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Estimation of Glacier Thickness From Surface Mass Balance and Ice Flow Velocities: A Case Study on Argentière Glacier, France
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Glacier thickness distribution is a prerequisite to simulate the future of glaciers. Inaccurate thicknesses may lead to significant uncertainties in the timing of future changes to glaciers and their consequences for water resources or sea level rise. Unfortunately, glacier thickness distribution is rarely measured and consequently has to be estimated. In this study, we present an approach developed on the well documented Argentière Glacier (French Alps) that uses surface mass balance (SMB) together with surface flow velocity data to quantify glacier thickness distribution over the entire surface of the glacier. We compare the results of our approach to those obtained applying Farinotti et al. (2009) approach. Our results show that glacier thickness distribution are significantly biased when the glacier SMB profile used to quantify the ice fluxes is not constrained with in situ measurements. We also show that even with SMB measurements available on the studied glacier, ice flux estimates can be inaccurate. This inability to correctly estimate ice fluxes from the apparent SMB may be due to the steady state assumption that is not respected from the available glacier surface topography data. Therefore, ice thickness measurements on few cross sections (four are used in this study) are required to constrain the ice flux estimates and lead to an overall agreement between the ice thickness estimations and measurements. Using our approach, the ice thicknesses only differ by 10% from observations in average, but can differ by up to 150 m (or 30%) locally. We also show that approaches that use the glacier surface slope can lead to large uncertainties given that the quantification of the slope is highly uncertain. The approach presented here does not pretend to be applied globally but rather as a tool to quantify ice thickness distribution over the entire surface of glaciers for which a few in situ surface mass balance and thickness data are available together with surface flow velocities that can be obtained for example from remote sensing.
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INTRODUCTION

Several approaches of differing complexity have been developed to simulate past, current or future changes of mountain glaciers by modeling the surface mass balance and the ice dynamics (e.g., Bindschadler, 1982; Hubbard et al., 1998; Oerlemans et al., 1998; Gudmundsson, 1999; Le Meur and Vincent, 2003; Sugiyama et al., 2007; Huss et al., 2010; Jouvet et al., 2011; Linsbauer et al., 2013; Vincent et al., 2014; Réveillet et al., 2015). Whatever the modeling approach used, the absence of accurate estimations of ice thickness over the entire surface of the glacier is the main constraint to accurately simulating future changes (e.g., Linsbauer et al., 2013; Beniston et al., 2018; Vuille et al., 2018). However, except on small glaciers with a gentle topography, it is almost impossible to measure the ice thickness through in situ observations over an entire glacier, regardless of the method used (e.g., hot water drilling, seismic or radar measurements, gravimetry). Thus, for the great majority of glaciers for which thickness measurements are available, these measurements were made along transverse profiles and then extrapolated to estimate thicknesses in unsurveyed areas (e.g., Fischer, 2009). Unfortunately, the number of surveyed glaciers is small: the recent GlaThiDa initiative gathers information on about 2,000 glaciers worldwide (WGMS, 2016), which represents ~1% of the number of glaciers included in the global inventories (GLIMS, 2013; Pfeffer et al., 2014). As a consequence, methods have emerged to estimate the ice thicknesses over the entire glacier surface that take advantage of the progressive increase in the availability of morpho-topographical data (glacier inventories, digital elevation models of the glacier surface), as well as glaciological data (surface mass balance, surface flow velocities) and point thickness measurements to calibrate parameterizations. Within the context of the Ice Thickness Models Intercomparison eXperiment, so-called ITMIX, conducted in the framework of the Working Group on Glacier Ice Thickness Estimation of the International Association of Cryospheric Sciences (IACS, http://cryosphericsciences.org/), Farinotti et al. (2017) presented a review of existing methods currently used to estimate ice thicknesses together with the results of the first intercomparison experiment in which no prior knowledge on thickness data was available. Seventeen approaches were tested. Some rely on: (1) a parameterization of the basal shear stress (e.g., Haeberli and Hoelzle, 1995; Linsbauer et al., 2012); (2) the principle of mass conservation and ice flow taking into account a varying number of input variables such as a digital elevation model (DEM), surface mass balance, surface flow velocity (e.g., Driedger and Kennard, 1986; Huss et al., 2008; Farinotti et al., 2009; Morlighem et al., 2011; Huss and Farinotti, 2012; Li et al., 2012; van Pelt et al., 2013; Brinkerhoff et al., 2016; Fürst et al., 2017); or (3) the use of artificial neural networks (Clarke et al., 2009).

Here, we propose an approach that combines (1) satellite-derived field and in situ measurements of glacier surface flow velocity, and (2) glacier surface mass balance measurements to retrieve ice thicknesses over the entire surface area of the glacier. The main differences with other approaches that use both surface mass balance and flow velocity data are: (1) no explicit ice flow model is needed in our approach conversely to Morlighem et al. (2011), van Pelt et al. (2013), or Fürst et al. (2017), for example; or (2) no temporal surface elevation changes are needed conversely to McNabb et al. (2012), for example. In addition, approaches based on the glacier surface slope (e.g., Farinotti et al., 2009; Huss and Farinotti, 2012; Linsbauer et al., 2012) have been largely used in recent studies as they need a limited number of input data and are straightforward to implement. However, the first round of ITMIX (Farinotti et al., 2017) has shown that such simple approaches do not accurately represent the glacier ice thickness distribution which is an issue for future glacier evolution modeling.

After providing a description of the proposed framework, we report on its application on Argentière Glacier in the French Alps, and how the results compare with those obtained from in situ measurements or using the approach proposed by Farinotti et al. (2009) and Huss and Farinotti (2012).

STUDY SITE AND DATA

The methodological framework presented in this study was developed on Argentière Glacier (Figure 1) located in the Mont-Blanc range, French Alps (45°55′ N, 6°57′ E). An extensive description of the monitoring of this glacier conducted within the GLACIOCLIM observatory can be found in Vincent et al. (2009). Here we summarize the basic information. In 2003, this north-west facing glacier had a surface area of 12.4 km2, a length of about 10 km, and extended from an altitude of 3,400 m a.s.l. at the upper rimaye to 1,600 m a.s.l. at the snout. The glacier is free from rock debris except on the lowermost part of the tongue below the icefall located between 2,000 and 2,400 m a.s.l.
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FIGURE 1. (Left) location of Argentière Glacier (Mont-Blanc Massif, French Alps). (Right) Field measurements of glacier thickness (seismic and radar) are in red. The yellow diamonds show the location of the stakes used to measure the surface mass balance and surface flow velocities.



Surface Mass Balance Data

The annual surface mass balances were monitored in the ablation area between 1975 and 1995, using 20 to 30 ablation stakes. Since 1995, winter and summer surface mass balance measurements (in early May and late September, respectively) have been performed and about 40 sites have been selected both in ablation and accumulation area (Figure 1). The point annual surface mass balance usually ranges from about 2 m w.e. yr−1 in the accumulation area to about −10 m w.e. yr−1 close to the snout. The equilibrium-line altitude (ELA) has been close to 2,850 m a.s.l. on average over the last 30 years (Rabatel et al., 2013, 2016).

In situ Ice Thickness Data

The first ice thickness measurements on Argentière Glacier were made in the 1950s (Reynaud, 1959). Then, in the 1970s, a hydroelectric power company (Emosson S.A.) planned to collect subglacial water. For this purpose, the bedrock topography was determined using seismic soundings at 4 cross-sections in the ablation zone located at 1,850, 2,400, 2,500, and 2,700 m a.s.l. (see the cross-sections where the ablation stakes transects are located in Figure 1). Additionally, eight and 24 boreholes were drilled on cross-sections located at 1,850 and 2,400 m a.s.l., respectively, to check the seismic results (Hantz, 1981; Vincent et al., 2009). The comparison showed differences that reached 30 m locally. To extend the information on the bedrock topography, ice thickness measurements were acquired on 15 additional profiles using ice penetrating radar (IPR) during field campaigns in January 2013, February-March 2014, and April 2015 (Figure 1). Our IPR is a geophysical instrument specially designed by the Canadian company Blue System Integration Ltd in collaboration with glaciologists to measure the thickness of glacier (Mingo and Flowers, 2010). It comprises a pair of transmitting and receiving 4.2 MHz antennas that allow continuous data acquisition, with data georeferenced using a GPS receiver.

Surface Flow Velocity Data

Surface flow velocities were quantified by measuring stake displacements at the end of the ablation season (September) using topographic methods (Vincent et al., 2009). Five to ten ablation stakes were placed on each cross-section for this purpose. In addition, painted stones were used to complete the measurement network and to determine the surface flow velocities on the longitudinal flow line passing through the center of each cross-section. To complete the spatial coverage of surface flow velocities, results obtained by Berthier et al. (2005) using a correlation method and SPOT5 satellite images from the year 2003 were used (Figure 2). We briefly summarize the method and results here, but refer the reader to Berthier et al. (2005) for a more complete description. These authors derived a 20-m resolution displacement field from a pair of 2.5 m SPOT5 images recorded on 23 August and 18 September 2003. After co-registration of the two images, one image was projected into the geometry of the other so that the remaining offsets represent only the deformation (e.g., glacier flow). Then, the two images were correlated using the MEDICIS correlator software. The uncertainty in the displacement was found to be 0.5 m over the 26-day period. For the purpose of the current study, these displacements quantified over one end-of-summer month were multiplied by 12 to obtain annual values, assuming that late summer displacements are representative of the annual monthly average. This is a reasonable assumption when comparing with annual surface velocity values measured in situ (not shown). The resulting uncertainty in the annual velocity values is 1.7 m yr−1.
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FIGURE 2. Surface flow velocities for Argentière Glacier derived from SPOT5 images acquired in 2003. (A) Raw data from Berthier et al. (2005). (B) Data after filtering and interpolation.



The raw surface flow velocities derived from Berthier et al. (2005) need to be filtered due to some correlation artifacts that can occur in the part of the glacier where the surface state changes from snow-covered to bare ice between the two images and in the shadowed part (see the red rectangle in Figure 2A). The raw data were filtered as follows: considering a moving window of 25 values (5 × 5) the central value is conserved if: (i) its velocity is less than 800 m yr−1 (this threshold is largely above the maximum values measured in the field, and is only used to remove unrealistic values); (ii) the orientation of the vector does not differ by more than 20° from the orientation of its neighbors; and (iii) the velocity differs by less than 5 m yr−1 from the average of its neighbors. After filtering, the data were interpolated and resampled on a regular 10-m grid using a polynomial function (the degree of the polynomial function can be adapted from one section to the other); the result is shown in Figure 2B.

Glacier Surface Elevation and Outline

We used a digital elevation model (DEM) of the glacier (horizontal resolution of 10 m) generated by photogrammetry on the basis of the aerial photos taken on 20 September 2003, to obtain a temporal overlap with the surface flow velocities computed from the satellite images recorded in 2003. Indeed, because surface flow velocities and thicknesses are related, getting a DEM of the glacier surface topography temporally close to the surface flow velocity measurements is recommended. The acceptable time difference between the two data sources is hard to assess as it will depend on the state of the glacier, i.e., if it is close to steady state or rapidly shrinking/growing.

For agreement with the DEM, we used a glacier outline from 2003, extracted from the multi-temporal inventory of glaciers in the French Alps (Gardent et al., 2014).

METHODOLOGY

Description of the Proposed Approach

Our approach requires both the glacier surface flow velocities and the surface mass balances to quantify the ice flux Qj, at the level of cross-section j, perpendicular to the central flow line of the glacier, and to quantify the ice thicknesses along these cross-sections of length lj. The approach can be divided into four main steps:

1. Definition of the cross-sections whose thickness will be computed.

The central flow line of Argentière Glacier was delineated manually from the uppermost elevation to the glacier snout, perpendicular to the contour lines. Next, 59 cross-sections were defined perpendicular to the central flow line (Figure 3), of which 19 are located in the vicinity of the in situ thickness measurements (see Figure 1). The others were defined in between to homogeneously cover the glacier (maximum distance between two cross-sections is 300 m). In the ablation zone, where the glacier tongue is clearly defined (down to cross-section #25 for the two sides of each cross-section, and down to cross-section #44 for the right-hand side only), the limits of the cross-sections are the edges of the glacier. Where tributaries can be found or in the accumulation zone, the cross-sections are delimited using a threshold on the surface flow velocities. The threshold used is a parameter that can be fixed or adjusted from one side to the other of each cross-section and from one cross-section to another when thickness measurements are available in order to optimize the estimated thicknesses. Note that in the present study, we did not define cross-sections on the tributaries because we focused on the main body of Argentière Glacier, where in situ thickness data are available to validate the ice thickness estimates. However, cross-sections can be defined wherever needed.

2. Quantification of the ice flux and the average thickness of each cross-section

Like in Farinotti et al. (2009) and in Huss and Farinotti (2012), the apparent mass balance [image: image], was calculated for each grid cell, i, of the glacier surface area. Indeed, for mass conservation in steady-state conditions, the surface mass balance must counterbalance the ice flux divergence. The apparent mass balance profile is computed from the measured surface mass balance profile which is adjusted to get a glacier-wide surface mass balance equal to zero (i.e., steady state condition). Following Farinotti et al. (2009), we assume that the ice flux of each cross-section Qj, is the sum of the apparent mass balances over the total number n of grid cells (with individual surface areas ai), of the portion of the glacier surface contributing to the cross-section j:

[image: image]

On the other hand, the area, Sj, of each cross-section equals the ice flux divided by the average velocity of the cross-section [image: image].

[image: image]

According to Cuffey and Paterson (2010, p. 342) [image: image] matches to within a few percent the mean surface velocity on the profile across the whole glacier, [image: image]. Nye (1965) showed that the ratio of [image: image]depends on the ratio W between the half-width (or half-length as denoted here) and depth, and on the value n (n being the power of the stress in the flow law). Assuming a parabolic valley and n = 3, [image: image]equals 0.837 for W = 1, 0.980 for W = 2, 0.997 for W = 3 and 1.005 for W = 4. According to Cuffey and Paterson (2010), values of W between 2 and 4 include the majority of valley glaciers, therefore we consider [image: image] 0.99 ± 1%. It is noteworthy that, in the first round of ITMIX, we considered a value of 0.8 (corresponding to no sliding) which was not suited for Argentière Glacier.

Thus, the area of each cross-section can be computed by combining Equations (1) and (2):

[image: image]

From this step, for each cross-section, we obtain an ice flux that satisfies two necessary conditions: (1) the ice flux through the cross-section is equal to the mass balance of the surface area of the glacier contributing to this cross-section; and (2) the average velocity of the ice flowing through a cross-section is within a few percent of the average surface velocity of this cross-section. Since the length lj of the cross-section is known, the average ice thickness for that cross-section can be computed as:

[image: image]

3. Distribution of the thicknesses along the cross-section

Step 3 consists in “distributing” the ice thicknesses along the entire cross-section using the pattern of surface flow velocities. We assume that for each grid cell, i, the ratio between the thickness, hi, and the surface flow velocity, vi, is the same along the whole cross-section, so that hi / vi [image: image]/ [image: image], and hence:

[image: image]

It is worth noting that the assumption that hi/vi is the same along the whole cross-section has been tested on cross-sections where both in situ thickness and surface flow velocity measurements are available. Table 1 shows that the overall agreement is good with a coefficient of variation of 10% in average, even if it reaches values close to 40% for the lowermost cross-section, where the valley is highly asymmetric.

4. Extrapolation at the glacier scale

The final step consists of extrapolating the thickness data of each cross-section to the whole glacier. In the current study, this was done using a universal Kriging method with anisotropy in the main glacier flow direction. Indeed, because the glacier valley is assumed to be of U-to-V shape, more weight is given to the neighboring points located along the glacier flow axis vs. points located along the transverse profile. One advantage of Kriging is that inter/extrapolated data do not deviate largely from the initially available values (i.e., on the cross-sections). Some studies have suggested that such interpolation may not conserve mass between the cross-sections (e.g., Morlighem et al., 2011) but that this limitation can be tackled by densifying the number of cross-sections to avoid the need of interpolation (e.g., Seroussi et al., 2011). In the current study, the maximum distance between two cross-sections is 300 m. The distance between cross-sections has been chosen to optimize computation time, but the choice of the number of cross-sections is free, and cross-sections every 10, 50, 100 m, etc. could be considered depending on the resolution of the available data.


[image: image]

FIGURE 3. Location of the 59 cross-sections used to estimate the ice thickness on Argentière Glacier. Red squares show the cross-sections for which in situ thickness measurements are available (shown in Figure 1). The cross-sections are numbered up-valley from the snout to the accumulation zone; these numbers indicate the cross sections illustrated in the Results section.




Table 1. Statistics on hi/vi for cross-sections where in situ thickness and surface flow velocity measurements are available.
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To summarize, the following data are needed to apply the method:

• a DEM and the outline of the glacier,

• annual surface mass balance data,

• a map of glacier surface flow velocity concomitant to the glacier DEM,

• although it is not a requirement, we recommend in situ thickness measurements for few cross-sections to adjust the mass balance profile and thus the quantification of the ice fluxes.

Quantification of the Uncertainty in the Thickness Estimates

The overall uncertainty in the glacier thickness values, Δhi, can be computed from the uncertainty in each of the variables in Equation 5; i.e., Δvi, [image: image], and [image: image]. This assumes that the variables are independent and non-correlated. Although [image: image] and [image: image] are both related to lj, the common variance is limited (r2 = 0.36) for the 59 considered cross-sections due to a large scatter in [image: image] (ranging from 100 to 400 m) for [image: image] ranging from 30 to 50 m/yr (this concerns 33 of the 59 cross-sections). Therefore, applying error propagation Δhi can be expressed as:

[image: image]

which can also be expressed as:

[image: image]

where:

• Δvi is 1.7 m yr−1 (see section Surface Flow Velocity Data).

• [image: image] depends on the uncertainty in Sj and lj (see Equation 4). The uncertainty in lj is negligible when the limits of the cross-sections are the glacier edges (e.g., on the glacier tongue) and depends on the threshold on the surface flow velocities used to delimit the cross sections for the upper reaches of the glacier. In the latter case, we considered that it varies from one cross-section to the other in the order of ±2 pixels. The uncertainty in Sj (Equation 3) depends on the uncertainty in [image: image], on [image: image] and on the uncertainty in the value taken for the ratio [image: image] (±1%). We assume that the error in ai is negligible. The uncertainty in [image: image] has been quantified on the basis of the error in the slope of the linear regression between point surface mass balance measurements and elevation.

• The uncertainty in [image: image] results from the surface velocity at each pixel, i, of the cross-section, j.

Therefore, Δhi varies from one cross-section to another and, for a given cross-section, from one pixel to another. Δhi ranges from ±6 to ±53 m depending on the cross-section and pixel under consideration, with an average value of ±24 m (or a relative uncertainty ranging from ±3 to ±35%, and average value of ±16%).

We remind that, whatever the uncertainty, the accuracy of the approach can only be assessed by comparing the glacier thickness estimates with “true” or reference values which correspond to the in situ thickness measurements. Such a comparison is presented in the Results section below.

Comparison With Farinotti et al. (2009) Approach

The ice thickness estimation method (known as ITEM) has been presented by Farinotti et al. (2009). In ITEM, the thickness is computed at the level of the central flow line of the glacier considering the shear stress (which depends on the surface slope of the glacier) and the ice flux (see Equation 7 in Farinotti et al., 2009). The ice thickness is then extrapolated from the center to the glacier edges (perpendicularly to the central flow line) using an inverse distance averaging function and also considering the local surface slope with a threshold of 5°. These authors performed sensitivity tests and concluded that the sensitivity of their method is higher for the flow rate factor and for the correction factor. Finally, they estimated that individual cross-sectional areas can be reproduced with an accuracy of 20%. Considering the test of sensitivity to the slope we developed in section Sensitivity to the Surface Slope of the present study, this accuracy appears to be optimistic.

ITEM has been further developed by Huss and Farinotti (2012) to include additional physics (e.g., basal sliding, longitudinal variations in the valley shape factor, influence of ice temperature and climatic regime), to be applicable at a global scale. The ice thickness distribution of Argentière Glacier was estimated by these authors, and their results are shown below and compared with the in situ ice thickness measurements made on the glacier. However, because the input data used by Huss and Farinotti (2012) for the glacier thickness estimates are different from the ones used in the current study (e.g., DEM, glacier outline, surface mass balance), their approach (hereafter, H&F approach) has been applied using our input data for a fair comparison of the results. It is worth noting that the glacier surface slope along the central flow line is needed in H&F approach. This slope is computed in two different ways in Farinotti et al. (2009) and Huss and Farinotti (2012): over a varying distance along the flow line and within 10-m elevation range bands, respectively. In the present study, the slope has been quantified at the center of each cross-section (i.e., along the central flow line) considering a distance of 400 m (±200 m upstream and downstream from the cross section), both by averaging the slope of the grid cells over this distance and using the elevation difference and the distance between each extreme; note that the results do not differ depending on the way by which the slope is quantified.

Although the H&F approach and our approach are both based on the mass conservation principle, the steady state assumption and the Glen's flow law, they differ in their formulation and the required input data. For example, the H&F approach requires the glacier surface slope, which is not used in our approach. On the other hand, our approach requires the glacier surface flow velocity, which is not used in H&F approach. In addition, the H&F approach uses several parameters (e.g., a correction factor to account for the contribution of basal sliding to the total flow speed and a flow rate factor; a valley shape factor that can be fine-tuned from one section to another; an ELA estimate to compute the surface mass balance from gradients in the accumulation and ablation zones). One advantage of our approach is that such parameterizations are not required because the valley shape factor, the basal shear stress, the lateral drag (used for example in Li et al. (2012)), as well as other variables such as the ice viscosity, are implicitly taken into account through the use of the profile of glacier surface flow velocities. As a consequence, in our approach only two parameters can be adjusted on the basis on available in situ thickness data: the threshold of the surface flow velocities used to define the limits of the cross-sections (out of the glacier tongue) and the value used to quantify the average flow velocity of the cross-section from the average surface flow velocity.

RESULTS

Quantification of the Ice Fluxes Using the Apparent Mass Balance

In the two approaches applied in the current study, the apparent mass balance (app. MB) needs to be calculated to quantify the ice fluxes. We tested three different MB profiles to quantify the impact on the ice fluxes.

First we used the “Regional MB profile” presented in Farinotti et al. (2009) and Huss and Farinotti (2012). In this case, two surface mass balance gradients for the ablation and the accumulation zones are considered (0.009 and 0.005 m w.e. m−1, respectively). For the accumulation zone, accumulation rates are limited to prevent unrealistically high accumulation, with a maximum accumulation value matching the one found 700 m above the equilibrium-line altitude (ELA). In other words, the accumulation is kept constant for elevations higher than 700 m above the ELA. For Argentière Glacier, the ELA is considered at 2,850 m a.s.l. Note that, with this MB profile, the glacier-wide SMB is 0.15 m w.e.

Second, we used the “GLACIOCLIM MB profile” quantified using Lliboutry (1974) linear approach based on the in situ accumulation and ablation measurements over the 1975–2016 period. The following relationship between the app. MB of each grid cell of the glacier Bi (in m w.e. yr−1) and its elevation zi (in m a.s.l.) is considered: [image: image]. This linear relationship has a determination coefficient of 0.93. We note that polynomial fits of different degrees were tested (not shown), without improvement in the results. With this linear MB profile, the glacier-wide SMB is −0.5 m w.e.

Third, to obtain the best agreement between the measured and estimated ice fluxes, we quantified an “adjusted GLACIOCLIM MB profile.” With this MB profile, the glacier-wide SMB is 0.20 m w.e. For this adjustment, we only used four of the 19 available cross-sections. Our intention was to keep the remaining cross-sections for validation and also to use a limited number of in situ thickness measurements because, when available, such information is commonly limited to few points/profiles on a glacier. For the adjustment, the surface mass balance was increased above the ELA (enhanced accumulation) and decreased below 2,200 m a.s.l. (enhanced ablation). The need for such an adjustment of the MB profile likely results from the fact that the surface topography of the glacier does not correspond to steady-state, which is a limitation of our approach. This point is discussed in the section Beyond the Steady State Assumption, a Future Line of Research? However, another reason to explain the need for a modification of the accumulation can be that the spatial variability of the accumulation in the upper reaches of the glacier is not fully represented by the available point measurements. As is the case on most of the glaciers monitored worldwide, accumulation measurements are limited in number and commonly taken in accessible and safe areas; for example, areas with avalanche deposits are rarely documented although this accumulation process might be not negligible when the accumulation area is surrounded by high-slope lateral walls.

Figures 4A,B present the three app. MB profiles tested and the comparison between the estimated ice fluxes using these profiles and the one quantified for the 19 cross-sections for which in situ data of glacier thickness and surface velocities are available.


[image: image]

FIGURE 4. (A) Apparent mass balance profiles (m w.e. yr−1) as a function of altitude (m a.s.l.) used in the present study. (B) Comparison between the ice fluxes quantified from in situ measurements and the ones estimated using the different apparent mass balance profiles for each of the cross sections where glacier thickness was measured. The red squares with a black outline represent the four cross-sections used to adjust the GLACIOCLIM apparent mass balance profile. Uncertainties in the ice fluxes quantified from in situ measurements are too small to be visible on the graph.



For the “Regional app. MB profile” (green diamonds in Figure 4A), Figure 4B shows that such an app. MB profile underestimates the ice fluxes quantified from in situ measurements by about 47%. As a consequence, using a regional relationship between surface mass balance and elevation can lead to significant errors in estimated ice fluxes. It is worth noting that this limitation applies for the results presented in Huss and Farinotti (2012) for Argentière Glacier (see Quantification of the Thicknesses Along the Cross-Sections). In addition, Figure 4A clearly shows that both the app. MB profile and the constant value 700 m above the ELA used in the “Regional app. MB profile” do not present realistic values of accumulation when compared to the GLACIOCLIM MB profile.

Using the “GLACIOCLIM app. MB profile” (blue triangles in Figure 4A), the agreement between the estimated ice fluxes and the ones quantified from in situ measurements is improved in comparison with the “Regional app. MB profile” (underestimation of around 16% instead of 47%). However, Figure 4B shows that using surface mass balance data measured in situ is not completely satisfactory, and results in an overall underestimation of the ice fluxes.

Using the “adjusted GLACIOCLIM app. MB profile” (red squares in Figure 4A), the agreement between the estimated ice fluxes and the ones quantified from in situ measurements is satisfactory (R2 = 0.84), even if it results in a 7% overestimation of the ice fluxes (Figure 4B).

Intermediate conclusions that can be drawn from this first result are: (1) in situ surface mass balance measurements largely improve the estimation of the ice fluxes in comparison with a regional estimate of the mass balance profile, which can lead to large uncertainties; and (2) in situ thickness measurements available for some cross-sections are very useful to better constrain the ice thickness estimations over the entire glacier.

Quantification of the Area of the Cross-Sections

In our approach, the area of each cross-section was assessed from the ice fluxes and using the surface flow velocities obtained from satellite images (Equation 3).

Figure 5 shows the comparison between the estimated areas vs. the areas quantified for each cross section for which in situ thickness measurements are available. The results obtained using different apparent mass balance profiles presented in section Quantification of the Ice Fluxes Using the Apparent Mass Balance are shown to illustrate their influence in the estimation of the area of the cross-section in our approach (Figure 5A) and in the H&F approach (Figure 5B).
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FIGURE 5. Comparison between the estimated area vs. the measured area for each cross section for which in situ thickness measurements are available. (A) Using our approach. (B) Using Huss and Farinotti (2012) approach.



Using our approach, the area of the cross-section varies considerably depending on the apparent mass balance profile used to quantify the ice flux. With the H&F approach, even with a significant variation in the ice flux (and hence in the apparent mass balance profile used to quantify the ice flux) changes in the cross-sectional area remain limited.

In more detail, the ice flux quantified for the 19 cross-sections illustrated in Figure 4B increases by 55% on average (ranging from 43 to 70% depending on the cross-section concerned) when the “adjusted GLACIOCLIM app. MB profile” is used, in comparison with the “H&F Regional app. MB profile.” Using our approach, this change in the apparent mass balance profile implies a change in the cross-sectional area of 55% while using the H&F approach the change in cross-sectional area is of 15%. This means that in the equation used in the H&F approach to quantify the ice thickness from the ice flux and the shear stress (depending on the surface slope), the importance of the term of the ice flux is limited with regard to the term implying the glacier surface slope. This point will be discussed in more detail in the discussion section.

In the following section, we only present the results obtained using the “adjusted GLACIOCLIM app. MB profile.”

Quantification of the Thicknesses Along the Cross-Sections

In our approach, once the area of the cross-section is estimated, the next step is to quantify the ice thickness along the cross section. This is done using Equation 5.

The results of ice thickness estimations using the “adjusted GLACIOCLIM app. MB profile” are illustrated in Figure 6 for six cross-sections (all the other cross-sections can be found in the Supplementary Material). The average difference and RMSE between estimated and measured ice thicknesses for the 19 cross-sections for which the comparison is possible are −24 m and 78 m with the H&F approach and 4 m and 66 m with our approach. Such average differences and RMSE values are acceptable when considering an uncertainty in seismic or radar thickness measurements of about ±10 m (Vincent et al., 2009).
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FIGURE 6. Estimated ice thickness for six cross-sections of Argentière Glacier, using the adjusted GLACIOCLIM apparent mass balance profile. Uncertainties for the H&F approach are not shown for a better legibility (note that these uncertainties are estimated to 20% according to the authors).



Finally, the ice thicknesses estimated for each of the 59 cross-sections with the “adjusted GLACIOCLIM app. MB profile” using the approach presented in the present study and the H&F approach were extrapolated at the glacier scale. Figures 7A,B show the respective maps, together with a map resulting from the extrapolation of the 19 in situ measured cross-sections (Figure 7C) and the original data from Huss and Farinotti (2012) (Figure 7D).
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FIGURE 7. Ice thickness maps of Argentière Glacier using different approaches. (A) The approach used in the present study. (B) The H&F approach. (C) The extrapolated in situ thickness measurements. (D) Original data from Huss and Farinotti (2012). The yellow polygons show the common areas used for comparison of the different data sources.



In terms of ice volume, we considered a common surface area encompassing the available information for the four thickness data sources (Figures 7A–D). This area is of 4.01 km2. Our approach (Figure 7A) gives a total ice volume of 1.216 ± 0.096 × 109 m3. The H&F approach (Figure 7B) gives a total ice volume of 1.069 ± 0.107 × 109 m3. The extrapolation of in situ data (Figure 7C) gives a total ice volume of 1.203 ± 0.06 × 109 m3. The original Huss and Farinotti (2012) dataset (Figure 7D) gives a total ice volume of 0.651 ± 0.065 × 109 m3, which is half the volume given by in situ measurements. The uncertainty in the total volume estimates mainly results from the uncertainties on the approach used to estimate/measure the thickness on the cross-sections. The uncertainty related to the extra/interpolation is comparatively reduced, mainly due to the numerous cross-sections used (e.g., using our approach the average difference between the estimated thickness along the cross-sections before and after interpolation is less than one meter).

The significant underestimation of the volume of the original data provided by Huss and Farinotti (2012) when compared to the in situ thickness measurements cannot be only attributed to the use of an inadequate apparent mass balance profile to quantify the ice fluxes, as we saw that, with their approach, even increasing the ice flux by 55% did not significantly impact the area of the cross-sections. The possible origin of this underestimation is discussed below.

It is worth noting that we focused on the main body of Argentière Glacier where in situ thickness measurements are available for validation of the ice thickness estimates and the adjustment of the MB profile. This does not preclude the application of the method to other areas of glaciers, such as tributaries, as cross-sections can be defined wherever needed.

DISCUSSION

Sensitivity to the Apparent Mass Balance Profile

Figure 8 illustrates the sensitivity of the two methods used in the present study (our approach and the H&F approach) to the mass balance profile used to quantify ice fluxes with the example of the cross-section 48. At this cross-section, using the “adjusted GLACIOCLIM app. MB profile” instead of the “H&F Regional app. MB profile” increases the ice flux by 61%. This difference is logically translated into an increase in the area of the cross-section by the same amount using our approach. In the case of H&F approach, the increase is of only 17%.
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FIGURE 8. Estimated ice thicknesses (example of cross-section 48) using the different mass balance profiles. Uncertainties are not shown for a better legibility.



Considering the 59 estimated cross-sections, the increase in the ice flux is on average 50% (range: 29–70%) when using the “adjusted GLACIOCLIM app. MB profile” instead of the “H&F Regional app. MB profile.” With the H&F approach, the resulting change in area of the cross-sections is on average 13% (range 11–21%). This shows a limitation of H&F approach.

Sensitivity to the Surface Slope

Because we showed that in the H&F approach, the sensitivity of the thickness to the ice flux is weak, we tested its sensitivity to the surface slope of the glacier.

For a first test we increased the slope threshold used in the H&F approach from 2° to 5°. This resulted in an average decrease in ice thickness of 7% (range: 1–30% depending on the cross-section).

Next, we quantified the slope of the glacier surface at the center of the cross-sections (i.e., along the central flow line) for several distances: 50, 100, 200, and 400 m. As mentioned in section Comparison With Farinotti et al. (2009) Approach, the slope has been quantified along the central flow line considering a distance of 400 m (±200 m upstream and downstream from the cross-section), both by averaging the slope of the grid cells over this distance or using the elevation difference and the distance between each extreme. These two quantifications lead to very similar results and we only show the results obtained when the slope is quantified by averaging the grid cells values.

For the ranges of distance tested, increasing the distance resulted in an increase in the surface slope in 80% of the cases. In addition, the amplitude of the change was positively correlated with the surface slope: the steeper the slope, the larger the amplitude of the change. The average amplitude of the change in slope was 2° (range: 0.2° to 16° depending on the cross-section and distances considered).

In more detail, Table 2 illustrates the impact of the distance over which the glacier surface slope is quantified on the slope and on the thickness at the center of estimated cross-sections using the H&F approach. Figure 9 shows the thickness quantified at the center of different cross-sections with the H&F approach, which graphically illustrates the impact of the distance over which the glacier surface slope is quantified.


Table 2. Impact of the distance over which the glacier surface slope is quantified on the slope and the thickness at the center of estimated cross-sections using the H&F approach.
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FIGURE 9. Impact of the distance over which the glacier surface slope is quantified on the thickness at the center of estimated cross-sections using the H&F approach. For better readability, not all the estimated cross-sections are shown in the figure.



From this sensitivity test, it is worth noting that: (1) the glacier surface slope can vary considerably depending on the distance over which it is quantified; and consequently (2) the computed thickness obtained from H&F approach can change by up to 50%. Going into details, in comparison with thickness estimated when the slope is quantified over a distance of 400, the min., average and max. thickness changes are of: 0, 28, and 137 m when the distance used is 50 m; 1, 20, and 83 m when the distance used is 100 m; 0, 10, and 48 m when the distance used is 200 m.

In order to determine the error of the estimated ice thickness due to the slope error εα, in a more general case, we used Equation 7 of Farinotti et al. (2009). The error of ice thickness εhi is expressed as:
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This confirms the high sensitivity to the surface slope uncertainty. For instance, considering an ice thickness of 300 m and a surface slope of 3° at the center of a cross-section, an uncertainty in the slope of ±0.5°/1°/1.5°/2° results in an uncertainty in thickness of ±30 m/60 m/90 m/120 m, which is 10%/20%/30%/40% of the thickness considered. This analytical quantification of the uncertainty in the thickness related to the uncertainty in the surface slope is in agreement with the experimental test presented above.

As a consequence, methods that use shear stress to quantify ice thickness, even introducing the quantification of ice fluxes, as is the case in the H&F approach, are highly sensitive to the surface slope of the glacier, which can vary considerably depending on the threshold used and on the distance over which the slope is quantified. Therefore, if such methods are applied, special care must be taken about how the surface slope is calculated, and one must keep in mind that the uncertainty in the estimated ice thickness related to the surface slope is high.

Some Conclusions From the First Round of ITMIX

 Farinotti et al. (2017) presented the results of the first round of ITMIX in which our approach was first tested. It is worth reminding that, for this first experiment, no prior knowledge on glacier thickness was available. In addition, our approach was tested on the synthetic case #1 only, so that definitive statements on its performance are hardly feasible.

The synthetic case #1 was the only one for which all participating approaches were tested. Our approach was within the five best solutions in terms of average and median thickness estimates, together with approaches that use an explicit ice flow model (refer to Table S3 in the Supplement of Farinotti et al., 2017). Interestingly, each of these approaches share the use of surface flow velocity as input data. A weakness of our results was an overestimation in the ice thickness, which was mainly attributed to an overestimation of the area contributing to the ice flux of individual cross-sections.

Another interesting result of the experiment on the synthetic case #1 was the ability of approaches using glacier surface flow velocity to faithfully represent the thickness distribution at the glacier scale, whereas approaches based on the shear stress (i.e., using the surface slope) were less prone to do so.

Beyond the Steady State Assumption, a Future Line of Research?

Most of the current approaches used to estimate the glacier thickness (including the present one) are based on the steady state assumption (Farinotti et al., 2017). This hypothesis is conjectural for several reasons:

- The glacier surface topography (hypsometry and surface area) used in the estimation is not representative of a steady state topography.

- The apparent surface mass balance profile computed to obtain a balanced glacier-wide surface mass balance can be quantified in an almost infinite number of ways by varying the accumulation/ablation gradients (equifinality problem). However, this profile determines the ice fluxes and consequently the ice thickness. In the present study, we tested three apparent surface mass balance profiles and showed that the estimated ice fluxes can be strongly affected. Figure 10 shows how the ice fluxes vary for all the estimated cross-sections depending on the apparent surface mass balance profile used, and how the estimated fluxes compare with the measured ones.

- When glacier surface flow velocities are used, these velocities may not be representative of a steady state glacier geometry.


[image: image]

FIGURE 10. Comparison of ice fluxes for all the estimated cross-sections using different apparent surface mass balance profiles and in situ measurements on Argentière Glacier. Uncertainties are not shown for a better legibility.



As a consequence, the use of the steady state assumption may lead to significant uncertainties in the ice thickness estimates except if, as demonstrated in this study, in situ thickness measurements exist to adjust the surface mass balance profile used to quantify the ice fluxes (or other parameterizations depending on the approach). With the new approach presented here, we have confidence in the estimated ice thicknesses, which differ from observations by only 10% on average.

To avoid using a steady-state assumption, future investigations should take advantages of the recent progress made with 3D full-Stokes ice flow models, and work in a transient mode (e.g., van Pelt et al., 2013). In order to use these methods, the glacier surface elevation, ice flow velocity and surface mass balance need to be known throughout the study period, or at least at the beginning and the end of the period in the case of the surface elevation and velocity. Thanks to the increase in satellite observations (e.g., Gardelle et al., 2013; Berthier et al., 2014, 2016; Dehecq et al., 2016, regarding surface elevation changes and Dehecq et al., 2015; Mouginot and Rignot, 2015; Sánchez-Gámez and Navarro, 2017; Strozzi et al., 2017, regarding ice flow velocity), these latter data are increasingly available, which paves the way for global applications of such an approach.

CONCLUSIONS

This paper presents an approach to estimate the glacier thickness distribution on the basis of surface mass balances and surface flow velocities. Although not a requirement in the application of the approach, we also used a few thickness data (in our case, four of the 19 available profiles) to improve the estimated thicknesses. Because such data are not currently available for every glaciers on a global scale, this method does not pretend to be applicable worldwide. However, the increasing number of high spatial resolution satellite data will soon make it possible to have accurate surface flow velocities for every single glacier, including those for which in situ ice thickness data are available (about 2000 glaciers in the Glacier Thickness Database 2.0., WGMS (2016)).

Applying our approach on a well-documented glacier in the French Alps, Argentière Glacier, where in situ measurements of surface mass balances, surface flow velocities and ice thickness are available, we tested the accuracy of the estimated glacier thickness in relation to the input data and showed that:

- the use of a regional surface mass balance profile leads to significant underestimation of the ice fluxes (~50% on average), which has a direct impact on the estimated thicknesses.

- the use of in situ surface mass balance data makes it possible to reduce the uncertainty in the ice fluxes to about 15%.

- the use of in situ thickness measurements (using four of the 19 documented cross sections) made it possible to adjust the surface mass balance profile and to improve the quality of the estimated ice thickness (average difference of 10%).

It is worth noting that because our approach uses surface flow velocities in addition to surface mass balances, the accuracy of the results depends to a great extent on the availability of the surface mass balance data used to quantify the ice fluxes. Indeed, we showed that our approach is very sensitive to the surface mass balance profile used.

We also tested the approach proposed by Farinotti et al. (2009) and Huss and Farinotti (2012). In this approach, the ice flux computed from the surface mass balance is used together with shear stress (depending on the surface slope of the glacier) to quantify ice thickness. We showed that this approach is almost insensitive to surface mass balance but is highly sensitive to the surface slope. Unfortunately, the assessment of surface slope is subject to high uncertainty depending on the distance over which it is quantified. Our error calculation revealed marked uncertainties caused by the uncertainty in the slope, which can reach up to 50% of the calculated thickness. In addition, the use of a threshold on the slope to avoid flat or near-flat surface (which would lead to an infinite thickness when the slope is zero) leads to underestimation of ice thickness for low slope angles. Consequently, methods that use surface slope (e.g., Farinotti et al., 2009; Huss and Farinotti, 2012; Linsbauer et al., 2012; Gantayat et al., 2014) should be used with caution and as minimal estimates with high uncertainty. For instance, we found that the ice volume estimated for Argentière Glacier in Huss and Farinotti (2012) is half the volume quantified from in situ data. Such uncertainties can have a serious impact on estimations of glacier contribution to sea level rise or to the hydrological functioning of glacierized catchments.

Finally, considering the steady state assumption, reasonable estimates of glacier thickness distribution of the entire glacier surface area cannot be obtained without a minimum set of data on surface mass balance, surface flow velocities and a few in situ thickness measurements.

A future line of research could be to estimate ice thickness using an ice flow model in transient mode. To this end, input data such as glacier surface elevation and flow velocity changes over the study period are needed. New satellite products available at global scale open the way for global application of such an approach.
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Figure S1. Estimated ice thickness for the cross-sections of Argentière Glacier for which in situ thickness measurements are available (cross-sections #5 to #43, see Figure 3 in the main text to locate the cross-sections on the glacier surface). Estimations were built using the apparent mass balance profile quantified from in situ measurements adjusted using known ice fluxes for four sections. Uncertainties are not shown for a better legibility.

Figure S2. Same as Figure S1 for cross-sections #46 to #59 (see Figure 3 in the main text to locate the cross-sections on the glacier surface). Uncertainties are not shown for a better legibility.
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