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Abstract

The Southern Patagonian Icefield is experiencing rapid retreat and thinning in its calving glaciers. To better understand the dynamics
of these changes, we generated ice flow line maps for the Viedma, Upsala, and Pio XI glaciers during 2017-2018. An evenly spaced
streamline placement algorithm, integrating topographic and flow curvature criteria, was employed to calculate over 2,700 streamlines
per glacier at a 50-meter resolution. The algorithm's performance was assessed by comparing the generated flow lines with manually
digitized reference lines, resulting in a mean error, standard deviation, and root mean square error of 57.35, 33.62, and 66.46 meters,
respectively. The resulting maps reveal detailed flow structures, highlighting flow lines from accumulation to ablation zones, increased
velocities in central areas, tributary flows merging with main channels, and regions of flow convergence and divergence. Additionally,
the glaciers' 3D lengths were estimated by identifying the longest ice flow lines, with Pio XI measuring 62.27 km, Viedma 54.49 km,
and Upsala 51.24 km. We consider that the methodology used, along with the generated maps, provides excellent visual and analytical
tools for identifying glacier areas, lengths, and shapes, defining ice origins and glacier catchment boundaries, and analysing zones of
flow convergence and divergence—parameters that are critically important for understanding the dynamics, geometry, and evolution
of glaciers in this region.

1. Introduction

Glaciers in mountainous regions have suffered a loss of 123 + 24 South America

Gt yr!' during 2006-2015 (IPCC, 2022). The Southern
Patagonian Icefield (SPI) is a temperate ice mass that spans the 0° |

territories of southern Chile and Argentina (Figure 1) and g:*?;;:rrlrilan
constitutes most of the land ice stored in South America (Bown Icefield

et al., 2019). The SPI extends for about 350 km long between g M claciers
48°20" and 51°30'S along 73°30'W (Aniya et al., 1997). Overthe > o[

past decades, its calving glaciers have experienced one of the

fastest mass losses in the world (Zemp et al., 2019). Ice dynamics

play a major role in the mass change of calving glaciers in this 3ol

region (Minowa et al., 2023).
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The flow patterns of glaciers evolve as their geometry, flow
mechanics (i.e., internal deformation and basal sliding), and
thermal regime adjust under the influence of internal and external 45°s|
conditions (Ng and Hughes, 2019). The information contained in

ice flow velocity and patterns is essential for studying ice §
dynamics, glacier geometry, evolution, and inventories. It helps £
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discharge into lakes or the ocean, among many other applications
(Le Bris and Paul, 2013; Machguth and Huss, 2014; Mouginot
and Rignot, 2015; Yang and Kang, 2022; Nanni et al., 2023). For
example, glacier length is one of the central measures
representing the geometry of glaciers (Machguth and Huss,

Figure 1. Location of the Southern Patagonian Icefield, and
Viedma, Upsala, and Pio XI glaciers.

Flow visualization techniques are prominent tools for studying

2014). Despite its scientific relevance, glacier length is difficult
to define, and determining it manually is a laborious process;
therefore, automated computation has gained new relevance
(Leclercq et al., 2014; Machguth and Huss, 2014; Zhang et al.,
2022).

the flow patterns of glaciers. While various flow visualization
methods are available, streamlines are the most widely used. The
foundational concepts of streamlines involve defining a flow
field as a vector field on a discretized mesh and using integral
curves, calculated from seed points through numerical
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approximation methods (e.g., the Runge-Kutta method), to
visualize particle trajectories within that field (Sane et al., 2020).

Therefore, to contribute to understanding the processes that
control ice dynamics and glacier response in the SPI, we
developed a streamline algorithm that automatically estimates
surface ice flow lines using ice velocity maps and considers
topographic and flow curvature conditions to enhance the
robustness of the results. Using this algorithm, we extract the
surface ice flow lines of Viedma, Upsala and Pio XI—three large
freshwater calving glaciers—for the period 2017-2018.
Additionally, we compared the algorithm’s performance against
a set of surface flow lines extracted through manual digitization.
Finally, to assess the algorithm’s capabilities as a tool for
automated glacier geometry computation, it was used to calculate
the length of these three glaciers in the SPI.

2. Data and Methods

In our research, we estimated surface flow lines using a
streamline algorithm developed by Jobard and Lefer (1997) and
Ma (2024). This effective, widely used single-pass method
allows for the placement of long, evenly spaced streamlines in a
steady-state field. This approach was chosen because even
spacing better illustrates the structure of a vector field compared
to others that generate streamlines with seed points placed on a
regular grid. To further improve the representativeness and
coherence of the flow lines corresponding to glacier ice motion,
our algorithm restricts the calculation of streamlines based on
surface flow curvature and slope criteria. Consider planimetric
ice flow with surface velocity u = (u v) T where u and v are
functions of position x = (x y) T (Ng, Gudmundsson and King,
2018) and x and y are the Utm easting and Utm northing
direction. The curvature (x) and slope (S) are:

20,
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where 6y, 0,= horizontal and vertical flow direction vectors
X, y = image coordinates
/ = denotes distance along flow
z = elevation derived from Digital Elevation Model

We consider that, physically, the trajectory of ice flow cannot
suddenly change direction or flow uphill. Therefore, if abs(y) and
S are less than cc=170°/ 50 m and c¢s = 7°/ 50 m (cc and cs
represent the curvature and slope criteria, respectively) the ice
flow at the point (x, y) is accepted. The values of cc and cs were
empirically chosen based on the resolution of the input data and
the visual coherence and continuity of the generated flow lines.

Using this algorithm, we estimated the ice flow lines of Viedma,
Upsala, and Pio XI glaciers with a 50 m spacing. To minimize
errors due to the temporal mismatch between the acquisition of
input data, we used components that closely aligned with the
study period. In this context, the input data for the ice velocity
maps (u), Digital Elevation Model, and glacier outlines were
sourced from the global dataset 2017-2018 (Millan et al., 2022),
TanDEM-X-2011-2015 (TerraSAR-X add-on for Digital
Elevation Measurement), and GLIMS-2016 (RGI Consortium,
2017), respectively. The Millan dataset (Millan et al., 2022) uses
Sentinel-2/ESA, Landsat-8/USGS, Venus/CNES-ISA,
Pléiades/Airbus D&S, and radar data from Sentinel-1/ESA to
calculate ice velocity, achieving an accuracy of about 10 m yr'.

Then, we evaluated the performance of the algorithm by
calculating the mean error (ME), standard deviation (SD), and
root mean square error (RMSE) between the automatically
generated (X, y) streamlines and the reference flow lines. Given
that supraglacial moraines reflect the motion of the ice surface,
we manually digitized a series of four moraines per glacier using
10 m Sentinel satellite images (acquisition date: 27 March 2018)
to establish reference lines. Evaluating the errors between these
reference lines and the calculated streamlines allows us to verify
the coherence and accuracy of the algorithm.

Finally, we define glacier length as the length of the longest flow
line of a glacier (Nussbaumer et al., 2007; Paul et al., 2009).
Therefore, to estimate the three-dimensional length of the three
glaciers, we automatically calculated the 3D length (x, y, z) of all
streamlines, assuming surface-parallel flow and using the DEM
to determine z (up-component). From this, the longest length
found for each of the three glaciers was identified, thus
determining their lengths.

3. Results

The results of the surface velocity and 2D ice flow lines for the
three glaciers under study are shown in Figure 2. The algorithm
calculated a total of 2893, 2711, and 3421 streamlines for the
Viedma, Upsala, and Pio XI glaciers, respectively. In total, it
filtered out more than 2600 trajectories that showed points with
reverse and uphill flows, which did not satisfy the curvature and
slope criteria. In the figure, the surface flow lines are evenly
spaced, effectively illustrating the structure of the vector field.
Additionally, important patterns can be observed, such as flow
lines extending from the accumulation zones to the ablation
zones of the glaciers, higher flow velocities in the central areas,
tributary flows converging with the main flow, and various zones
of convergence and divergence in the surface ice flow. For more
details on specific patterns of surface flow lines, refer to boxes a,
b, and ¢ in Figure 2.

Figure 3 shows the manually digitized supraglacial moraines
(reference flow lines) alongside the most closely matching
streamlines used for algorithm evaluation. Table 1 summarizes the
algorithm's performance, presenting the mean errors (MEs), standard
deviations (SDs), and root mean square errors (RMSEs) calculated
between the reference flow lines and the automatically estimated 2D
streamlines (Figure 3). The Upsala and Pio XI glaciers demonstrate
similar fits, with the lowest ME and RMSE values. Although the
Viedma glacier exhibits slightly higher errors, the algorithm achieves
low errors for all three glaciers when considered in relation to the 50
m resolution.

Glacier ME SD RMSE
m m m
Viedma 69.42 33.15 76.89
Upsala 51.13 32.12 60.34
Pio X1 51.51 32.44 60.84
Total 57.35 33.62 66.46

Table 1. ME, SD, and RMSE calculated between the
automatically generated streamlines and the reference flow
lines, presented for each glacier individually and as an overall
average for the three glaciers.
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Figure 3. a) Reference flow lines from manually digitized
supraglacial moraines (black dash-dotted line) and
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corresponding streamlines from the algorithm (white dashed
line). b) Histogram of total errors for algorithm evaluation, with

Figure 2. Surface velocity and ice flow lines of the three ME representing the mean error across the three glaciers.
glaciers, with detailed views provided in boxes a, b, and c.
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The three-dimensional (X, y, z) glacier lengths calculated for each
of the three glaciers are presented in Figure 4.
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Figure 4. Trajectories of the streamlines (red line) used to
estimate the three-dimensional lengths of the Viedma, Upsala,
and Pio XI glaciers. The black dashed line corresponds to the

glacier outlines.

Pio XI is the glacier with the greatest length (62.27 km), with an
elevation difference (Az) of 1652.0 m between the highest and
lowest points of the streamline. The flow line starts in the
southernmost accumulation zone of the glacier and ends at the
terminus in Greve Lake (Figure 4). Next in length is Viedma
glacier, with 54.49 km and a Az 0f 2024.9 m. The ice flow begins
in the accumulation zone above 2500 m a.s.l. and ends at the
northern edge of the glacier front near Viedma Lake. Lastly,
Upsala has a length of 51.24 km, with ice flow starting above
1500 m a.s.l. and ending at the front of the Brazo Upsala arm
(Figure 4), reaching an elevation difference Az of 1380 m.

4. Discussion and Conclusion

In the past decade, the availability of high-resolution mapping of
surface ice motion in glacial environments has significantly
increased. Techniques such as multiple synthetic aperture radar
and optical data collection have achieved high spatial-temporal
resolutions (e.g., Mouginot et al., 2017; Gardner et al., 2018;
Bocchiola et al., 2021; Van Wyk de Vries and Wickert, 2021).
The ice flow velocity map derived from multiphase satellite
imagery is aligned with the present-day flow direction, which
offers key support for the extraction of ice flow patterns (Yang
and Kang, 2022). The integration of these velocity maps with the
calculation of ice flow patterns provides valuable insights for
studying glacier dynamics in Patagonia (e.g., Riggio, 2022;
Mouginot and Rignot, 2015).

In our work, we developed detailed maps of'ice flow lines derived
from surface velocity vector fields of Viedma, Upsala, and Pio
XI glaciers in the SPI (Figure 2). While conventional streamline
generation algorithms typically rely solely on vector field data,
our approach incorporates topographic factors and curvature and
slope criteria, which enhance the robustness of the results. As
highlighted in Section 3, more than 2600 points produced reverse
and uphill flows. The removal of these 2600 trajectories from a
total of 8825 significantly improved the final accuracy and
representativeness of the calculated ice flow lines. Moreover,
when comparing the results with ice motion inferred from
manually digitized supraglacial moraines (Figure 3), the
algorithm demonstrated good performance, with ME, SD, and
RMSE values matching the 50 m resolution of the vector field
used (Table 1).

Furthermore, this tool demonstrates great potential for both
visualizing and calculating three-dimensional ice flow line. The
calculation of three-dimensional lengths—62.27, 54.49, and
51.24 km of Viedma, Upsala, and Pio XI glaciers, respectively
(Figure 4)—illustrates the methodology's effectiveness in
automatically determining glacier geometry. Another example of
its potential is evident in Figure 2, where discrepancies in glacier
outlines defined by GLIMS (RGI Consortium, 2017) are
apparent. The interruption of streamlines near these glacier
outlines suggests errors in their determination. A clear example
of'this is observed at the northern end of the Upsala glacier, at the
boundary with the Viedma glacier. Figure 5 illustrates this case,
where a significant portion of the ice flow is directed towards the
Viedma basin (indicated by the yellow dashed lines) rather than
the Upsala basin. Therefore, according to our methodology, the
correct glacier outlines should be located between the yellow and
red dashed lines. Aligned with the approach proposed by
Mouginot and Rignot (2015), our product combines topography
and ice flow trajectories, which better resolve ambiguities in
glacier drainage and glacier outlines.

Accordingly, our study enhances the understanding of glacier ice
dynamics in the Southern Patagonian Icefield by enabling the
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accurate estimation of ice flow lines and the lengths of three of
the largest glaciers in one of the world's most significant
icefields.

i
Figure 5. Example of discrepancies in glacier outlines as
defined by GLIMS (gray line). The yellow and red dashed lines
indicate the streamlines for the Viedma and Upsala glaciers,
respectively.

To further explore and develop the potential of this tool, we
propose as future work to identify glacier areas and shapes,
define the origin of ice and the boundaries of glacier catchments,
and then compare these findings with results from other studies
conducted in the SPI (e.g., De Angelis, 2014; RGI Consortium,
2017; Zhang et al., 2022). Additionally, we will calculate and
analyze zones of flow convergence and divergence based on the
generated ice flow line maps.
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