Multi-temporal and multi-sensor quantification of surface flow velocity of mountain glaciers
to understand changes in glaciers dynamics
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Introduction

Currently, the total ice volume stored in mountain glaciers is highly uncertain and estimates range from simple to double. Studies have shown that the accuracy of ice thickness estimations was strongly dependent on the quality of the input
data and specifically the surface flow velocity. We present ice velocity maps produced from a new fully-automatized processor that allows us to derive highly accurate speed maps on regional scales from multi-sensor data. In this study we
present an example using Sentinel-2 data (ESA) over three mountain range: the Mont Blanc (Alps), the Cordillera Blanca (Andes), and the Tasman glacier (Oceania). Averaged velocity maps are generated by averaging the entire archive
of S-2 data over regional scales at a resolution of 50-m and a precision of 0.3 m/yr. Differences between winter and summer ice velocity mosaics is able to resolve the strong seasonal variations of the ice dynamics. These preliminary results
on three mountain ranges shows promising results that will be used to (1) quantify ice thicknesses on regional scales, (2) better understand changes in ice dynamics and properties at the ice-bed interface.
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• Region is decomposed in a grid of equally sized cube of 10x10 km with a pixel spacing of 50-m
• All calculated ice velocity for each grid cell is stored in a netCDF data format
• A weighted average is calculated pixel by pixel, and the weights are given as 1/ ε2 where ε is the

X corr. -0.02±0.46 pixels
Y corr. -0.05±0.58 pixels

uncertainty in ice velocity mapping defined as:

Post-processing
- Calculation and calibration of
the ice speed maps (Fig. 1)
- Median filter to remove outliers
- Geotiff creations
- Memory cleaning
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Fig 2. Left panel: Cumulative distribution of
standard deviations on stable ground for
mosaic computed using individual repeat
cycles (5d, 30d,...,390d). Right panel: Average
standard deviation on stable ground as a
function of the repeat cycle.
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Fig 3. Left panel: cumulative distribution of
standard deviations on stable ground for
mosaic computed using the weighted average
of different repeat cycles (30d to 60d, 30d to
90d...). Right panel: cumulative distribution of
the calculated errors on stable ground by
normalizing the standard deviation with the
number of measurements per pixel.
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• Error analysis for individual repeat
cycles shows a significant reduction
of the noise on stable ground when
using long repeat cycles vs short
repeat cycles.
The 80th percentile of the standard
deviation drops from ~15 m/yr (30
days) to < 1 m/yr (390 d)
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• Stacking velocity calculated from all
possible repeat cycles reduces the
uncertainty significantly. The error on
the average ice velocity field,
weighted by the number of measurements per pixel, is calculated to be 0.3
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σ is the standard deviation
Nmeas is the number of measurements

Fig 1. Distribution of the calibration coefficients in x (X corr.) and y (Y corr.)for Sentinel-2,
which provides an estimate of the georeferecing error in S2 data.

We present results of the processing chain for three distinct climate regions: the Cordillera blanca
in the Peruvian Andes, the Mont-Blanc area in the Alps and the Mt Cook region in New-Zealand
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The uncertainty is estimated using:
• The pixel by pixel standard deviation on stable ground, quantifying the variance by pixels
• We then calculate the error on the mean by doing the ratio between the standard deviation and the
number of acquisitions at each pixel:

Results

A) Cordillera Blanca (Peruvian Andes)

PS is the pixel spacing
laps is the repeat cycle
0.1 pixel is the error
displacement
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• S2 data are georeferenced with an
accuracy of ~0.5 pixel
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- Delineation of the region of
interest
- Local database creation
with existing satellite data
- Image pair creation (with
identical geometry)
-Sobel Filter
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• We present the first comprehensive mapping of the ice velocity in the Cordillera Blanca. This region is
characterized by land-terminating glaciers with typical length of 1-3 km and small ablation region with
steep mountain ranges far upstream. The observed averaged ice velocity rarely exceeds 150 m/yr for
most glaciers. Glaciers in the Mont-Blanc area and the Tasman region are larger, with length of tens of
km. Typical flowing rates are 50-100 m/yr but can reach 300-500 m/yr in the steepest areas.
• Our processing chain is able to fully capture the pattern of ice velocity, i.e. maximum at the centerline
and minimum on the shear margins, for the main glaciers but also their smaller tributaries. The final
product better reflects the state of the ice dynamic from the summer and dry seasons (higher number of
processed track). We also note an increasing number of acquisition for both regions since the launch of
Sentinel 2-B on March 2017, hence the final mosaics are more representative of 2018 than 2017.
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Fig 4. Ice velocity mosaic for A) the Cordillera Blanca in the Peruvian Andes, B) the Mont Blanc area in the European
Alps and C) the Mount Cook area in the southern Alps of New Zealand. The number of processed track and
calculated error is shown for A) and B). The ice velocity is color coded on a logarithmic scale from brown (slow) to
red (fast). Number of processed track on a color scale from blue (low) to red (high). Errors color coded on a linear
scale from white (low error) to red (high error). Difference between summer and winter ice velocity mosaics is also
shown for C) (C. right panel), color coded on a linear color scale from blue (negative difference) to red (positive
difference).
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• Finally, we compare ice velocity mosaics from winter and summer over the Mont Cook area (Fig 4C).
This result highlights the value of S2 to characterize seasonal variations in ice flow. Differences exceed
50-m/yr along the main part of glaciers Franz Josef, Fox and the ice fall of Tasman, hence showing the
strong seasonal signal in the ice dynamics.

Here we explore the potential and performances of Sentinel-2 data to map surface ice velocity of mountain
glaciers. We are able to produce comprehensive annually averaged ice speed maps at regional scales,
with an accuracy of ~0.3 m/yr. The processing of multi-temporal ice velocity also allows to resolve seasonnal
variations in ice flow. These results confirm that Sentinel-2 data can be efficiently used to map glaciers
displacement for small mountain glaciers, typically greater than 1-km2, hence 95% of the global glacierized
surface area of the world. Finally, such data show promising outcomes for ice flow modeling, understanding
of processes at glacier-bed interface and inversions of ice thicknesses at regional scale.
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