the Tuni reservoir (1.65 km2) and plays an important role for the 3 

water supply of La Paz and El Alto connurbation (Bolivia). This glacier is currently under 4 

study within the Glacier Retreat impact Assessment and National policy DEvelopment 5 

(GRANDE) project.  6 

3 Methodology 7 

The extent of the Huayna West glacier was delineated using remote sensing data from the 8 

sensor Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2) of the Advanced 9 

Land Observation Satellite (ALOS). The ALOS AVNIR-2 images were analysed and 10 

processed with the multispectral image data analysis system software (Landgrebe 2005). It is 11 

important to note that the ALOS AVNIR-2 image is more recent than the respective image 12 

used for the Randolph Glacier Inventory 3.0, which was observed on May the 31st of 2003. 13 

Besides, it was not possible to use the GLIMS data base, since such data base does not 14 

include this glacier (Raup et al., 2007). Thus, ALOS AVNIR-2 images provide a valid and 15 

current image of the study area. 16 

The flow lines were obtained by processing the global digital elevation model (GDEM) 17 

provided by the advanced spaceborne thermal emission and reflection radiometer (ASTER). 18 

The slope α was assumed equal to the surface slope (Clarke et al., 2013). Although some 19 

studies used SRTM data for studying glaciers and estimating glacier volume (Surazakov and 20 

Aizen 2006), in the present study we used the GDEM ASTER, since it is a more recent 21 

product with better resolution and provides an accurate delineation of the study area. The 22 

DEM was processed with the TauDEM algorithm implemented in the GIS software 23 

MAPWINDOWS (Tarboton 1997). Figure 2 shows the glacier flow-lines and the Huayna 24 

West basin. 25 

Then, glacier thickness was estimated at the flow-lines assuming perfect plasticity and the 26 

GlabTop approach (Lindsbauer et al., 2012) described by: 27 

ℎ = 𝜏
𝜌 𝑔 sin𝜃

                                                                        Eq 1. 28 

Where h is the glacier thickness (m), τ is the basal shear stress (kPa), g is the gravity 29 

acceleration (9.79 m s-2), ρ is the ice density (900Kg/m3) and θ is the slope (°). The most 30 
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popular estimation of basal shear stress is to consider it as a function of the elevation range of 1 

the glacier expressed by (Haeberli and Hoelze 1995):  2 

𝜏 = 0.005 + 1.598𝛥𝐻 − 0.435𝛥𝐻2                    𝑖𝑓 𝛥𝐻 ≤ 1.6          Eq. 2 3 

𝜏 = 150                                                𝑖𝑓 𝛥𝐻 > 1.6           Eq. 3 4 

Where ∆H (km) is the elevation range of the glacier. However, since tropical glaciers have 5 

higher mass balance gradients, it is reasonable to expect a higher basal shear stress. Since 6 

there is no published literature about BSS on tropical glaciers, the present study considered 7 

the BSS for maritime glaciers described by Eq. (4) and Eq. (5) (Haeberli and Hoelze 1995) as 8 

the higher possible BSS.  9 

𝜏 = 3 𝛥𝐻                                        𝑓𝑜𝑟 𝛥𝐻 ≤ 0.5          Eq. 4 10 

𝜏 = 150                                              𝑖𝑓 𝛥𝐻 > 1.6           Eq. 5 11 

Then, the glacier thickness was used as input data for a spatial interpolation by applying a 12 

Kriging routine. The glacier outline was used as boundary condition with zero ice thickness. 13 

The distributed glacier thickness maps allowed obtaining the glacier volume. The glacier 14 

volume was obtained by multiplying each thickness by the area of its grid cell (900 m2). 15 

However, as we have a range of several possible BSS values, we also have several possible 16 

volume estimations. The uncertainty of the possible volume was addressed by performing a 17 

Monte Carlo uncertainty analysis (MCUA) of the possible glacier volume estimations. The 18 

number of trials was obtained by performing a convergence test considering the variation of 19 

the mean and standard deviation as the number of iterations increases (Shrestha et al., 2009). 20 

Then, the volume probabilities were compared against volume estimations using the V-A 21 

approach (Eq. 6).  22 

𝑉 = 𝑐𝐴𝛾                                                                  Eq. 6 23 

Where V is the volume of the glacier (km3), A is the area of the glacier (km2), γ is the scaling 24 

exponent and c is the proportional constant. This comparison considered 3 assumptions: a) 25 

The use of GlabTop with the correct BSS provides the volume of the glacier, b) The use of V-26 

A with the correct coefficients provides glacier volume and c) When applied to the same 27 

glacier, the volume estimated by GlabTop should be equal to the volume estimated by V-A.  28 

Literature provides several γ and c coefficients. In the present study we considered several 29 
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coefficients obtained from synthetic data and from empirical data of different climatic 1 

conditions.  2 

An additional analysis was performed according to the MTIFM approach (Farinotti et al., 3 

2009). In this analysis it was assumed that the actual mass balance corresponds to the 4 

apparent mass balance bi defined as: 5 

𝑏𝑖 = �
(𝑧𝑖 − 𝑧𝑜) 𝑑𝑏𝑖

𝑑𝑧
�
𝑎𝑏𝑙

𝑓𝑑𝑒𝑏𝑟𝑖𝑠           𝑖𝑓 𝑧𝑖 < 𝑧𝑜

(𝑧𝑖 − 𝑧𝑜) 𝑑𝑏𝑖
𝑑𝑧
�
𝑎𝑐𝑐

𝑓𝑑𝑒𝑏𝑟𝑖𝑠           𝑖𝑓 𝑧𝑖 > 𝑧𝑜
�                                     Eq. 7 6 

Where fdebris = 1 if the cell is not debris-covered (the present study assumed fdebris = 1). Then, 7 

the ice-flux qi at each point i of the flow-line was estimated as the cumulated apparent mass 8 

balance of every grid cell that contributes to the ice-flux at that point. 𝑑𝑏𝑖
𝑑𝑧
�
𝑎𝑏𝑙

 and 𝑑𝑏𝑖
𝑑𝑧
�
𝑎𝑐𝑐

are 9 

the mass gradients for the accumulation zone (0.015 a-1) and ablation zone (0.025 a-1) 10 

respectively. Then, the ice thickness hi at every flow-line point i was calculated according to: 11 

ℎ𝑖 = �
𝑞�𝑖

2𝐹𝑅
𝑛+2

�𝐶𝐹𝜌𝑔𝑠𝑖𝑛𝜃��
𝑛

𝑛+2                                                      Eq. 8 12 

Where ρ is the ice density (900 kg m-3), FR is the flow rate factor (2.4 x10-15 kPa-3 s-1), CF is 13 

the correction factor to be calibrated,  𝜃̅ (°) is the mean slope of the flow-line and n is the Glen 14 

flow law exponent (n = 3). Then, the estimated thickness was used for a spatial interpolation 15 

applying a Kriging routine. 16 

Then, the estimated glacier thickness (GT) was subtracted from the glacier surface elevation 17 

(GSE) in order to get the GBT elevation  18 

𝐺𝐵𝑇𝐸𝑖 = 𝐺𝑆𝐸𝑖 − 𝐺𝑇𝑖                                                           Eq. 9 19 

Where the subscripts i identify the glacier cell. GSE was obtained from the DEM 20 

 21 

 22 

 23 

 24 
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4 Results and Discussion 1 

Table 1 shows the BSS of flow-line 1 and flow-line 2 and the volume estimation considering 2 

the two relations for the BSS. The maximum BSS values obtained with the relation for 3 

maritime glaciers are almost twice the BSS for normal continental glaciers; thus, the 4 

maximum volume is almost twice the minimum possible volume (Table 2). Such differences 5 

represent a wide uncertainty range with almost no practical use and doubtful accuracy. This 6 

wide range of uncertainty shows the importance of more studies about BSS in tropical 7 

glaciers. The problem is to find the range of possible BSS that provides better volume 8 

estimation with an acceptable degree of uncertainty. 9 

The MCUA estimated the glacier volume 5000 times considering 5000 different BSS values 10 

within the minimum and maximum limits of table 1. Figure 3 shows that the MC analysis gets 11 

stable after 2000 iterations. Table 3 shows the glacier volume estimations and its associated 12 

confidence. 13 

 The different volume estimations were compared with other estimations considering different 14 

suggested coefficients of the V-A relationship. Table 4 shows the coefficients used and their 15 

respective volume estimations. Such comparison is better explained by dividing the results 16 

into four groups: 17 

In the first group we have the volume estimations that provide a volume lower than the 18 

volume estimated with the minimum BSS values. Those lower values could be obtained with 19 

the GlabTop approach by applying a lower BSS value. However, the coefficients from those 20 

relations were developed for glaciers with different conditions. The coefficients from Meier 21 

and Bahr (1996) and Bahr (1997) were obtained from continental Alpine with areas between 22 

0.2 km2 and 1 km2. Although the Huayna West glacier is within that area range, the HWG is 23 

located in the tropics with different climatic and geophysical conditions. The coefficients 24 

from Driedger and Kennard (1986) were obtained by analysing a volcanic glacier in the USA, 25 

with climatic and geophysical condition different than the current study area.  26 

In the second group we have the volume estimation between the minimum BSS and the 30% 27 

confidence. The volume estimations from this group are similar to the estimations using V-A 28 

relations suggested for normal continental glaciers. It is important to note that the volume 29 

estimation according to Bodin et al., (2010) is also for an Andean glacier; however, such 30 

glacier is located in the Southern Andes out of the tropical range.  31 
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The volume estimations between the 30% confidence and the 60% confidence (group 3) are 1 

similar to volume estimations with coefficients obtained from synthetic data and glaciers from 2 

different locations. Those estimations may be considered as a world average. Thus, when 3 

applied to tropical glaciers they may still provide some underestimation of the total volume.  4 

The volume estimations with a confidence higher than 70% are related to volume estimations 5 

using coefficients suggested for tropical glaciers. This confirms the assumption that tropical 6 

glaciers have a BSS higher than mid-high latitude continental glaciers. The BSS of tropical 7 

glaciers is similar to that of marine glaciers. The estimation according to Huss and Farinotti 8 

(2012) provides the lowest volume estimation. This estimation can be considered as the 9 

minimum probable volume. This minimum estimation can be obtained by applying a BSS of 10 

2.46 ∆H. The other two estimations provide a volume of 0.034 km3 and 0.035 km3. The 11 

difference between the minimum and maximum volume estimations has a difference of 17%. 12 

Figure 4 shows the respective glacier thickness map according to GlabTop. The thickest area 13 

of the glacier is located at some 180 m from the east boundary. This deepest part is elongated 14 

with a northeast - southsouthwest direction and a longitude of 370 m. However, such deepest 15 

area is located in an area where the slope is 8.5 % (4.85 °). A sensitivity analysis shows that 16 

between a slope of 5° and 6°, the thickness error is about 20% (Figure 5). A new glacier 17 

thickness was estimated considering a slope threshold of 6°. Figure 6 shows the glacier 18 

thickness map estimated with this threshold. In this new map the thickest area of the glacier 19 

has the same location, but the thickness is 33% lower. 20 

Applying the MTIFM approach, the glacier volume can be obtained by applying a correction 21 

factor CF = 0.09 and FR 2.4 x10-15 kPa-3 s-1. The CF is lower than the one applied to 22 

continental glaciers (Farinotti et al., 2009). This may be because of the mass gradients and the 23 

FR assumptions. In the present study the apparent mass balance was assumed corresponding 24 

to the actual mass balance; such correspondence occurs when the glacier is in steady state. 25 

However, in the present study the glacier is not in equilibrium. Considering that the glacier is 26 

under retreat conditions, higher mass balance and steeper mass gradients could be expected. 27 

The value of FR used in the present study corresponds to a basal temperature of 0 °C and 28 

steady state, which is not always the case. The MTIFM assumes that the uncertainties of FR 29 

are transferred into CF. Such uncertainty transference assumes that the basal temperature is 30 

close to 0 °C (temperate ice). However, such assumption is valid for high latitude glaciers. 31 

Low latitude glaciers are composed by temperate ice and cold ice; thus, it may be expected 32 
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lower basal temperatures (Greeve and Blatter 2009). In the case of basal temperatures of -5 °C 1 

the FR is reduced to 9.3 x10-15 kPa-3 s-1 (Greeve 2010). In the case of lower basal 2 

temperatures FR would be much smaller since it decreases exponentially with temperature 3 

(Smith 2001). Table 5 shows that for basal temperatures lower than 5 °C, the thickness may 4 

increment between 20% and 47 %. In such cases, the uncertainty transference may not be 5 

valid and the calibration of two parameters would provide better results. Figure 7 shows the 6 

ice thickness according to MITFM approach.  7 

Using GlabTop 38% of the glacier is less than 30.0 m thick. Using MITMC 33% of the 8 

glacier is less than 30.0 m thick. It is important to consider this threshold, since some studies 9 

suggest that glaciers begin to flow only when they reach a thickness of 30.0 m (PRI 2013). In 10 

the present case all the flow-lines are thicker than 30.0 m. However, some regions of the 11 

flow-lines are very close to this threshold with values around 34.0 m. Such regions close to 12 

the 30.0 m threshold could be considered in the limits of application both GlabTop and 13 

MITMC. Thus, it may be assumed that for smaller glaciers with more advanced retreat 14 

process, the GlabTop and MITMC approaches cannot be applied. 15 

The Huayna West glacier has an estimated volume of 0.034 km3. Considering the area of the 16 

basin and the area of the Tuni reservoir, such volume can be expressed as water layer 17 

equivalent (WLE) of the whole Huayna West basin and the Tuni reservoir (Table 6). The 18 

volume of the Huayna West glacier is equivalent to a water layer of 2.5 m over the whole 19 

basin. This water layers is 3.4 times higher than the yearly precipitation. Thus, in the 20 

hypothetical case that the whole glacier melts at a constant rate in 4.65 years, then during 21 

those years the water from melting glacier would equal the water input from precipitation.  22 

Relating the glacier volume to the Tuni reservoir, the water layer equivalent is higher than the 23 

elevation of the reservoir (18.0 m) (MMAyA 2010). This is because the Huayna West glacier 24 

has more water stored than the Tuni reservoir capacity (0.0215 km3). 25 

Figure 8a shows the reconstructed glacier bed topography (GBT) obtained from GlabTop 26 

without any slope threshols. The GBT shows the formation of a future lake in the quadrant C3 27 

once the glacier disappears. This lake has an area of 0.07 km2 and a maximum depth 28 

estimated of 32 m. The area-maximum depth relation of the glacier is a reasonable value that 29 

fits reasonably with other estimations. For instance, Sakai (2012) developed a power area-30 

depth relation considering several glacial lakes. Applying such relation to the present lake 31 

gives a maximum depth of 26.06 m. Figure 8b shows the GBT obtained from GlabTop 32 
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including the slope threshold. This map also shows the formation of the lake. However, in this 1 

case the lake is much smaller (0.02 km2) and less deeper (15 m). The GBT estimated 2 

according to the MTIFM thickness (Figure 8c) provides the smallest lakes (0.01 km2). 3 

Actually in this case the shore of the lake is connected to the basin outlet in the quadrant B4. 4 

5 Conclusions 5 

Theoretical approaches for glacier volume estimation are influenced by coefficients that 6 

depend on local conditions. Although there are suggested valued for mid-high latitude 7 

glaciers, there are almost no applications or suggestions for tropical glaciers. This study 8 

estimated the glacier volume of the tropical glacier Huayna West by applying two analytical 9 

estimations: the Glacier bed topography approach (GlabTop) and the mass turnover ice-flow 10 

mechanics approach (MTIFM). Both approaches were estimated considering V-A estiamtions 11 

for tropical glaciers. 12 

The most sensible parameter of GlabTop is the basal shear stress (BSS). The Monte Carlo 13 

analysis of the possible BSS values shows that for this tropical glacier the BSS is within the 14 

upper 30% confidence. It was found that the BSS – elevation range relation of tropical 15 

glaciers is closer to the relation of maritime glaciers. 16 

Although local slopes do not have much influence in the overall volume estimation, they have 17 

an important influence on the spatial distribution. Ice thickness estimation is more sensitive to 18 

slope in slopes smaller than 6°. Slopes lower than 6° may overestimate the ice thickness more 19 

than 20%.  20 

The most sensitive parameter of MITMC is the calibration factor. The main difference 21 

between the results from GlabTop and MITMC is in the spatial distribution of glacier 22 

thickness. GlabTop is more sensitive to the local slopes. MITMC is not sensitive to local 23 

slopes. Thus, when applying GlabTop it is important to consider a minimum threshold slope. 24 

The Huayna West glacier has a volume of 0.034 km3. This volume is higher than the storage 25 

capacity of the Tuni reservoir (0.024 km3).  26 

Glacier bed topography shows the formation of a future glacial lake. The GBT from GlabTop 27 

provides a deeper glacial lake than one from MITMC. The estimated area and depth of such 28 

lake have a reasonable agreement with dimensions observed at other glacial lakes. 29 
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List of Tables 1 

Table 1. Main characteristics of the flow-lines 2 

Flow-line 1 2 

∆H [km] 0.455 0.329 

τ minimum [kPa] 64.2 48.4 

τ maximum [kPa] 136.5 98.7 

L [m] 1043.6 720 

𝛼� [°] 23.55 24.57 

 3 

Table 2. Huayna West glacier maximum and minimum volume estimations using the 4 

maximum and minimum basal shear stress values 5 

Using Volume [km3] 

τ maximum [kPa] 0.035 

τ minimum [kPa] 0.017 

 6 

Table 3. Huayna West glacier volume estimations according to different confidence levels 7 

Confidence Volume [km3] 

10 % 0.019 

20 % 0.020 

30 % 0.023 

40 % 0.025 

50 % 0.026 

60 % 0.028 

70 % 0.030 

80 % 0.032 

90 % 0.034 

 8 
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Table 4. Huayna West glacier volume estimation according to different coefficients of the V-1 

A method. Notes: (*) The estimation is defined by the shape. (**)The estimation is defined by 2 

the slope. 3 

Group  Source c γ Volume [km3] 

G1 Meir and Bahr (1996) 0.02 1.36 0.014 

G1 Bahr (1997) 0.02 1.375 0.014 

G1 Driedger and Kennard (1986) 0.0218 1.124 0.017 

G2 Bahr et al., (1997) 0.0276 1.36 0.019 

G2 Bodin et al., (2010) 28.5 0.357 0.020 

G3 
Adhikari and Marshall 

(2012)** 
0.0336 1.3835 0.024 

G3 Adhikari and Marshall (2012)* 0.0353 1.328 0.025 

G3 Radic and Hock (2010) 0.0365 1.375 0.026 

G3 Nicholson et al., (2009) 39.09 0.6009 0.026 

G4 Baraer et al., (2012) 0.04088 1.375 0.035 

G4 Klein and Isacks (1998) 0.048 1.36 0.034 

G4 Huss and Farinotti (2012) 32.7 0.31 0.047 

Table 5. Sensitivity of MTIFM thickness estimation with lower basal temperature 4 

Temperature [°C] Thickness increment [%] 

0 0.00 

-2 7.22 

-5 20.92 

-10 47.01 

Table 6. Volume of the Huayna west glacier expressed in terms of a water layer equivalent 5 

considering the whole basin and the Tuni reservoir 6 

Volume [km3] Basin WLE [m] Reservoir WLE [m] 

0.047 3.46 28.48 

0.034 2.53 20.85 
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List of figures 1 

 2 

Figure 1. Huayna Potosi basin and the main glaciers of this area of the Royal Andes. The 3 

Huayna Potosi is the biggest glacier in this regions of the Royal Andes. The water from 4 

Huayna Potosi basin flows towards the Tuni reservoir. 5 

 6 

 7 

 8 

Figure 2. Huayna Potosi basin and the Huayna West glacier. The figure shows the two flow-9 

lines of the glacier. 10 

 11 
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 1 

Figure 3. Convergence of the Monte Carlo analysis. Bothe the mean and the standard 2 

deviation (std) converge stabilize after 2000 iterations. 3 

 4 

 5 

Figure 4. Thickness map of the Huayna West glacier according to the GlabTop methodology 6 

without any slope threshold 7 

 8 
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 1 

Figure 5. Sensitivity of the GlabTop thickness estimation to the local slope. For slopes lower 2 

than 6° the thickness estimations increase more than 20%. 3 

 4 

 5 

Figure 6. Thickness map of the Huayna West glacier according to the GlabTop methodology 6 

and applying a slope threshold of 6°. 7 

 8 
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 1 

Figure 7. Thickness map of the Huayna West glacier according to the MTIFM approach. 2 



 21 

 1 

Figure 8. Reconstructed glacier bed topography of the Huayna west glacier according to the 2 

thickness estimations from: a) GlabTop without slope threshols, b) Glabtop with a slope 3 

threshold of 6° and c) MTIFM. In the three cases there is a lake in the quadrant C3. The case 4 



 22 

a) gives the deepest lake. In the case c) the lake is connected to the outlet of the basin in 1 

quadrant B4 2 

 3 
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