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Figure 12 shows the FSC time series for the year 2017 of a small catchment southeast of Ice Creek
as observed from in situ Landsat 8 and TSX data. The Landsat 8-derived FSC is mainly from before
or after the main snowmelt period. Therefore, the decrease in FSC appears gradual between the 1st

of May and the middle of June from 100% to below 25. The TSX derived SCE from orbit 61 detects
wet snow cover in early June with an FSC of approximately 60% and decreases until the end of May
gradually to about 20%. Until the end of June, the FSC further decreases at a lower speed to about 5%
and to 0% until the end of July. The in situ data collected from time lapse cameras that represent only
upland areas of the watersheds show a rapid decrease in FSC from 80% to 20% in the first 2 weeks of
May. At the end of May, FSC is below 5% and by early June no snow is detected.

 

Figure 12. Top graph: Fractional snow cover from time lapse (in situ), Landsat 8 (L8) and TerraSAR-X
(TSX) imagery in 2017 in a selected small Arctic catchment (white shape in the map inlet on lower right).
Dates on the x-axis show month-day. Time-lapse imagery is from the cameras PC2 (first row) and
PC3 (second row), PC5 (third row) and PC6 (fourth row), all representing flat upland tundra locations
with low vegetation and tussocks. Dates of the images are the 5th of May (first column), 15/16th May
(second column) and 27th of May (third column). Camera locations (red dots) and viewing directions
(red lines) are shown in the inset map on the lower right.
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5. Discussion

5.1. Spatiotemporal Monitoring of Snowmelt Dynamics Using TSX

The agreement between TSX and Landsat 8-derived SCE products supports X-Band SAR data as
a complementary gap filling data source for detailed spatiotemporal monitoring of snowmelt dynamics
at both the landscape and Arctic catchment scale. Overall, the cross polarized VH channel performed
best in detecting wet snow and ice layers and also detected late-lying snow patches in protected
areas. The better performance in the late season is likely due to ice crystals caused by compaction in
the snow pack at this stage of melt. This indicates that the contribution of snow backscatter signals
prevails within a pixel late in the season in SAR systems while the optical snow detection capabilities
decrease with lower snow albedo and greater vegetation contribution within a pixel later in the season.
This is an advantage of a high spatial resolution SAR system over a high resolution optical system for
mapping late lying snow patches that are often located in steep topographic areas and create unique
abiotic and biotic conditions [79].

Our results suggest that the extraction of wet snow alone is not sufficient to monitor Arctic
snowmelt in Qikiqtaruk. The previously documented threshold of −2 dB for VH polarized imagery
showed a strong underestimation of SCE when compared to the Landsat SCE [39]. We therefore
suggest that the extraction of frozen ice layers is also required to accurately estimate snow cover [80].
A threshold of 1 dB, which includes both wet snow (negative ratio) and ice layers (positive ratio), seems
to be a more appropriate threshold in Arctic ecosystems. The threshold of 1 dB may also result in the
inclusion of noise in the SCE maps and a slight overestimation; however, the accuracy is notably better
than mapping wet snow alone as the qualitative comparison with the Landsat SCE shows. The TSX
product is delivering a wet and frozen snow product. This provides the potential to not only detect
snow but also through the use of multiple thresholds, differentiate between the types of snow present.

The TSX data provides a significantly higher temporal resolution than that available with Landsat
8 data alone, revealing the rapid advancement of snowmelt shortly following onset. This provides
a better temporal picture of snowmelt dynamics than what can be derived from optical data, which
due to cloud cover and subsequent data gaps, generally indicate only the onset and end of snowmelt.
A more complete picture of snow cover and snowmelt timing provides an opportunity to better
understand the impacts on hydrology, vegetation, active layer and permafrost thermal regimes.

At the catchment scale, two different snowmelt dynamics were observed simultaneously with
in situ and TSX data. In a representative area of the Ice Creek catchment with greater topographic
variation including steeper slopes and late-lying snow patches, TSX data showed high correspondence
to fractional snow cover estimates from time lapse cameras (Figure 11). Both datasets in these steeper
topography catchments showed rapid snowmelt followed by a slower snowmelt when only the snow
patches remained. When selecting a catchment type with less steep topography characteristic of
upland tundra, the TSX FSC time series again showed correspondence to time-lapse imagery with
a rapid advancement of snowmelt (Figure 12). Snow patches were also present in the upland tundra
and, therefore, prolonged the FSC signal.

On the 9th of June 2016, the time lapse imagery within the lower Ice Creek catchment showed
dense fog for 9 hours with no traces of snow on the ground after the fog lifted. The TSX SCE from that
date (Figure 13) suggests that new snow cover developed in the upper catchment of the ice creek at
higher elevation above the time lapse camera location. This highlights the ability of TSX to potentially
capture short-lived snowfall events. Short-term freezing and snowfall events in the spring time can
negatively impact early vegetation development and greatly impact hydrological discharge of Arctic
catchments and are therefore ecologically important [16,81].
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Figure 13. SCE from TerraSAR-X VH from the 29th of April 2016 (left) and from the 9th of May 2016
(right) for the Ice Creek catchment and surroundings. The red dot shows the position of the time
lapse camera.

5.2. Technical Considerations for Using TSX for Wet Snow Detection

While our method improves the temporal resolution of snowmelt patterns, it faces potential
limitations in low Arctic tundra environments. In the later phase of snowmelt, the HH and VV TSX
derived FSC were highly variable compared to the Landsat 8-derived FSC. The observed variability
indicates that both channels react to other surface features. Nagler et al. [69] also reported lower
accuracies of VV compared to the VH channel in C-Band, an effect likely connected to low local
incidence angles. In our study, the strong overestimations in VV are also likely influenced by local
topography as the areas of false snow detection are predominantly on the flat tundra uplands on
the western part of the island. These flat upland areas are likely the first to melt out, highlighting
the sensitivity of VV to non-snow surface properties. Limitations in wet snow detection with the
VV-polarized X-Band channel has been shown previously with false detection of wet snow in areas
of water and (water saturated) bare ground [82]. Additionally, while all polarizations will react to
attenuation of the microwave signal in wet snow, the cross polarized VH probably also reacts to a shift
from volume scatter in dry snow to surface scatter on wet snow. This might increase the capability of
VH to distinguish the active melt with liquid water concentrated at the snow surface from liquid water
co-existing with the snow pack in vegetation or bare soils.

In addition to bare ground and water, previous research has also demonstrated the sensitivity
of TSX (VV/HH polarized) data to the presence of Arctic shrubs and vegetation communities in
summer [83], as well as in winter under a dry snow cover [84]. Under both conditions, backscatter
is expected to increase with higher shrub density because the fraction of volume scattering increases
with taller vegetation. In the case of shrubs that protrude through the snow, backscatter could increase
through higher volume scatter and decrease the drop of backscatter between dry snow and wet snow
images. As a consequence, the algorithm would detect no snow even though snow is still present
between and underneath the shrubs.

Previous research has shown that refreezing of the surface layer can increase the backscatter signal
because of the change in dielectric properties of the frozen layer [43,85]. This was also confirmed by
our analysis of backscatter dynamics. Particularly, the X-band can be sensitive to refreezing snow
layers because of its short wavelength and minimal penetration through the frozen layer [43,69]. In this
context, the observed deviations between the 2015 as well as 2016 data from the 115 and 61 orbits in late
April and early May most likely result from the difference in acquisition timing. Orbit 115 acquisitions
are taking in the morning local time and 61 in the afternoon (see Table 1). Diurnal variations and
resulting freeze thaw cycles are typical for the snowmelt period in the Arctic [12], with typical duration
of periods with diurnal freeze thaw cycling in this region being up to 2 weeks [86]. The freezing snow
layers can drastically lower the detection of wet SCE when using the wet snow detection threshold of
−2 dB (see Figure 7: row 2) and, therefore, the derived FSC product if the acquisition time is during
the minimum temperatures of the day (Figure 11). The cross polarized channels in C-Band show
less angular dependence than the co-polarized channels and, therefore, perform more consistently in
deriving snow cover [69].
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Although there are some limitations for accurate mapping of snow cover with TSX, we were able
to show that our 30 m aggregated TSX SCE product added valuable information to the characterization
of 3 years of snowmelt data in Arctic catchments. In combination with optical data from Landsat 8,
a complete picture of snowmelt can be drawn, including short term snow dynamics. The potential of
full spatial resolution TSX in combination with an optimized speckle filter for SCE generation would
open up more applications for fine scale monitoring of the impact of snow melt dynamics on ecosystem
functioning in heterogeneous Arctic tundra environments.

6. Conclusions

The results of this study highlight the potential of TerraSAR-X X-Band to improve and complement
existing optical based snow cover products by increasing the temporal resolution of snow cover
measurements. We identified the VH channel as the best performing polarization channel. When we
used common thresholds of −2 and −2.3 dB on TSX images, SCE was strongly underestimated when
compared to Landsat 8 SCE maps, while a threshold of 1 dB produced very comparable results to
Landsat 8 SCE. The VH polarization used with a threshold of 1 dB also showed an advantage by
detecting reduced backscatter due to wet snow as well as increased backscatter due to ice layers.
The positive threshold and detection of ice layers resulted in the detection of late lying snow patches
that Landsat 8 did not capture due to the lower reflectance of old snow. Differences in the incidence
angle did not seem to have a strong effect on the accuracy of the SCE, though local topography and
resulting incidence angle likely led to false snow detection in the co-polarized channels. The TSX
data provides a significantly higher temporal resolution than that available with Landsat 8 data
alone. This provides a much more complete temporal picture of snowmelt dynamics than the optical
data which, due to data gaps as a result of cloud cover, generally indicates only the onset and end
of snowmelt. Using both in situ time lapse camera data and TSX imagery, we could show that
depending on catchment topography, different temporal patterns of snowmelt exist. A studied
catchment with a higher tundra upland contribution showed faster snowmelt than a catchment with
a higher contribution of incised valleys. Overall, we conclude that a multi-source approach using
conventional optical data in combination with high spatiotemporal resolution SAR in X-Band and in
situ time lapse camera data is very well suited to study rapid snowmelt in small Arctic catchments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/10/7/1155/s1,
Figure S1: Figure S1 Comparison of Landsat 8 SCE (left panels) and corresponding TSX SCE derived using
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respectively with results of the accuracy assessment., Figure S2: Figure S2 Comparison of Landsat 8 SCE (left
panels) and corresponding TSX SCE derived using a threshold of −2 and −2.3 dB on the HH (center panels) and
VV (left panels) polarized channels of orbit 137 with results of the accuracy assessment., Figure S3: Figure S3
Comparison of Landsat 8 SCE (left panels) and corresponding TSX SCE derived using a threshold of −2 and
−2.3 dB on the HH (center panels) and VV (left panels) polarized channels of orbit 152 with results of the accuracy
assessment., Figure S4, Comparison of Landsat 8 SCE (left panels) and corresponding TSX SCE derived using
a threshold of 1 dB on the HH (center panels) and VV (left panels) polarized channels of orbit 24, respectively
with results of the accuracy assessment. Figure S5: Figure S5 Comparison of Landsat 8 SCE (left panels) and
corresponding TSX SCE derived using a threshold of 1 dB on the HH (center panels) and VV (left panels) polarized
channels of orbit 137 with results of the accuracy assessment., Figure S6: Figure S3 Comparison of Landsat 8 SCE
(left panels) and corresponding TSX SCE derived using a threshold of 1 dB on the HH (center panels) and VV (left
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estimations of in situ time lapse imagery.
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