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Abstract

Increased industrial development in the Arctic has led to a rapid expansion of infrastructure in the region. Localized impacts
of infrastructure on snow distribution, road dust, and snowmelt timing and duration feeds back into the coupled Arctic system
causing a series of cascading effects that remain poorly understood. We quantify spatial and temporal patterns of snow-off dates
in the Prudhoe Bay Oilfield, Alaska, using Sentinel-2 data. We derive the Normalized Difference Snow Index to quantify snow
persistence in 2019-2020. The Normalized Difference Vegetation Index and Normalized Difference Water Index were used to
show linkages of vegetation and surface hydrology, in relationship to patterns of snowmelt. Newly available infrastructure
data were used to analyze snowmelt patterns in relation infrastructure. Results show a relationship between snowmelt and
distance to infrastructure varying by use and traffic load, and orientation relative to the prevailing wind direction (up to 1
month difference in snow-free dates). Post-snowmelt surface water area showed a strong negative correlation (up to —0.927)
with distance to infrastructure. Results from field observations indicate an impact of infrastructure on winter near-surface
ground temperature and snow depth. This study highlights the impact of infrastructure on a large area beyond the direct
human footprint and the interconnectedness between snow-off timing, vegetation, surface hydrology, and near-surface ground

temperatures.
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1 Introduction

Arctic regions are experiencing rapid change due to cumu-
lative effects caused by climate change and the expansion of
infrastructure driven primarily by industrial development re-
lated to resource extraction (NRC 2003; AMAP 2007; Walker
et al. 2022). Oil and gas exploration and development, in par-
ticular, has led to the spread of infrastructure in many areas
of the circumpolar Arctic over the last five decades (Kumpula
et al. 2012; Raynolds et al. 2014, 2020; Walker et al. 2022). Ar-
eas like the Prudhoe Bay Oilfield (PBO) in Alaska (Fig. 1A) are
host to many types of infrastructure, ranging from paved and
gravel roads, airports, stores, and other service facilities, to
pipelines, processing plants, drill rigs, gravel pits and pads,
and associated features of oil and gas production (Raynolds
et al. 2014). Studies documenting increased infrastructure
development in the area of Prudhoe Bay have shown that
it impacts the surrounding natural environment in multi-
ple ways, including changes to hydrology, soils, vegetation,
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permafrost, snowmelt, and ground temperatures (Benson
et al. 1975, Walker et al. 1980;, 2022; Walker 1985; Walker
and Everett 1987; Raynolds et al. 2014; Kanevskiy et al.
2022).

Infrastructure actively influences the distribution and re-
distribution of snow by creating barriers that act like snow
fences, leading to modified snow depths and snowmelt pat-
terns (Fortier et al. 2011). Previous studies have shown that
snow along roads and on road embankments can disappear
earlier compared to snow in the surrounding area, leading to
earlier soil thaw and vegetation green-up near roads (Benson
et al. 1975; Walker and Everett 1987; Walker et al. 2022; Chen
et al. 2020).

In winter, roadside snow drifts develop along the mar-
gins of the elevated roads. Heavily traveled roads, such as
the Spine Road and the Dalton Highway, also collect large
quantities of dust during the winter and spring. These large
amounts of dust decrease the albedo of snow which induces
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long-term records for the Northern Hemisphere covering a
period starting in 1979 (Takala et al. 2011).

Studies based on multispectral data as well as those based
on microwave remote sensing systems lack either the spa-
tial or temporal resolution to adequately assess the impact
of separate infrastructure units on the surrounding environ-
ment on an annual basis. Data products like the MODIS snow
coverage maps provide daily global measurements in 500 m
spatial resolution. While the daily temporal resolution pro-
vides many advantages for timely analysis of snow cover, the
impact of local infrastructure on the direct environment can-
not be fully captured with this coarse spatial data. Other prod-
ucts such as the GlobSnow (Takala et al. 2011) are available
in 1 km to 250 m resolution versions. Snow mapping efforts
based on Landsat imagery have the advantage of higher spa-
tial resolution (30 m). Macander et al. (2015) calculated the
typical snow-free date for Northwest Alaska based on Land-
sat imagery from 1985 to 2011 (Fig. 1b). Snowmelt patterns
in Arctic landscapes have also been studied on a local level
using time-lapse cameras (e.g., Kepski et al. 2017) and in situ
sensor observations. Sentinel-2 and the Normalized Differ-
ence Snow Index (NDSI) have been used successfully to map
snow cover in alpine areas (Gascoin et al. 2020); however,
studies using Sentinel-2 to map snow in tundra environments
are currently lacking, to the best of our knowledge. Sentinel-
2 allows for mapping snow cover at high spatial resolution
(20 m) and offers the possibility of acquisition with a 5 day
interval over the study area (Drusch et al. 2012; Gascon et al.
2017).

The ability to accurately map and monitor the expansion
of infrastructure in the Arctic is important for assessing and
mitigating risks to and from infrastructure in a climate that
is warming three times faster than other places on earth
(Walker and Peirce 2015). Approaches for mapping infras-
tructure using remote sensing have been widely studied on
a global and local scale (Bartsch et al. 2020). Infrastructure
and its impacts on Arctic environments can be assessed by
remotely sensed methodologies. Several data sets based on
remote sensing data with regional to global coverage exist
(e.g., Wang et al. 2017; Esch et al. 2018), but often lack ei-
ther comprehensive documentation of different types of in-
frastructure or suitable coverage of Arctic settlements and in-
frastructure hubs (Bartsch et al. 2020). Recent advancements
have allowed for high spatial resolution mapping (10 m) of
both linear infrastructure (e.g., roads) and built-up areas on
a circumpolar scale based on Synthetic Aperture Radar and
multispectral data acquired by the Sentinel-1 and Sentinel-2
constellations (Sentinel-1/2-derived arctic coastal human im-
pact data set (SACHI); Bartsch et al. 2020).

In this study, we describe and quantify spatial and tempo-
ral patterns of snowmelt timing in relation to infrastructure
in the Prudhoe Bay area. We demonstrate the potential of re-
sources like the Sentinel-2 constellation to quantify and mon-
itor snowmelt patterns in Arctic industrial regions as well
as the resulting cumulative effects of infrastructure develop-
ment on hydrology and vegetation. This study addresses mul-
tiple themes, focussing on connectivity of different landscape
elements, connected to the Terrestrial Multidisciplinary dis-
tributed Observatories for the Study of Arctic Connections
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initiative (Vincent et al. 2019), making it highly relevant for
the future study of Arctic natural and social systems.

2 Methods

2.1 Study area

The study area for this analysis spans across Deadhorse and
parts of the PBO on the North Slope of Alaska (see Fig. 1a).
The area is located on the Beaufort Sea coast, delineated by
the Sagavanirktok River to the east and the Kuparuk River to
the west. The area has experienced extensive infrastructure
development since the 1960s (Raynolds et al. 2014). Infras-
tructure in the area includes roads and bridges, buildings,
airports, and oil and gas infrastructure. The area including
PBO is generally flat, and infrastructure creates significant
local relief.

2.2 Data

2.2.1 Remote sensing

The remote sensing analysis in the study was based on mul-
tispectral data from the Sentinel-2 constellation from 2019 to
2020 (Drusch et al. 2012). Sentinel-2 acquisitions are offered
at different levels of processing with Level-1 C, providing ra-
diometrically and geometrically corrected Top of Atmosphere
(TOA) reflectance values. Spatial resolution differs between
the bands ranging from 10 to 60 m. The spatial resolution
depends on the band, with four bands having a spatial reso-
lution of 10 m, six bands of 20 m and three bands of 60 m.
Sentinel-2 Level-2 A data were not available for our study area
prior to December 2018; therefore, Level-1 C data were uti-
lized for the entire study period. For an overview of the gen-
eral methodologies, see Fig. 2.

2.2.2 Infrastructure

The comprehensive SACHI (Bartsch et al. 2021a; b), includ-
ing roads, built-up areas, and pipelines, was used in this study
to relate the presence of infrastructure and snowmelt pat-
terns across the Prudhoe Bay area (Fig. 3). The infrastruc-
ture data set was created using both Sentinel-1 and Sentinel-2
data, being produced at a 10 m spatial resolution. For fur-
ther description of the infrastructure layer development, see
Bartsch et al. 2020.

To examine the influence of different types of infrastruc-
ture on snowmelt patterns, the data set was manually edited,
and roads and pipelines were split at intersections. Larger in-
frastructure areas were split from connecting roads (where
this was not already the case in the original data layer) to
allow for separate analysis of roads, pipelines, and other in-
frastructure types.

2.2.3 Road construction and maintenance: ice
paving, snow removal, and winter dust
abatement

Roads in the PBO are classified as primary, access, flow-
line and other. In an interview with Hilcorp’s field opera-
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Fig. 2. Workflow diagram, including input data, processing steps and main output variables. NDSI, Normalized Difference
Snow Index; NDVI, Normalized Difference Vegetation Index; NDWI, Normalized Difference Water Index; SACHI, Sentinel-1/2-
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derived arctic coastal human impact data set.
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tions supervisor for oilfield roads and pads, information was
obtained on road construction and maintenance practices
that impact snow-off dates, including road elevation and
snow removal. Dust abatement practices were also discussed.
This information was then further used to choose selected
road segments experiencing high traffic volume, which were
expected to have relatively high dust occurrence compared
to less used road segments.

2.2.4 In situ snow and temperature measurements

Near surface ground temperature was measured from July
2015 to July 2016 on four different transects (T1-T4) in the
Deadhorse area (Fig. 3). Transects were perpendicular to the
road and reached up to 200 m. Temperatures were recorded
using iButton temperature sensors at 4 hour intervals, at dis-
tances 0, 5, 10, 25, 50, 100 and 200 m from the road. Daily av-
erages for near surface ground temperatures were calculated
from all available measurements.

Snow depth measurements were collected in March 2016
along these four transects, every meter along the first 100 m

of T1 and T2, then every 5 m from 105 to 200 m. On T3 and T4,
which are 100 m long, snow depth was measured every meter.

2.2.5 Wind

Wind speed and wind direction information was retrieved
for the Deadhorse weather station (ID: USW00027406, located
at the airport, see Fig. 3) from the National Oceanic and At-
mospheric Administration climate database. The Deadhorse
weather station provides daily mean values for wind speed
and dominant wind direction.

2.3 Data processing

As Sentinel-2 data were available for TOA reflectance only,
atmospheric correction and cloud masking were required
prior to further analysis. Available images were inspected
visually for clouds and cloud shadows and excluded if nec-
essary. Level-1 C data were atmospherically corrected and
transformed to Level-2 A data using the sen2cor processing
module integrated in the Sentinel Application Platform
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Fig. 3. Infrastructure (Bartsch et al. 2021a) based on Sentinel-2 imagery in the Prudhoe Bay area, including place names men-
tioned in the text. Established transects 1, 2, 3, and 4 (in panels B and C; referred to in the text as T1-T4) where surface tempera-
ture and snow depth were recorded; transects 1 and 2 are 200 m long, transects 3 and 4 are 100 m long (sources for background
imagery: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS

User Community) (sources for grey basemap: Esri, DeLorme, HERE, MapmyIndia (WGS84/Alaska Polar Stereographic))
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ware package. Sen2cor also created a cloud mask, which was
used for masking partially cloudy imagery to maximize the
number of available acquisitions per pixel.

2.4 Analysis

To quantify snow cover on a pixel basis, we used the NDSI
derived from Sentinel-2 imagery from January to June for
years 2019-2020. The NDSI has been used on many occa-
sions to assess and map snow extent in arctic and alpine
environments (Dozier 1989; Salomonson and Appel 2004;
Chaponnieére et al. 2005; Aalstad Westermann and Bertino
2020). The NDSI is calculated as a ratio, including the green
(Band 3) and short wave infrared (Band 11) bands (20 m reso-
lution).

Band3 — Band11

NDS[ = ——— "~~~
Band3 + Band11

Pixels with NDSI values above a threshold of 0.4 were con-
sidered snow covered. The threshold value of 0.4 was chosen
in accordance with existing literature (Macander et al. 2015)
and visual interpretation of NDSI and Sentinel-2 imagery in
the study area. To determine the snow-free dates per pixel for
each year, time series of NDSI values were created. For each
pixel, the snow-free date was defined as the first time when
a pixel’s NDSI value was below the threshold value of 0.4.
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Median NDSI values in the two months prior to snowmelt
onset (February-March) were used to determine which sec-
tions of infrastructure were snow covered or snow free dur-
ing winter. The snow-free threshold of 0.4 was applied to the
NDSI values which were extracted for the infrastructure data
set. Sections of infrastructure were classified as snow free
when median NDSI values were below 0.4, as partially snow-
covered for infrastructure segments with NDSI values close
to the threshold (0.4-0.45) and as snow-covered when median
NDSI values were above 0.4.

To include surface water and hydrological aspects into our
analysis, we derived the Normalized Difference Water Index
(NDWI) from the Sentinel-2 imagery from June acquisitions.
The NDWI has been used successfully in the past to map and
quantify surface water (Du et al. 2016; Nitze and Grosse 2016).
The NDWI is calculated as a ratio of the green (Band 3) and
near infrared (NIR, Band 8) bands (10 m resolution).

Band3 — Band8

NOW[= ——M———
Band3 + Band8

To achieve the best possible spatial coverage of NDWI val-
ues, a median composite was created from all available June
imagery. The threshold for distinguishing water areas from
surrounding landscapes was decided by visual interpretation
of the imagery and set to an NDWI value of 0.05.

To include aspects of vegetation into our analysis, we de-
rived the Normalized Difference Vegetation Index (NDVI)
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from the Sentinel-2 imagery from May-September for the
years 2016-2020. The NDVI is calculated as a ratio of the NIR
(near infrared, Band 8) and red (Band 4) bands (10 m resolu-
tion).

Band8 — Band4

NDVI= Bonds + Band4

To compare the progression of NDVI over the growing sea-
son, areas upwind and downwind of roads were investigated
separately. In addition, maximum NDVI and median NDVI for
July-August acquisitions were compared to snow-free dates
on a pixel basis for selected sites within the study area.
These sites were selected to represent areas close to differ-
ent types of infrastructure (e.g., roads, pipelines, gravel pads,
and gravel pits).

3 Results

3.1 Snow-free dates 2019-2020

Spatial patterns of snow-free timing were visible for all 5
years of observation, derived from Sentinel-2 based NDSI in-
dices. Snow-free dates for the Prudhoe Bay area for the years
2019 and 2020, are shown in Fig. 4. Snow-free dates varied for
different areas within the study sites as well as between the
different years included in this analysis. Zoomed in panels in
Fig. 4 highlight the spatial variability of snow-free dates over
the study area for 2019 and 2020. Overall snow-free dates in
2020 show less spatial variability than 2019; however, simi-
larities are visible for both years. Later snowmelt along the
Trans-Alaska Pipeline is distinct in both years (highlighted by
gray ellipse in Fig. 4).

Relating snow-free dates on a pixel basis to the distance
to the nearest infrastructure showed little difference in me-
dian values., Pixels within 5 km of roads or pipelines showed
a larger spread of snow-free dates and outliers compared to
pixels further from nearest infrastructure, and noticeable oc-
currences of earlier snow-free dates (Figs. 5 and 6). For 2019
the results show a larger number of later snow-free dates for
pixel within 100 m to roads and pipelines (Figs. 5 and 6).
For a selected road section with high traffic volume there
are strong differences in snow-free dates with distance to
the nearest road segment (Fig. 7). For both 2019 and 2020,
pixels downwind of the road show fewer outliers and larger
differences in snow-free dates between pixels near and fur-
ther from the road compared to upwind pixels. In 2019 pix-
els downwind from the road segment show snow-free dates
before day 130 (DOY) for pixels closest to the road, and snow-
free dates greater after DOY 160 for pixels within 350-375 m
distance of the road, a difference of approximately 1 month
(Fig. 7).

3.2 Snow cover of infrastructure

Snow cover of infrastructure prior to snowmelt was de-
termined from February to March NDSI values for the in-
frastructure data set for the Prudhoe Bay area (Fig. 8). Areas
with heavy traffic, such as the airport runway, parts of gravel
mines and of other oil and gas infrastructure were snow free

prior to snowmelt. In addition, sections of the Spine Road
(the main east-west road in the PBO), the road leading to
the Oxbow gravel mine, the West Dock area, and parts of the
Dalton Highway were snow free (for place names see Fig. 3).
Pipelines, smaller roads and most gravel pads, and built-up
areas were snow covered prior to snowmelt onset.

3.3 Temperature, snow depth, and wind data
analysis

Near surface ground temperature data (Walker et al. 2022)
for the four transects showed higher winter values (January
through March) at 5 m distance from the road compared to
data recorded at larger distances, and less variation during
winter months at all sites and distances compared to summer
months (Fig. 9). The difference between measurements at 5 m
and those at larger distances was especially pronounced for
transects with extensive flooding on the downwind side of
the road and deeper snow (T2 and T4).

In situ snow depth for March 2016 for transects 1-4 showed
decreasing snow depth with distance from road (Fig. 10).
Snow depth near the road reached up to 100 cm. See Fig. 10
for individual transect measurements.

Predominant wind directions for the Deadhorse weather
station were analysed for separate years and separate months
from 2015 to 2020 (Fig. 11). The strongest winds occurred in
April, May, and June (Fig. 11, left-hand side). Dominant wind
directions were somewhat consistent over different years,
with the prevailing winds coming from a North-East direc-
tion (Fig. 11, right-hand side). Comparing dominant wind di-
rections for different months revealed similar patterns, how-
ever there was more variability between different months
compared with different years.

In both 2019 and 2020, snow-free dates were later on the
downwind side of infrastructure than on the upwind side,
and were even later for distances over 300 m on the down-
wind side of the road (Fig. 7).

3.4 Normalized Difference Vegetation Index

Median 2016-2020 July NDVI in relation to the distance to
roads and pipelines in the study area did not show strong
differences in values between areas close and further away
from infrastructure (Fig. 12), though sections closest to the
road showed slightly higher values. Comparing downwind
and upwind areas of roads in the study area showed lower
NDVI values for downwind areas early in the growing season
and higher NDVI values later in the growing season (Fig. 13).
Maximum NDVI values for 2019 and 2020 showed weak cor-
relations (0.16 for 2019 and 0.18 for 2020) with DOY of a pixel
becoming snow free (Fig. 14).

3.5 Surface water area post snowmelt

June surface water area derived from NDWI values showed
strong negative correlation with the distance to infrastruc-
ture (Fig. 15). Surface water area was correlated with the dis-
tance from the road with a correlation coefficient of —0.927
(—0.928 for pipelines and —0.886 for other areas, Fig. 15).
While the correlation was strongest for roads, all three types
of infrastructure show a strong relationship of water area and

Arctic Science 00: 1-17 (2022) | dx.doi.org/10.1139/AS-2022-0013



http://dx.doi.org/10.1139/AS-2022-0013

Arctic Science Downloaded from cdnsciencepub.com by 69.178.80.68 on 03/26/23

* Canadian Science Publishing

Fig. 4. Snow-free dates (SFD) for 2019 (A) and 2020 (B) for the Prudhoe Bay area derived from Sentinel-2 NDSI values. Yellow
(later date) NNW-SSE line (highlighted by gray ellipse) in center of image is caused by the Trans-Alaska Pipeline. Panels C-F
show zoomed in versions for 2019 (C and E) and 2020 (D and F) for the areas highlighted by the grey rectangles. Panel 4B
shows evidence of the importance of acquisition dates, with visible differences in detected snow-free dates between east and
west caused by image availability (sources for grey basemap: Esri, DeLorme, HERE, and MapmyIndia) (WGS84/Alaska Polar
Stereographic). NDSI, Normalized Difference Snow Index.
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Fig. 5. First snow-free DOY for 2019 (A) and 2020 (B) per Sentinel-2 pixel in relationship with pixel distance to nearest road in
the Prudhoe Bay area, Alaska (50 m bins). The values below the medians are earlier snow-free dates. DOY, day of year.
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4 Discussion

Spatial patterns in snow cover and snow-free dates are vis-
ible in the results based on Sentinel-2 derived NDSI. Depend-
ing on data availability and cloud conditions, the Sentinel-2
constellation provides acquisitions over the Prudhoe Bay area
1-2 times per week. This is a relatively high temporal resolu-
tion compared to other multispectral satellite data sets with
comparable spatial resolution (e.g., Landsat satellites). After
the launch of Sentinel-2B in March 2017, the second satellite
in the constellation, the temporal resolution improved signif-
icantly. Earlier years did not have enough temporal or spatial
coverage of the study area during the relevant time frames
to adequately derive snowmelt timing.

Even though the temporal resolution was theoretically ad-
equate to detect snow-free patterns over the study area af-
ter 2017 areas might become snow free between cloud free
satellite acquisitions, especially toward the end of snowmelt,

Distance from pipeline in [m]

when melting progresses quickly. Therefore, some fine scale
spatial patterns may be missed (Fig. 4B). For our analysis, due
to cloud cover and gaps between acquisitions, sufficient im-
agery during the snowmelt period was only available during
2019 and 2020. The spatial patterns in this study showed ear-
lier snowmelt for locations adjacent to roads and revealed
linear features associated with later snow-free dates. These
delayed snowmelt features represent large snowdrifts associ-
ated with elevated pipelines and roads, with the Trans-Alaska
Pipeline specifically standing out (Fig. 4). This can be con-
firmed through field observations shown in Fig. 16. Both
photographs in Fig. 16 show clear delayed snowmelt along
pipeline features with Fig. 16B depicting delayed snowmelt
along the Trans-Alaska Pipeline.

Previous studies that mapped snow-free dates for the re-
gion showed similar patterns of earlier snowmelt in the
Prudhoe Bay area compared to surrounding areas less im-
pacted by infrastructure and oil development (Macander
et al. 2015). In addition, the study by Macander et al. (2015)
showed similar patterns of later snowmelt surrounding the
Trans-Alaska Pipeline, supporting our findings (see Figs. 2
and 4).
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Fig. 7. First snow-free DOY for 2019 and 2020 per Sentinel-2 pixel in relationship with pixel distance to nearest road segment
(25 m bins), downwind (left) and upwind (right). A and B: entire study area; C and D: downwind and upwind of road segment

experiencing high traffic volume. DOY, day of year.
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Analysing snow-free dates revealed general patterns of sim-
ilar median snow-free dates, independent of distance to the
nearest roads and pipelines (see Figs. 5 and 6). However, pixels
within 5 km of the nearest road frequently showed outliers
of earlier snow-free dates and in general a higher variability
of snow-free timing compared to locations with greater dis-
tance to the nearest road segment. This suggests that while
the proximity to roads does not necessarily lead to an earlier
snow-free date, there is variability in snow-free timing intro-
duced to the overall snowmelt progression by the presence of
infrastructure, in particular roads (e.g., greater snow in deep
drift areas and less snow in heavily dusted areas). Distinguish-
ing between highly trafficked snow-free roads and smaller
roads which typically experience lower usage revealed simi-
lar patterns to the analysis including all road types (compare
Figs. 5, 6, and 7).

The classification of infrastructure according to winter
snow cover (February-March) Sentinel-2 NDSI values revealed
distinct differences between the main roads (e.g., Dalton
Highway and Spine Road) and roads that experience less traf-
fic, as well as pipelines and other types of infrastructure (see
Figs. 2 and 8). While features like the Spine Road showed up
in the classification as snow-free prior to general snowmelt
onset, most other features were snow covered. Several main
roads, including the Spine Road, are either transformed into
ice roads during the winter by maintenance crews or natu-
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rally develop an ice layer due to compacted snow through
high traffic. These roads are likely to melt out quickly due
to sublimation and gravel may quickly come to the surface
in spring before general snowmelt onset on the rest of the
landscape. Features like the airport runway, which was clas-
sified as snow free, are purposefully kept snow free over the
course of the winter. Other types of infrastructure, like gravel
pits, pump stations, and gravel pads, were partially snow free.
These features are often actively used during winter and are
kept partially snow free or become snow free due to frequent
machine activity. On pads, snow is removed from the portion
of the pad that vehicles need to access. Throughout the win-
ter, crews clear snow off the ice layer on pads and put it on
the tundra to minimize mud on pads during the break up
season. Snow will pile up around infrastructure in areas that
are not drivable. According to information given during the
interview with Hilcorp’s field operations’ supervisor for oil-
field roads and pads, these results agree with their general
observations (P. McCollor, personal communication, 2021). In
their first-hand experience, areas with the most traffic melt
earliest and roads that are elevated above the surrounding
terrain are naturally cleared of snow by wind more quickly
than those close to tundra level. Main roads (primary and
flowline roads) are constructed at a minimum of 4 feet (ap-
proximately 1.2 m) above tundra, which helps to insulate
the permafrost (by maintaining a frost bulb high up into
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Fig. 8. Infrastructure in the Prudhoe Bay area and the respective snow cover levels for periods pre-snowmelt (February—-March,
2019 and 2020) based on Sentinel-2 NDSI (sources for grey basemap: Esri, DeLorme, HERE, MapmyIndia) (WGS84/Alaska Polar

Stereographic). NDSI, Normalized Difference Snow Index.
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the road) and keeps the road surface harder longer. Smaller
roads are built closer to the tundra level and do not get a lot
of maintenance; both factors would suggest later snow off
dates.

Localized melting occurs in areas where gravel protrudes
through the ice. Road maintenance crews see steam com-
ing off roads in winter, especially where gravel is emergent.
On pads, snow is removed only from the portion of the
pad that vehicles need to access. Around April 15, mainte-
nance crews start stripping ice and snow off roads and drill
site pads. Primary and flowline roads are intentionally iced
in October for dust abatement, and maintenance crews wa-
ter the roads throughout the winter to keep the ice built
up. Ice paving is not done on oilfield access roads or on

10

paved sections of the Dalton Highway, which include the
last 52 miles coming into Deadhorse, where paving was com-
pleted in 2020-2021. Alaska DOT&PF uses ice paving on all
non-asphalt sections of the Dalton Highway south to Mile-
post 209. Few sections of road within the oilfield are paved.
Around 15 April, maintenance crews start stripping ice and
snow off roads and drill site pads (W.J. Russel, personal
communication, 2021).

Wind during the winter season is known to be a major
influence on snow distribution and redistribution (Pomeroy
et al. 2006). The combination of a predominant wind direc-
tion and infrastructure acting as artificial barriers on the rel-
atively flat landscape results in snow build up along roads
and increased snow depth (Fortier et al. 2011). This influences

Arctic Science 00: 1-17 (2022) | dx.doi.org/10.1139/AS-2022-0013
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Fig. 9. Daily mean ground surface temperature, grouped by months, January-July 2016, for Transects 1-4, Prudhoe Bay, Alaska.
Temperatures were warmer closer to the road (left side of charts) at Transects 1, 2, and 4 for the winter months (1-3, January
through March) compared to snow-free months.
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the snow-free timing, as the areas with increased snow depth
tend to take longer to become fully snow free. Simultane-
ously, dust from snow-free infrastructure or natural sources
(e.g., dust emanating from the Sagavanirktok River banks) is
distributed by the wind as well, and deposited along raised in-
frastructure segments such as elevated roadbeds. Dust on the
snow changes the albedo and can lead to increased snowmelt
for a specific location. Considering both the increased snow
depths caused by snow redistribution through wind and the
effect of dust causing earlier snowmelt, wind leads to two
distinct influences on snow that have the opposite effect on
snowmelt timing. The higher variability in snowmelt timing
near roads shown in our results (Fig. 5) agrees with these gen-
eral observations and past research (e.g., Fortier et al. 2011).
Water area derived from NDWI showed strong correlation
with the distance to infrastructure for roads, pipelines, and
other infrastructure areas within the study area (Fig. 15). The
strong connection between water area and distance to infras-
tructure suggests a connection of delayed snowmelt, road-
related damming affecting the cross-drainage of water, and
increased thermokarst ponding and snow depth close to the
road (Fig. 10) increasing the amount of water from snowmelt.
In addition to the increased snow depth, infrastructure also
provides barriers to surface drainage of melt water, cre-
ating conditions for early season flooding (Walker et al.
2022).

Arctic Science 00: 1-17 (2022) | dx.doi.org/10.1139/AS-2022-0013

Influences from infrastructure on the natural landscape
are varied and touch other natural processes in addition
to snowmelt, including ice-wedge degradation, both natural
and triggered by construction, a process which is prevalent
in our study region (Raynolds et al. 2014; Kanevskiy et al.
2022). Deepening of ice-wedge troughs caused by ice-wedge
degradation are areas of greater snow accumulation, and can
be seen in the snow depth measurements along the individ-
ual transects (Fig. 10). Variables such as surface water area
can be influenced by infrastructure through a change in sur-
face hydrology, particularly in low-lying drained lake basin
landforms, where water-pooling is exacerbated by the lin-
ear infrastructure. Vegetation parameters such as greenness
and general productivity are influenced by water and dust
distribution during the growing season (Ackerman and Fin-
lay 2019). However, those variables are highly dependent on
each other with differences in snowmelt patterns influenc-
ing post-snowmelt flooding and ponding along infrastruc-
ture. NDVI values show no clear connection to distance from
roads or pipelines (Fig. 12) but show differences in seasonal
NDVI progression between upwind and downwind areas ad-
jacent to roads (Fig. 13). The interdependency of these fac-
tors makes it difficult to separate direct influences from in-
frastructure (such as acting as a snow fence or a source of
dust) and the influence these variables have on each other
(such as increased snow depth leading to more water near

1"
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Fig. 10. Snow depth in March 2016 vs. distance from road, for Transects 1-4, Prudhoe Bay (combining all transects in Panel A,

separating transects in lower panels (T1, T2, T3, and T4).
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infrastructure or later snowmelt leading to a delay in NDVI
increase).

5 Conclusion

The availability of relatively high-resolution satellite im-
agery (Sentinel-2) and the access to relatively high-resolution
infrastructure data proved to be essential for the quantifi-
cation of spatial and temporal patterns of snowmelt tim-

12

ing in relation to infrastructure elements. This study shows
the suitability of multispectral Sentinel-2 data to study spa-
tial patterns of snowmelt timing in Arctic industrial areas.
This study highlights the impact of infrastructure on a large
area extending past the direct human footprint as well as
the interconnectedness between vegetation, hydrology, and
near-surface ground temperatures. The influence of infras-
tructure on different environmental factors was shown to
be highly variable both spatially and temporally and in-
terdependent on each other. The availability of relatively

Arctic Science 00: 1-17 (2022) | dx.doi.org/10.1139/AS-2022-0013
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Fig. 11. Wind speeds and wind directions for Deadhorse station (retrieved from National Oceanic and Atmospheric Adminis-
tration (NOOA) download center as daily mean values) for months (left) and years (right).
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Fig. 12. Median NDVI values for June 2016-2020 in relation to distance to roads (A) and pipelines (B). NDVI, Normalized
Difference Vegetation Index.
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Fig. 13. NDVI for days of year for 2019-2020 for upwind and downwind areas along roads in the Prudhoe Bay study area. NDVI,

Normalized Difference Vegetation Index.

NDVI

Side
~= Down

- Up

poy

250

Fig. 14. Seasonal maximum NDVI values in the study area in relation to the DOY of first snow-free day for 2019 and 2020 per
Sentinel-2 pixel. Boxplots per day of year. DOY, day of year; NDVI, Normalized Difference Vegetation Index.
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high-resolution satellite imagery as well as relatively high-
resolution infrastructure data proved to be essential in visu-
alizing and quantifying spatial patterns in snowmelt in rela-
tion to infrastructure elements. Snow-free dates vary strongly
with their distance to infrastructure, especially roads with

14
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downwind and upwind areas experienced different snow and
dust effects. Both vegetation and surface water indices (NDVI
and NDWI, respectively) were shown to be correlated to dis-
tance to infrastructure. Our study shows that the presence
of infrastructure introduces variability in snowmelt timing
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Fig. 16. Photos showing snowmelt patterns for different positions in and around Prudhoe Bay. Photo A (by Martha Raynolds,
June 2014, published in Walker et al. 2014) illustrates that many of the pipelines in Fig. 3 are composed of multiple parallel
pipes that, in combination with an adjacent access road, create large snow drifts and affect large areas of tundra. Photo B (by
Benjamin M. Jones, June 2014) shows a section of the Trans-Alaska Pipeline System and late-melting snowdrifts. This delayed

snowmelt along the pipeline is clearly shown in Fig. 4 (yellow lines near the middle of both images).

and related phenomena in Arctic areas such as increased
near-surface ground temperatures. The resulting interact-
ing effects are complex and difficult to separate. It is clear,
however, that the presence of infrastructure directly and
indirectly modifies patterns of landscape change in Arctic
areas.
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