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Summer snowline altitude gradients in Western Norway are
influenced by maritime climate
Laurie Quincey, Karen Anderson, David J. Reynolds and Stephan Harrison

Department of Earth and Environmental Science, University of Exeter, Penryn, UK

ABSTRACT
Mountain snowline dynamics are relatively underreported with few
studies exploring spatial snowline dynamics. Whilst clear regional-scale
relationships between snowline location and temperature exist in
European mountains, recent research at higher latitudes reports no
response to climate change. In maritime mountains, snowlines occupy
complex environmental gradients. Using timeseries of satellite data
from Landsat missions 5–8 (151 images between 1984 and 2021), we
explored sub-regional summer snowline dynamics across the maritime-
continental climate gradient in the Western Norwegian mountains. We
characterize spatio-temporal snowline altitude dynamics and
investigate the climate factors altering snowline patterns. Summer
snowline altitudes were found to increase inland at around double the
rate of the 0°C summer isotherm. Data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) land component of the fifth
generation of European Reanalysis (ERA5-Land), showed a potential
‘maritime-mountain’ effect with coastal orographic snowfall and cloud
cover-induced surface solar downwelling radiation amplifying maritime-
continental snowline altitude gradients alongside surface atmospheric
temperature. This was replicated in the Canadian Rocky Mountains.
Between 1984 and 2021, we found spatial summer snowline gradients
in Norway decreased and propose multiple climate forcings are
responsible, potentially masking links between snowlines and climate
change. Although non-significant, the data also suggest regional
summer snowline altitudes increased. This study demonstrates the
complex spatial heterogeneity in snow-climate relationships and
highlights how long-term snow dynamics can be queried using fine-
grain (Landsat) resolution satellite data. We share our approach through
a Google Earth Engine web-app that rapidly executes spatial snowline
analyses for global mountain regions via a graphical user interface.
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Introduction

As the climate changes, alterations to snow dynamics threaten environments and society
(Cherry et al. 2005; Edwards et al. 2007; Keenan and Riley 2018). With half the global population
reliant on mountain freshwater (Rasul et al. 2020), one sixth originating from global snowmelt
(Messerli et al. 2004; Barnett et al. 2005), it is particularly important to understand changes to
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snow. However, despite extensive research on the regional effects of climate change on snow
dynamics and snowlines, little to no research explores the sub-regional scale spatial characteristics
of snowlines and climate. The snowline is a non-glacial montane feature defined by Østrem (1974)
as the boundary between snowpack and snow free areas. The summer snowline can be found during
any of the meteorological summer months (June, July, and August in the Northern Hemisphere)
and is the focus of this study. The snowline, therefore, sits at the balance point between snow abla-
tion and accumulation (Barry et al. 1975); its altitude and location reflecting changes in climate
through time (Beniston 2012). As a result, researching the spatial dynamics of snowline altitude
and location at high resolutions may offer new insights into past and future local snowline change,
its impacts on local water resources and ecology, and our ability to attribute snowlines and snow
dynamics to climate forcings.

Of particular interest to spatial snowline research are coastal mountains as these partly encom-
pass maritime-continental climate gradients which we argue produce a complex spatial forcing on
snowlines. Verbyla et al. (2017) explore the impact of Alaskan regional snowline altitudes on Dall
Sheep and, although ecologically focussed, they show regional snowline altitudes increase away
from the Pacific Ocean. Glaciological literature also supports the concept of a maritime-continental
relationship with Østrem (1973) commenting on higher glacial snowline altitudes near Calgary than
Vancouver. Meier and Post (1962) show equilibrium contour altitudes increase inland in North
America and, elsewhere, Heiskanen et al. (2002) and Racoviteanu et al. (2008) show links with
temperature, sublimation, and snowfall. More direct evidence originates from older literature in
Western Norway (Buch 1812; Forbes 1853; Vibe 1860; Richter 1896; Hansen 1902; Paschinger
1912). Although not accessible, results from these studies are reported by Ahlmann (1922) who
quantified increases in snowline altitude inland. However, this assessment was based on few data
points and methods possibly favouring well-defined, accessible snowlines. Early investigation
from Buch (1812) linked the pattern to changing cloud cover, however, others, including Ahlmann
(1922), Forbes (1853), and Paschinger (1912) supported temperature control as the principal driver,
perhaps from the Massenerhebung effect. Crucially, Ahlmann (1922) found a 1°C increase in mean
summer temperature (June-August at 500 m ASL) for every degree of longitude (∼50 km) was too
small to entirely explain spatial snowline altitude trends in Western Norway and, therefore, also
suggested a precipitation control was present.

Snow dynamics research in the European Alps shows declining snow extents since the early
1900s with projected decline under future emissions scenarios (Beniston 2012; Gobiet et al.
2014), especially at low-mid altitudes where temperature-enhanced ablation and rain-on-snow
events occur (Serquet et al. 2011; Beniston 2012; Marty et al. 2017). Conversely, high altitude
snow patterns remain unchanged, probably related to enhanced snowfall by higher, but still
below −10°C, temperatures (Krasting et al. 2013). This is mirrored in Scandinavia by Hanssen-
Bauer et al. (2015) and Räisänen (2021), who illustrate mixed control between temperature and pre-
cipitation (Dyrrdal and Vikhamar-Schuler 2009; Dyrrdal et al. 2013). Snowline research in the
European Alps and Carpathian Mountains also reflects this with snowline altitudes increasing
with isotherm altitudes (Krajčí et al. 2014; Hu et al. 2019b). This is expected as the summer or
0°C July isotherm is commonly used as an estimate of annual snowline altitude (highest altitude
year-round) in both modern (de Quervain 1903; Troll 1961; Mengel et al. 1988) and palaeoclimate
literature (Barry et al. 1975; Brakenridge 1978; Seltzer 1990). Specifically, Hu et al. (2020) found
snowlines to retreat to higher altitudes in the European Alps between 1984 and 2018 at rates
ranging from 4.17 to 8.76 ma−1 and Hantel et al. (2012) report an altitude increase of 123–
166 m°C−1 between 1961 and 2011. However, recent research in northern European mountains
shows high-latitude snowlines do not exhibit any temporal trends in altitude (Hu et al. 2019a).
Therefore, high-latitude mountains may be affected by regional climatic drivers, potentially related
to their maritime setting. A strong regional maritime-continental climate gradient across the
Western Norwegian mountains may display such influences on snowlines which are hidden at lar-
ger regional-scales. With many global mountain ranges located in coastal settings, this is an

122 L. QUINCEY ET AL.



important, yet understudied, aspect of the cryosphere which has important implications for
resource management, local environmental dynamics, and successful climate modelling. This is
echoed in a recent review by Hu et al. (2017, p. 29) who concluded Future studies should not
only focus on […] cold region land surface dynamics in Europe, but also be directed towards a better
understanding of these dynamics, especially as a response to ongoing climatic changes.

Current methods in snowline research are spatially coarse making them suitable for studying
temporal climate and snowline change. For example, the Regional Snowline Elevation (RSLE)
method (Krajčí et al. 2014; Hu et al. 2019b) relies on cumulative hypsography to produce a single
regional snowline altitude. These rely on the more regular return periods associated with coarser-
grain (MODIS) imagery as it aids clear sky observation and the creation of gap-filled snow cover
products (e.g. MODIS and VIIRS (Hall et al. 2019)) (Parajka et al. 2010; Hu et al. 2019b). However,
processing finer-grain (Landsat) imagery with new geo-computational techniques (e.g. Google
Earth Engine (Gorelick et al. 2017)) is increasing the accessibility and inclusion of finer-grain
data into long-term analyses (Hu 2020). For this study especially, this allows spatial snowline
dynamics to be resolved easily through time. Crucially, finer-grain imagery offers reduced altitudi-
nal uncertainty associated with smaller pixel footprints which are a necessity for comparing spatial
snowline altitude change in steep mountainous terrain. As a result, spatial snowline studies with
finer-grain (Landsat) imagery should increase our understanding on both spatial snowline
dynamics but may also affect our understanding of temporal snowlines which are largely based
on regional-scale methods and coarser-grain (MODIS) imagery. An important consequence of
using finer-grain imagery, however, is that the greater detail uncovers the hypothetical nature of
the snowline concept. This reveals the snowline to not always be a visibly abrupt line as is
shown in coarser-grain (MODIS) imagery. The snowline instead sits within an ecotone-like gradi-
ent of diminishing patchy snow (Kleindienst et al. 2000) (Figure 1). UNESCO (1970) define the 50%
coverage point within this ‘snow-tone’ as the snowline (Dozier and Painter 2004). Therefore,
recovering the snowline from this snow-tone increases the methodological complexity when
using finer-grain imagery.

Thus, the sparse adoption of finer-grain (Landsat) spatial resolutions and the focus of literature
on snowline dynamics through time means current methods are not suitable for exploring spatial
snowline dynamics and their links to climate. As a result, few studies have characterized the spatial
dynamics of snowlines empirically. This study attempts to do this by harnessing the cloud-
computation platform of Google Earth Engine in order to deploy a novel spatially resolved
regression-based approach to snowline delineation that preserves the spatial resolution of Landsat
data. By pairing this with state-of-the-art ERA5-Land Climate Reanalysis, summer snowline and

Figure 1. The hypothetical nature of the snowline at finer spatial resolutions. Complex snow edges at the snow-tone stop easy
definition and measurement of the snowline. A standardized snowline position is therefore necessary.
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climate dynamics are resolved and compared for the last 37 years in the mountains of Western Nor-
way. We aim to test the following hypotheses:

(a) Summer snowline altitudes will increase linearly from the coast toward inland areas due to
maritime-continental climate gradients in temperature, snowfall, and insolation.

(b) Regional summer snowline altitudes will increase through time in line with increasing
temperatures.

(c) Summer snowline altitudes nearer the coast will increase through time at a reduced rate than
further away from the coast due to maritime-mediated temperatures.

Study system

Recreating the transect used by Ahlmann (1922) to study snowlines, a 40 km wide by ∼225 km
long transect was used stretching from the coast near Florø (61°42’N, 4°52’E) to inland near
Otta (61°42’N, 9°07’E) (Figure 2). This positioning ensured continuous mountainous terrain and
snowlines across the transect and at the coast. From a climatic perspective, the transect covered
a zone where warm North Atlantic surface waters moderate coastal air temperatures, and the
effects of continentality produce large seasonal temperature ranges inland (Ketzler et al. 2021). Oro-
graphic advection of this humid air produces high coastal precipitation of up to ∼3500 mm a−1 and
down to ∼300 mm a−1 inland (Andreassen et al. 2012; Ketzler et al. 2021). Through the last 100
years, temperatures have increased by ∼0.8°C and since 1900, precipitation is now 20% higher
(Hanssen-Bauer et al. 2015). The transect was therefore suitable to assess spatial maritime-
continental climate gradients and temporal climate change. A secondary 40 km wide by

Figure 2. Map of Canadian and Norwegian transects (red). High altitude climate stations in italics in the Western Norway pane.
Map data from Open Street Map, © OpenStreetMap contributors CC BY-SA 2.0.
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∼275 km long transect in British Columbia, Canada was located across the Rocky Mountains from
near Kitkatla (53°45’N, 130°34’W) to near the Babine Mountains Provincial Park (54°53’N, 126°
45’W) (Figure 2). This Canadian transect was chosen as, like the Norwegian transect, it included
coastal mountains adjacent to warm sea surface temperatures (Amos et al. 2015) and the same Köp-
pen-Geiger classifications (Cfb, Dfc, and ET) (Kottek et al. 2006), making it a suitable location to
test the algorithm on maritime alpine systems elsewhere.

Methods

Data processing

End-of-the-Ablation season
To determine the end-of-the-ablation season each year between 1982 and 2021, the first day of zero
snow-depth was identified for each climate station with data from seNorge (NVE et al. 2022). The
station with the latest occurrence determined the end-of-the-ablation season and was visually ver-
ified with snow-depth plots (see Figure 3). The mean of these dates was used to identify a suitable
time of year to observe the summer snowline, around which a fixed image collection window was
selected. A 16-day image collection window was used to allow satisfactory data density, cloud avoid-
ance, and transect coverage whilst reducing temporal uncertainty as much as possible. For testing in
Canada, an arbitrary summer date of 2021/07/01 near the end of the Canadian ablation season is
used based on glaciological studies (Tennant and Menounos 2013; Marshall and Miller 2020).

Snow edge algorithm
Measuring detailed changes in snowline dynamics through time requires an efficient procedure that
can be applied to hundreds of satellite scenes whilst still preserving spatial resolution. Landsat mis-
sions 4–8 provide a unique dataset spanning 1982–2021 at 30 m spatial resolution (Wulder et al.
2019). Tier 1 atmospherically corrected surface reflectance scenes from WRS paths 199–201 and
row 17 were used in the Norwegian transect. To resolve the snowline, a per-pixel fractional

Figure 3. Method to determine the end-of-the-ablation season illustrated using example seNorge observed snow depths from
high altitude climate stations in the Norwegian transect.
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snow cover algorithm using linear spectral unmixing was developed. Linear spectral unmixing is
widely used in snow cover products (SnowStar (Andersen 1982; Solberg and Andersen 1994),
MODIS fractional snow cover (Hall et al. 1995), and MODIS snow covered area and grain size
(Painter et al. 2009)) and offers notable benefits for quantifying snow extent, being described by
Painter et al. (1998, p. 331) as superior to using band ratios. The approach estimates the fractional
snow cover within the footprint of the pixel unlike band ratioing methods which suffer from the
mixed pixels problem (Rosenthal and Dozier 1996; Painter et al. 1998). Linear spectral unmixing
is applicable to non-forested snowpacks where summer snowlines in Norway persist and is easily
operationalized on the cloud-computing platform of Google Earth Engine (Gorelick et al. 2017)
which also offers integrated access to satellite and environmental datasets.

The algorithm is illustrated fully in Figure 4 with an example scene in Figure S1. In essence, lin-
ear spectral unmixing is applied to each scene using endmembers obtained from archetypal band
values from multiple band ratio-derived surface cover classes. These surface cover classes are:
snow from the Snow Water Index (SWI) (Dixit et al. 2019), vegetation from the Green Vegetation
Index (GVI) (Kauth and Thomas 1976), water from the reciprocal of a combinedModified Normal-
ized Difference Water Index (MNDWI) (Xu 2006) and Normalized Difference Water Index
(NDWI) (Gao 1996), and rock from the Normalized Difference Built-up Index (NDBI) (Zha
et al. 2003). This produces fractional snow cover from which values ≥50% determine snow extent
(UNESCO 1970), the perimeter of which is the snow-edge. Snow-edges are masked to remove fro-
zen lakes (EU JRC Waterbodies (Pekel et al. 2016)), ice caps and glaciers (GLIMS (Raup et al.
2007)), and clouds. The cloud mask is based on a sum average Gray-Level Covariance Matrix
(GLCM) texture analysis (Haralick et al. 1973) and is buffered to capture thin cloud to avoid inter-
ference with snow cover percentage estimates during unmixing. This circumvents most pixel-level
misclassifications between cloud and snow and avoids using the Landsat CFmask, which was too
aggressive, repeatedly misclassifying the snow-tone, where the snowline resides, as cloud. At
each snow-edge, altitude, aspect, and slope were calculated from the Advanced Land Observing Sat-
ellite (ALOS) World 3D–30 m (AW3D30) terrain model (EORC and JAXA 2017). Snowline alti-
tude uncertainties (u) were calculated by combining the AW3D30 elevation error of ±5 m in
Scandinavia (Ee) (Karlson et al. 2021) with the trigonometric function between slope angle (θ)
and the Landsat horizontal translation error of ±12 m (Et) (Rengarajan et al. 2020) (see Equation
(1)).

u = tan(u)∗Et + Ee (1)

Climate processing
Via Google Earth Engine, the ERA5-Land Climate Reanalysis was used to provide hourly climate
data at 11,132 m latitudinal resolution (Muñoz-Sabater et al. 2021). Since 1981 to present, these
cover the time range of Landsat missions 4–8 and show agreement with observed weather and cli-
mate (Babar et al. 2019; Pelosi et al. 2020; Keller and Wahl 2021; Velikou et al. 2022, p. 1). Scandi-
navian mountain precipitation and temperature patterns are reproduced faithfully (Bandhauer et al.
2022; Velikou et al. 2022). At the centre of each grid square of the ERA5-Land Climate Reanalysis,
2 m atmospheric temperature, surface snowfall, and surface solar downwelling radiation were col-
lected within the Norwegian transect. Temperature data were corrected to sea-level altitude using
the mean AW3D30 elevation for each climate grid square and an approximate lapse rate of 0.65°C
per 100 m altitude (Ketzler et al. 2021). The mean was calculated for the meteorological seasons
within each ‘snow year’. A snow year starts in autumn as the first snowfall occurs then, melting
during the ablation season in the spring and summer of the following year. Owing to the
TCo1279 gaussian grid used by the ECMWF (Malardel et al. 2015), the longitudinal resolution is
∼5 km at the latitude of the Norwegian transect.
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Figure 4. Stepwise procedure used by the snow-edge algorithm.
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Data analysis

Spatial snowlines and climate
Predictions of spatial summer snowline altitude were produced from ordinary least squares (OLS)
regressions of snow-edge altitudes against distances from the coast. Prediction uncertainty was cal-
culated using the 95th and 5th percentiles of mean snow-edge altitudes across 2° aspect bins. This
process was applied to each year of snow-edge data from the Norwegian transect, with the results
compared to historical snowline altitude data from Ahlmann (1922, p. 11) across the same area. The
same process was applied to the Canadian transect to assess algorithm performance and spatial
snowline patterns for another coastal mountain range. For each year between 1981 and 2021, a mar-
itime-continental climate gradient for snowfall, sea-level-corrected temperature, and surface solar
downwelling radiation against distance from the coast across the Norwegian transect was
characterized using OLS or nth order polynomial regressions. Regression type was dependent on
data patterns, residuals, and anova variance tests. A temporal mean regression gradient of
sea-level-temperature against distance from coast was calculated for 1981–2021 and converted to
an altitude by distance gradient using the approximate environmental lapse rate of 0.65°C
per 100 m (Ketzler et al. 2021). This calculated the 0°C summer isotherm for comparison to the
predicted snowline altitude gradient.

Temporal snowline and climate
Each year, regional summer snowline altitude estimates were calculated using the predicted snow-
line gradients and a fixed transect distance. This fixed distance was found from the mean of each
year’s median snow edge distance. Altitude errors used the aspect-derived uncertainty calculated
for spatial snowline predictions. For each year, mean snowfall, sea-level-temperature, and surface
solar downwelling radiation were calculated from the spatial climate data. OLS regressions and
Mann-Kendall trend tests were performed on both regional snowline altitude and mean climate
variables against the median time of image acquisition and season, respectively. Mann-Kendall
tests were performed in 10,000 Monte Carlo simulations in order to provide a robust assessment
of snowline and climate patterns through time given the limited number of data points and in
case of interannual patterns (R package: Astrochron v1.1, R version: 4.1.1, Meyers (2014)). A
mean regional snowline altitude estimate was calculated for the centre of Jostedalsbreen
(∼100 km inland along the Norwegian transect) for comparison to Hu et al. (2019a).

Temporal snowline gradients
As in Temporal Snowline and Climate, an OLS regression and 10,000 Monte Carlo simulations of
Mann-Kendall trend tests were used to assess the change in predicted snowline gradients against
median imagery dates between 1982 and 2021 across the Norwegian transect. Errors in the pre-
dicted snowline gradients were derived from the 95th percentile of 10,000 bootstrap resamples of
snow-edge data, performing snowline altitude predictions (R package: Boot v1.3-28, R version:
4.1.1, Ripley (2021) and Davison and Hinkley (1997)).

Algorithm validation

As the snowline is a hypothetical concept defined by the 50% coverage point across a snow-tone,
validating altitude predictions is challenging. Instead, cross-validation of snow extents between
the study algorithm and MOD10A1 product were used to assess accuracy. MOD10A1 is used as
most snowline delineation methods from the current literature use MODIS and, as the 2nd most
widely used (18%) platform in snow dynamics research (Hu et al. 2017), it has also been repeatedly
validated with ∼92–93% accuracy under clear sky conditions (Hall et al. 2019; Riggs and Hall 2020).
Its rapid revisit period of ∼2 days and large swath (2300 km) make it suitable for cross-validating
Landsat imagery that has a smaller footprint and a less frequent revisit period. A new Landsat 4–8
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image collection over the Norwegian transect (WRS path: 199–201, row: 17) with below 10% cloud
cover was curated irrespective of date. Cloud-filtering is used as MOD10A1 is a gap-filled product
(Hall et al. 2019) whilst the study algorithm is not. Each Landsat image was paired with a
MOD10A1 snow extent raster for the same day. A truncated version of the study algorithm was
used to find snow extent and sun elevation for each Landsat image. Percentage snow extent for
each image pair was retrieved within the Landsat image footprint and mean absolute error
(MAE) was calculated. OLS regression of the study algorithm against MOD10A1 snow extents
was performed.

Results

Data summary

For Norway, most end-of-the-ablation season dates were in July (Figure 5a) with a mean of the
196th day of the year (~15th July). A 16-day imagery collection window was centred around
this, starting from 8th July. For these dates, 151 Landsat images were found for the Norwegian
transect with a mean of 5.8 images per year (excluding missing years). No data were recovered
from Landsat 4 and select years (Figure 5b). Validation imagery totalled 122 images.

Norwegian snowline altitude gradient

Snowline altitudes showed a significant and positive linear relationship with distance away from the
coast continuously between 1984 and 2021 (Figure 6). The mean snowline altitude gradient across
all study years increased away from the Western Norwegian coast at 4.49 m km−1 ±0.44 (1σ). The
mean snowline gradient predicts a minimum snowline altitude of 792 m at 0 km (coast) and a maxi-
mum altitude of 1802 m at 225 km (inland). 99% of snow-edge data points had an altitudinal error
of ±≤12.2 m. Data from Ahlmann (1922) showed a close similarity with datapoints near the upper
snow-tone resolved by this study (Figure 6).

Temperature, snowfall, and surface solar downwelling radiation showed a maritime-continental
climate pattern was present between 1981 and 2021 (Figure 7). Notably, winter snowfall near the
coast (20–100 km) was highest with a mean maximum of 4.2 mm of snow water equivalent
(SWE) per day ±1.7 (1σ) averaged from all years, whereas inland (225 km) it was lowest at a
mean minimum of 0.9 mm SWE per day ±0.3 (1σ) averaged from all years. Across all years, summer
and spring surface solar downwelling radiation increased away from the coast, especially in the lat-
ter. Yearly regressions of the seasonal sea-level-temperatures showed the mean range across all
years to be greater inland (21.83°C at 225 km) than at the coast (12.44°C at 0 km). Only summer
temperatures increased away from the coast at 0.015°C km−1 (1°C per 66.79 km). The equivalent
isothermal altitude gradient was 2.30 m km−1.

Norwegian regional snowline altitudes through time

Regional summer snowline altitudes showed an increasing, but non-significant, temporal trend
(adj.r2(24) =−0.003, p = .347; Kendall’s τ(9998) = 0.194, p = .158). The OLS regression shows the
regional snowline altitude increased by 13 m per decade (48 m between 1984 and 2021) with a
mean altitude of 1402.32 m ±76.17 (∼5%) (1σ) (Figure 8). A mean regional snowline altitude for
central Jostedalsbreen was estimated at 1241.26 m ±79.71 (1σ).

Snowfall, sea-level-corrected temperature, and surface solar downwelling radiation reported no
significant change through time aside from mean autumn and summer temperatures (Figure 9).
OLS regression and Kendall’s Tau reported significant temperature relationships of 0.396°C per
decade in autumn (adj.r2(38) = 0.31, p<.005; Kendall’s τ(9998) = 0.40, p<.005) and of 0.462°C per dec-
ade in summer (adj.r2(38) = 0.23, p<.005; Kendall’s τ(9998) = 0.32, p<.005). Winter snowfall exhibited
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no patterns and large variance at ±1.03 mm SWE (1σ) (±40%) about the mean of 2.56 mm SWE per
day averaged from all years.

Norwegian snowline altitude gradients through time

Summer snowline altitude gradients between 1984 and 2021 showed a decreasing temporal trend of
0.25 m km−1 per decade which reported as significant under the Mann-Kendall trend test (OLS
adj.r2(24) = 0.064, p = .114; Kendall’s τ (9998) =−0.194, p = .044) (Figure 10). Gradient variability

Figure 5. (a) End-of-ablation season dates from 1981 to 2021 for the Norwegian transect. Grey box represents July. Red
points are used for years with no recovered Landsat data during 8–23 July. (b) Landsat image densities for each year’s
16-day window after 8th July.
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ranged from 3.54–5.38 m km−1, however, data were clustered about the mean gradient of 4.49 m
km−1 ±0.44 (∼10%) (1σ).

Canadian snowline gradient

To assess the generalisability of the algorithm to maritime alpine systems elsewhere, testing was
conducted in British Columbia, Canada. The algorithm successfully delineated snow-edges and pre-
dicted the snowline for Landsat 8 imagery over the Canadian transect between 2021/07/01-16
(Figure S2). OLS regression showed significant snowline altitude increase away from the Pacific
Ocean at 4.55 m km-1 (adj.r2(696980) = 0.49, p<.005). A large altitudinal range in snow-edge data
was present between 50 and 150 km. An annotated depiction of this is displayed in Figure S3.

Validation

Study algorithm performance was similar to MOD10A1 with increasing spread at greater snow
extents (Figure 11a). Per-image errors against sun elevations showed increasing spread toward
lower elevations (Figure 11b). For all sun elevations, the MAE was 8.31% and for the sun elevations
of the Norwegian transect imagery (44.3–50.0°) the MAE was 3.85% (Figure 11b).

Discussion

Snowline altitude gradient

The predicted summer snowline altitude increased away from the Western Norwegian coast in
every year that yielded data with a mean gradient of 4.49 m km−1 (Figure 10). This is visually similar
to historical data from Ahlmann (1922) in the same area which, when superimposed, track the
upper limit of the snow-tone resolved by this study (Figure 10). Near the 2021 end-of-the-ablation
season in British Columbia, Canada, the predicted snowline shows a similar gradient to the Nor-
wegian mean at 4.55 m km−1, suggesting the phenomenon is present elsewhere.

Figure 6. Example plot from 2017 (Landsat 7/8) depicting snow-edge altitude against distance from the Western Norwegian coast
(coloured points). Densities derived from neighbourhood kernel. Snowline altitude prediction from OLS regression (solid line)
(adj.r2(601031) = 0.58, p<.005) with uncertainty (dashed) calculated from 95th and 5th percentiles of mean snow-edge altitudes
across 2° aspect bins. Data are accompanied by snowline altitude observations reported by Ahlmann (1922) (cross).
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The climatic explanation of these gradients relies on the environmental lapse rate and pio-
neering work of Ahlmann (1922) who developed the idea that the July summer 0°C isotherm
indicates the altitude where the thermal energy imparted from the atmosphere to the snowpack
is equal to the energy required to ablate the yearly total snowfall. This as an approximation of
snowline altitude both in modern (de Quervain 1903; Troll 1961; Mengel et al. 1988) and palaeo-
climate literature (Barry et al. 1975; Brakenridge 1978; Seltzer 1990). Therefore, the mean sum-
mer temperature gradient in Norway (0.015°C km−1) should be similar to the mean summer
snowline gradient found by this study. Converting the temperature gradient to the 0°C summer

Figure 7. Mean daily sea-level-temperature, snowfall, and surface solar downwelling radiation for each meteorological season in
the 2018 snow year against distance. Error bars indicate SEM. Confidence intervals at 95%. Due to the latitudinal resolution of the
ERA5-land Climate Reanalysis, climate data were extracted from multiple latitudinal grid rows within the transect. This produced
multiple separate spatial curves for each season of each climate variable as is particularly visible for snowfall.
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isotherm reports an altitudinal gradient of 2.30 m km−1. This is around half (∼51%) that of the
predicted mean snowline gradient (4.49 m km−1). Work by Hantel et al. (2012) on climate
change in the European Alps estimates snowline altitude to have increased through time by
123 m°C−1. Mapping this to the spatial temperature change across the Norwegian transect
would predict an isotherm and snowline altitude gradient of 1.80 m km−1. Temperature
measurements by Ahlmann (1922) place a historical summer temperature gradient at 1°C per
50 km (0.02°C km−1) or 3.07 m km−1. These temperature gradients are lower than the predicted
snowline gradient found by this study and, as a result, we suggest summer temperatures in Wes-
tern Norway do not operate alone to provide the climate driver necessary to produce the snow-
line altitude gradient. Therefore, we support Ahlmann (1922) in suggesting that other factors
aside from temperature must be present in order to enhance the snowline gradient in Western
Norway.

We suggest this enhancement could be produced by snowfall and surface solar downwelling
radiation. Patterns in the ERA5-Land Climate Reanalysis show snowfall decreases away from the
coast, especially in winter, whereas surface solar downwelling radiation increases away from the
coast in spring and summer. These patterns agree with other research (Skartveit and Olseth
1986; Hanssen-Bauer 2005; Hanssen-Bauer et al. 2015; Ketzler et al. 2021). They occur from
the orographic advection of warm, humid air over the coastal Scandinavian Mountains originat-
ing from the warm thermohaline circulation and North Atlantic extratropical cyclones (Sandvik
et al. 2018). Therefore, proximity to the ocean (lake/sea-effect snowfall) (Doesken and Judson
2000) and the Foehn effect create an eastward precipitation shadow inland (Andreassen et al.
2012; Ketzler et al. 2021). This enhances the snowline altitude gradient by increasing the energy
required to ablate the thicker snowpack at the coast, depressing coastal snowline altitudes. Con-
versely, there is a reduction in the energy required to ablate the snowpack in inland areas,
increasing inland snowline altitudes. The effect of orographic advection also increases coastal
cloud cover – a common phenomenon in Western Norway (Skartveit and Olseth 1986; Ketzler
et al. 2021). This decreases surface solar downwelling radiation, snowpack energy input, and

Figure 8. Regional snowline altitudes for the Norwegian transect between 1984 and 2021. OLS regression (adj.r2(24) =−0.003, p
= .347; Kendall’s τ(9998) = 0.194, p = .158) (black) is accompanied by 95% confidence intervals (grey). Error bars constructed from
the aspect uncertainty of each yearly snowline altitude prediction.
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therefore coastal snowmelt as Buch (1812) suggested. In agreement with Stjern et al. (2009), the
study data show reduced coastal surface solar downwelling radiation occurs mostly in spring and
summer. Research suggests this is caused by seasonal storm frequencies, cyclonic/anticyclonic
weather patterns, and diminished atmospheric sunlight penetration during low winter sun
elevations (Parding et al. 2016; Ketzler et al. 2021). Comparison to one year of snowline data
in Canada shows a similar predicted snowline gradient and so it supports this hypothesis.
This is consistent with Scandinavian snow dynamics literature which demonstrates heteroge-
nous snowpack control from temperature and snowfall (Dyrrdal et al. 2013; Hanssen-Bauer
et al. 2015; Räisänen 2021).

Figure 9. Mean daily sea-level-temperature, snowfall, snowmelt, and surface solar downwelling radiation values for meteorolo-
gical seasons between 1981 and 2021. Confidence intervals at 95%.
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Regional snowline altitudes through time

Contrary to Hu et al. (2019a), regional snowline altitudes showed an increasing trend through
time, although it is weak and non-significant. The mean altitude estimate for Jostedalsbreen
(∼100 km inland) was 1241 m ±80 m (1σ) which is very similar to the July estimate of
∼1247 m ±145 m (1σ) digitized from Hu et al. (2019a) between 1982 and 2017. The data from
this study, however, are constrained to a smaller altitudinal range. Our Jostedalsbreen estimates
may therefore have benefited from calculating snowline gradients using data from the entire
Norwegian transect.

If the regional snowline has risen in altitude, then we suggest increasing summer and
autumn temperatures, both at the coast and inland, are responsible as is shown in our data
and by other literature in the European Alps (Hantel et al. 2012; Hu et al. 2020). However,
the observed 13 m increase in regional snowline altitude per decade is smaller than expected.
Assuming a spatially constant environmental lapse rate of 0.65°C per 100 m (Ketzler et al.
2021) we would expect the regional snowline altitude to increase between ∼60–70 m per dec-
ade under a 0.396–0.462°C per decade increase in autumn and summer temperatures, respect-
ively. This would be similar to the increase in altitude found by studies in the European Alps
(Hu et al. 2020). Therefore, even though it is not shown by the climate data, we also suggest
other factors are present to temper the effects of increasing temperature and cause this discon-
nect. As, for the last two decades, snowfall has been shown to increase in Western Norway
above 1350 m and decrease below (Hanssen-Bauer et al. 2015), it may be that the proportion
of the snowline that exists above is increasing in altitude at a slower rate than the proportion
below, or not at all. Therefore, when the snowline gradient data are used to find regional snow-
line altitude values, the effect of increasing temperature may be diluted, hiding sub-regional
snowline trends. This demonstrates the importance of monitoring snowlines and climate at
sub-regional scales. Large amounts of noise and observational uncertainties in these data
also restrict our conclusions.

Visually the data may show a snippet of a sinusoidal pattern, perhaps in relation to phenom-
ena like the North Atlantic Oscillation and Atlantic Multidecadal Oscillation, however, the
observational uncertainties and short time period make it difficult to draw any further
conclusions.

Figure 10. Snowline altitude gradients for the Norwegian transect between 1984 and 2021. Error bars produced from the 95%
confidence interval of regressions from 10,000 bootstrap samples. OLS regression (adj.r2(24) = 0.064, p = .114; Kendall’s τ(9998) =
−0.194, p = .044) is accompanied by 95% confidence intervals.
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Snowline altitude gradients through time

The snowline altitude gradients show a decreasing temporal trend of 0.25 m km−1 per decade (sig-
nificant under the Mann-Kendall Trend test), moving the snowline closer to that of the summer
isotherm gradient. Such a pattern suggests that the inland snowline is either being depressed or
is rising more slowly than the coastal snowline. For this to occur the spatial climate patterns across
the Norwegian transect must change through time.

Climate change in Norway is increasing inland temperatures at a greater rate than in coastal
areas (Hanssen-Bauer et al. 2009, 2015; Ketzler et al. 2021). These temperature changes alone
would, therefore, have the opposite effect on the snowline, increasing the gradient instead. Ground
snowpack observations by Skaugen et al. (2012) show decreasing SWE trends at low altitudes and
positive trends at high altitudes. Dyrrdal et al. (2013) show snow depths are decreasing in ‘warm-
winter’ areas (coastal) and increasing in ‘cold-winter’ areas (inland and high-altitude plateaus). This
is reflected by Hanssen-Bauer et al. (2015) who find snowfall has been decreasing below altitudes of
1350 m for the past two decades and the number of snow cover days is projected to decrease in the

Figure 11. (a) The study algorithm derived snow extent percentage against MOD10A1. OLS regression (solid) (adj.r2(120) = 0.74,
p<.005) and 95% confidence intervals (grey). Dashed line indicates 1:1 line. (b) Errors of percentage snow extent for the study
algorithm against the MOD10A1 algorithm for each validation image by sun elevation. Dashed line indicates 0% difference. Bars
indicate the number of Norwegian transect images present by sun elevation.
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future with the greatest reduction in coastal areas of Western Norway. Therefore, over 1350 m in
the inland mountains around Breheimen and Jotunheimen, snowfall may be acting against
increases in temperature by maintaining or even depressing the snowline, whereas at lower
elevations near the coast, decreases in snowfall below 1350 m paired with increasing temperatures
may be moving the snowline to higher altitudes. We suggest that together these drivers may be
decreasing the snowline gradient.

Other factors such as increased cyclonic conditions, cloud cover and opacity (Hanssen-Bauer
et al. 2003; Parding et al. 2014; Devasthale et al. 2022), and precipitation and rain-on-snow events
(Hanssen-Bauer et al. 2015) may affect the snowline gradient too. Skaugen et al. (2012) also note
how variations in SWE trends are especially influenced by the North Atlantic Oscillation as sup-
ported by glacier mass balance studies (Nesje et al. 2000; Marzeion and Nesje 2012). This adds sup-
plementary support for the spatially informed conclusion that, alongside temperature, multiple
climate factors such as snowfall are responsible for determining snowline altitudes in Western
Norway.

These observations also demonstrate that the amplitude and strength of in situ observations
of snow depth trends do not necessarily reflect that of snowlines and snow cover area. Trends in
snowlines and snow cover area may not be easily distinguishable from interannual snow depth
variability and other climate factors that exert control. This is compounded by snow depth
observations being able to show snow trends at higher resolutions as well. Therefore, snowline
altitude and snow cover area are limited in this scope. However, satellite derived snowline alti-
tude and snow cover area measurements may offer a readily accessible insight into the effects of
multiple climate variables that measuring variations in only snow depths cannot. This may be
especially useful where in situ monitoring is sparse. Perhaps, snowline altitude observations
can even be used to aid the evaluation of high-resolution climate models as the effects of a chan-
ging climate on the snowline should also be replicated to match that of the observed
phenomena.

Performance and validation

Validation shows the study algorithm had very similar performance (3.85% MAE) to the
MOD10A1 product at small spatial snow extents. These small spatial snow extents occur during
the summer at high sun elevations (44.3–50.0°) and therefore, show the algorithm is suitable for
recovering summer snowlines. This high performance at small spatial snow extents is likely the
result of greater terrain illumination from higher summer sun elevations whereas performance
degradation at lower sun elevations is attributed to increased terrain shadowing which is not
accounted for by the study algorithm (König et al. 2001; Dozier and Painter 2004). Multiple end-
member spectral mixture analysis could improve this (Painter et al. 2009). Testing in Canada
returned extreme altitude snow edges from what appear to be low-altitude snow-filled gullies
and high-altitude snow-free incursions into mountains. This shows a potential conceptual issue
as our study method relies on a high frequency of snow edges clustering within altitudinally thin
snow-tones (see Supplementary Information for further detail).

Where Landsat missions overlap creating redundancy, only 5 years of data were lost due to cloud
and so we demonstrate this to be an effective strategy for remotely sensing mountain snowlines.
However, only Landsat 5 TM was available before 1999 as no data were recovered from Landsat
4 TM. Earlier Landsat MSS products could fill these pre-1999 gaps, extending data to 1972, albeit
at 60 m resolution and with only four bands. Platforms like Sentinel-2 (Drusch et al. 2012) or
ASTER (Fujisada 1995) would also be beneficial post-2015 and 1999, respectively. Due to the sur-
face-level nature of the ERA5-Land Climate Reanalysis on Google Earth Engine, the 2 m atmos-
pheric temperatures were altitudinally corrected. This simplifies complex mountain terrain and
environments, reducing accuracy. Despite this, the agreement with other research shows our
study system is suitable for characterizing the nature of mountain snowline dynamics.
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Conclusion

While relatively little research has been conducted on snowline dynamics, the use of fine-grain
(Landsat) imagery is being increasingly employed (Hu et al. 2019a) to assess the impacts of climate
change on this important part of the cryosphere. This study presents spatially resolved summer
snowline altitudes over Western Norway from 1984 to 2021 derived from an analysis of 151 indi-
vidual scenes comprising 30 m spatial resolution Landsat 5–8 images. In remarkable similarity to
Ahlmann (1922), these results show snowline altitudes increase away from the coast producing a
mean spatial gradient of 4.49 m km−1. Through time, these snowline gradients are shown to
decrease by 0.25 m km−1 per decade. Regional snowline altitudes show a weak and statistically
insignificant increasing trend of 13 m per decade. This is approximately a quarter to a fifth of
the expected snowline altitude rise under the increased summer and autumn temperatures between
1984 and 2021. Data from the ERA5-Land Climate Reanalysis shows the summer isotherm is only
partially responsible for the snowline patterns, accounting for 51% of the predicted spatial altitude
gradient. We concluded that proximity to the ocean (lake/sea-effect snowfall), orographic snowfall,
and cloud-driven variations in surface solar downwelling radiation force snowline altitudes along-
side temperature. These are caused by high-latitude eastward weather systems and warm ocean cur-
rents. Therefore, these spatio-temporal effects should be present in other maritime mountains and,
if intense climate gradients are present, perhaps non-maritime mountains too. Similarly, the
decrease in Norwegian snowline altitude gradients is attributed to the combined effects of temporal
trends in spatial climate patterns, in particular, the spatially heterogeneous effects of climate change
on both coastal and inland snowpacks and low and high altitude snowfall which may disconnect the
snowline from temperature trends. Therefore, we demonstrate the importance of spatially resolving
snowlines at sub-regional scales when investigating the effects of climate change.
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