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Temporary ice roads built by the process of snow compaction, watering, and icing during cold winters
are lifelines for land access in remote Arctic. In the context of the Arctic amplified warming, the
vulnerability of potential ice roads under the influence of complex climate system remains unclear.
Here, we construct a potential ice road assessment model that allows quantization of the climatic
suitability of potential ice roads in the Arctic. Using satellite remote sensing and meteorological data,
we find changes in surface air temperature and snow cover reduced the climatic suitability of potential
ice roads during 1979-2017. Spatially, potential ice roads in North America face more immediate
threats due to decreased snow depth compared to Eurasia. Before the end of the 21st century, we
project a further decline in the climatic suitability of potential ice roads, primarily due to increasing
surface air temperatures and decreasing permafrost stability. Taking precious metal/diamond
exploration as an example, we conclude that mining activities associated with ice roads will face
access difficulties by 2050-2100 due to the decreased potential ice roads. These results give new
insights into the challenges and opportunities of Arctic overland travel.

Seasonal ice roads are built through the process of compacting snow,
sprinkling water, and freezing ice during Arctic winters'”. Ice roads
serve as the important means of community access, resource explora-
tion, and supply delivery in Arctic remote land*”. The unprecedented
climate change in the Arctic’ is affecting human systems, with trans-
portation standing out as a striking focal point. This is because climate
change has divergent effects on Arctic land and sea accessibility’. In
addition to accelerating the melting of sea ice and opening sea routes'*",
the amplified warming of the Arctic'*” is melting the frozen surface to
the detriment of land access””. However, the stress on ice roads from
climate change and subsequent impacts on transportation needs to be
understood. Changes in ice road availability due to the unprecedented
climate change in the North can impact the amount of minerals, sup-
plies, and food shipped, which can impact not only economy but also the
safety of the people*****. Therefore, further understanding of the vul-
nerability of potential ice roads to climate change is of great importance
to enhance climate resilience and achieve sustainable development in the

Arctic?*%

The availability of ice roads is closely associated with natural climatic
conditions. Subzero surface air temperature (SAT) is a prerequisite™**, and
sufficiently cold conditions are conducive to ensuring icing efficiency and ice
thickness”’. Moreover, adequate snow cover provides an important role
for the construction and persistence of ice roads, e.g., snow serves as natural
material for paving roads and protects vegetation®’"”. The stability of
Arctic permafrost affects the safety of ice road travel because the freezing and
thawing effect can result in ground settlement’**.

Regional ice road studies primarily involve establishing weather
monitoring stations near ice roads and analyzing the correlation between
SAT observations or freezing degree days calculated from these observations
and the operational time of ice roads™**™”. These studies have successfully
detected the shorter operational days of regional ice roads per year and
identified the dependency of ice roads on local temperature conditions.
Large-scale studies across the Arctic take potential ice roads as their subject,
which refers to the land surface climatically suitable for the construction of
ice roads. The concept of potential ice roads originates from Stephenson
et al.’, who utilized the specific thresholds of SAT and snow depth (SD) to
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extract Arctic potential ice roads. There were also studies that adopted
different temperature conditions to analyze the temporal variability of the
potential ice roads™*. However, the integration of the climatic factors
considered in the current evaluations of potential ice roads””*>* is weak,
resulting in findings that do not reflect the combined climate impacts. In this
study, we improve the model of potential ice roads by combining the
important factors of SAT, snow cover, and permafrost to assess potential ice
road evolution. Moreover, the extractions of potential ice roads™*** are all
based on a binary classification, with the 0 or 1 results hiding more infor-
mation about climatic suitability for ice road activities and not serving the
localized climate assessment. We improve this binary classification and
quantify the climatic suitability of potential ice roads. Although ice roads are
products based on climatic conditions, their construction and operation also
depend on management bodies and usages, which leads to differences in the
suitable climate conditions adopted for ice road activities in different
regions. Since the climatic conditions complying with the ice roads are
flexible to some extent, the annual winter ice road plans across the Arctic
land need further climatic suitability assessment.

Here, we construct a potential ice road assessment model (PIRAM)
to evaluate potential ice roads by integrating key climatic factors such as
SAT, snow cover, and permafrost. Unlike existing binary classification,
the PIRAM allows one to quantify the degree of climatic suitability of
applying ice roads on Arctic land at past and future times. We reveal how
the climatic suitability of potential ice roads diminished during
1979-2100, which previous studies based on binary potential ice road
classification could not tell us. The main constraints limiting the climatic
suitability of potential ice roads are further analyzed under different
spatiotemporal conditions, with a view to help the community determine
climatic stressors from the complex climate system. Through the
example of precious metal/diamond transportation, a crucial application
scenario for ice roads in the Arctic, we quantify the future impact of the
potential ice road evolution on land transport. The results will help to
build a hierarchical understanding of climatic suitability for potential ice
roads and purposefully facility the safe and efficient ice road plans under
climate challenges.
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Fig. 1 | Stability of potential ice road index from 1979 to 2017. ‘Decrease’ or
‘Increase’ indicates that the temporal trend analysis has detected a significant

(p <0.05) decrease or increase in the potential ice road index, ‘Stable’ signifies that
the potential ice road index is consistent and nonzero annually, ‘Unsuitable’ denotes

Stable

Results

Differences in changes in the climatic suitability of potential ice
roads in Eurasia and North America

The monthly potential ice road index outputted by the PIRAM represents
the climatic suitability of potential ice roads, and a higher value represents
better climate condition for the region. The maximum value of 12 indicates
the excellent climatic conditions, while 9-11 and 1-8 indicate good and fair
climatic conditions, respectively (see in Methods and Supplementary
Table 3). The results showed that there were three stages of potential ice road
index change within a year from 1979 to 2017 (Supplementary Fig. 1), they
are growth (October to November), stabilization (December to February),
and decline (March to May).

It is important to explore whether there are variations in the potential
ice road index in the same months between years (the stability of the
potential ice road index), to help people adjust their ice road activities in a
timely manner to climate change to avoid direct economic and health losses.
The stability of the potential ice road index decreased significantly (p < 0.05)
from 1979 t0 2017 (Fig. 1), revealing that the historical climate change across
the Arctic has been detrimental to the development of ice roads. We found
that the area of the decline was larger in April, December, November, May,
and October than in February, January, and March. The largest area of
decline occurred in April, with a decline of more than one third of the total
potential ice road area for the month. Although the extent of the potential ice
road index decline across the Eurasia was broader, the regions experiencing
decreases in North America were predominantly concentrated in areas
where ice roads are extensively utilized, such as Nunavut and the Northwest
Territories in Canada. In the Canadian Arctic alone, there is a network of
about 10,000 kilometers of ice roads each winter’. Therefore, ice road
operations active in these areas need to take into account climate change in
their activities.

We also discerned a pronounced disparity in the principal months
during which the potential ice road index decreased between North America
and Eurasia. The potential ice road index across the North America
exhibited a notable decrease (p < 0.05) principally during the months such
as January and February, whereas in Eurasia, this predominately occurred
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the potential ice road index remains zero every year, and ‘Fluctuant’ indicates the
others. The bar chart for each subfigure indicates the percentage of area with
decreased regions in Eurasia and North America. The bar on the right side indicates
the area statistics for the decreased regions for each month.
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Fig. 2 | Variations of the potential ice road indicators from 1979 to 2017. Temporal trends of PIRDs a, PIROD b, and PIRED c with potential ice road index = 12. The
crossed lines indicate the region that has passed the test of statistical significance (p < 0.05).

during the months such as November, March, April, and May (Fig. 1). Our
attribution analysis results may elucidate the reason behind these dis-
crepancies (Supplementary Fig. 2). During the months such as October,
November, March, April, and May, the principal cause was attributed to the
rise in SAT. Contrasting with this, more than half of the decreased regions in
months such as December, January, and February could be attributed to the
decreased SD. This also reflects a more severe decline in SD in North
America than in Eurasia. The decline in potential ice road index in North
America occurs during the main period of current ice road operations,
suggesting that North America needs to adapt more than Eurasia, while in
Eurasia there exists potential opportunities for ice road applications in the
cold winter.

Temporal characteristics of potential ice roads

Three indicators, i.e., potential ice road days (PIRDs), potential ice road
onset date (PIROD), and potential ice road end date (PIRED), were cal-
culated with the highest index from 1979 to 2017 as an example, to quantify
the temporal characteristics of the potential ice roads. The PIRDs, PIROD,
and PIRED represent the duration, the time when steady appearance, and
steady disappearance of potential ice roads within a year (see in Methods).
These indicators can clarify the window of time climatically suitable for ice
road plans. In general, we detected a rapid decline in the temporal window of
potential ice roads during winters (Fig. 2a), manifested by decreased
(p <0.05) PIRDs (7.45 days/decade on average). Especially in the Canadian
Arctic, the temporal trend in PIRDs shortening was above average at
10.17 days/decade. The inverse trends of PIROD (5.73 days/decade on
average) and PIRED ( — 6.68 days/decade on average) also suggest a later
potential opening and earlier ending time of the ice roads (Fig. 2b and
Fig. 2¢). The results indicate that warmer winters have a wider range of
effects on PIRED compared to PIROD, concentrated in northern Siberia,
the North Slope of Alaska, and the Canadian Arctic. However, PIROD was
more severely damaged than PIRED in Nunavut, Canada, where land
transportation is highly dependent on ice roads. It is also consistent with
local reports of greater stress on the opening date of ice roads than on the
closing date"”.

Spatially, we found some connections among the trends of three
indicators. For example, the reduction of PIRDs in Nunavut, Canada was
likely due to the delayed PIROD, while in North Slope of Alaska and Russian
Siberia, it was more likely due to the advanced PIRED. Upon conducting an
attribution analysis, it has been determined that the decrease in the time
window for ideal SAT was the main reason for the adverse changes in the
three indicators (Supplementary Fig. 3), and this reason accounted for an

average of 58% of the attribution results. In addition, we found that time
window for ideal SD conditions did not show a strong change. It is
important to understand the climatic drivers that cause potential ice road
reductions, as this will help government policymakers, businesses, and
communities to target the risks of ice road activities arising from climate
impacts.

Spatiotemporal patterns of the climatic suitability of potential ice
roads in the future

According to the PIRAM, we produced maps of potential ice road index
from 1979 — 2017 (past), 2020 — 2050 (near future), and 2050 — 2100 (far
future), as shown in Fig. 3. Since the potential ice road index indicates
specific climatic conditions, it is possible to reveal not only spatiotemporal
patterns of the climatic suitability of potential ice roads, but also variations in
climatic stress on potential ice roads from the results of time-series calcu-
lations. We found the potential ice road index will be markedly lower in the
future. Our results showed that there would be no region with the optimal
surface air temperature condition for potential ice roads (potential ice road
index = 11 and 12) by 2020 — 2050, suggesting the future ice road devel-
opment will face serious temperature challenge across the Arctic. As a result,
ice road builders may need to respond to the threat of rising temperatures to
ensure safe ice activities.

By 2050 — 2100, the potential ice road index will decline further and
permafrost thawing will be a strong stressor. In December, January, Feb-
ruary, and March, the potential ice road index symbolizing the risk of
permafrost thawing (potential ice road index<9) will be widely distributed in
both North America and Eurasia, whereas it was mainly present in the
European Arctic during 1979 — 2017 (Fig. 3). The shift in March is dra-
matic, and we found over 78% of high index areas without permafrost thaw
risk were exposed to permafrost thaw stress compared to 1979 — 2017.
Moreover, the month in which the potential ice road index starts to decline
within a year is coming earlier (Fig. 3 and Supplementary Fig. 1). During
1979 — 2017, climatic conditions were great in February and the vast
majority of the potential ice roads were not at risk of permafrost thaw.
However, the permafrost thaw risk area will be widely presented in February
during 2050 — 2100, two months earlier compared to April during
1979 — 2017 (Supplementary Fig. 1). Spatially, these areas were primarily
located in southwestern Russia, southcentral Alaska, and southwestern
Canada. The climatic suitability of future ice road construction has received
widespread attention, and our results directly project key shifts in the
potential ice road index, which has important implications for the planning
of future ice road operations.
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Fig. 3 | Potential ice road index from December to
April during 1979 — 2017, 2020 — 2050, and
2050 — 2100. For 1979 — 2017, it is obtained by
calculating the mode based on annual results. For
2020 — 2050 and 2050 — 2100, we firstly calculated
the mean values of the climate variables for different
SSPs, and then obtained the mode for the annual
potential ice road index extracted from these data.
Higher index indicates more suitable natural con-
ditions for paving ice roads.
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Reduced potential ice roads leads to declined Arctic land
accessibility

We quantified the past and future contribution of potential ice roads to the
transportation example of precious metal/diamond accessibility (see in
Methods). The contribution of potential ice roads to precious metal/dia-
mond accessibility indicates the time difference in fastest accessible time

from one place to precious metals/diamonds with and without potential ice
roads. Since there will be few excellent potential ice roads in the future, we
included good potential ice roads (potential ice road index>8) for this sec-
tion. From 1979 to 2017, the regions with strong contribution were pri-
marily located in the Canadian Arctic region, eastern and western Siberia
(Supplementary Fig. 4), this is because of the large area of potential ice roads.
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Among these regions, the contribution effect is highest in the Canadian
Arctic. The average regional contribution effect amounted to 86 h from
December to March in the Canadian Arctic, which indicates the fastest
precious metal/diamond accessible time when potential ice roads exist will
be 86 h less than if there are no potential ice roads. Therefore, the utilization
of potential ice roads would greatly facilitate regional resource activities. In
the near future, this contribution effect of potential ice roads would remain
high. We found the regions with a strong contribution would be relatively
less affected in January and February, from 2020 to 2050. The results
indicate that the potential transport time for resource activities utilizing ice
roads during January to February remains stable compared to the past.

However, the contributions will rapidly decrease by 2050 — 2100.
Especially in the Canadian Arctic, the contribution effect in February will
reduce to an average of 28 h ( — 67% compared to 1979 — 2017), which
poses a perilous signal for the resource activities that sustain the local
economy at present. The most severe decline will occur in March, as the
weak contribution during that month suggests that the climate conditions
for resource activities using ice roads may no longer be available. As a result,
there is reason to believe that the cost of transportation activities will
increase after mid-century. Projections of future land accessibility not only
shed light on the unique challenges faced by transportation in remote Arctic
regions but also play a critical role in guiding economic and social system
responses to climate change. By understanding and adapting to the chan-
ging land accessibility, we can strive towards sustainable development and
resilience in the Arctic region.

Discussion

We present an interdisciplinary method to monitor the potential ice road
evolution under climate change. It comprehensively considers key factors
such as snow cover, SAT, and permafrost that affect the construction of ice
roads, thus achieves a breakthrough in the critical problem of integrating
multiple climatic elements to assess potential ice roads in the Arctic.
Researchers in different disciplinary fields can also use PIRAM to monitor
potential ice road changes from a factorial perspective in which they spe-
cialize. In contrast to the previous binary classification approach for
potential ice roads”>”, the PIRAM enables us to quantify the climatic
suitability of potential ice roads in the Arctic. The magnitude of the potential
ice road index represents climatic conditions with different levels of suit-
ability, which can be used as a reference for academia, business, and com-
munities in relation to ice road decisions. Furthermore, our attribution
results suggest that simply attributing the reduction of potential ice roads to
increased SAT will lead to a one-sided understanding of the climatic factors
constraining the development of ice roads. For example, in eastern Nunavut,
where land travel heavily relies on temporary roads in winter, we found the
decline in local PIRDs was due to fewer days of ideal snow conditions
(Supplementary Fig. 3a). This is because winter SATs there are already low
and do not rise enough to cross the SAT thresholds, but changes in SD
exceed the limiting conditions for snow suitability. Therefore, snow cover
may be the foremost material condition that restricts the availability for local
ice roads. Future work emphasizing the effect of snow cover would be
helpful to address the hazards of climate change on ice roads. Although
PIRAM improves understanding of the impacts of climate change on
potential ice roads, in the future it would be good to include additional
climatic elements such as wind. Meanwhile, extreme weather events can
suddenly threaten operating ice roads, and enhancing dynamic monitoring
would help improve the future adjustment capacity. We need to note that
PIRAM does not include socioeconomic or technological elements, which is
beyond the scope of this study.

Taking precious metal/diamond accessibility as an example, this study
demonstrates the challenges and opportunities of potential ice road changes
for terrestrial human activities in the Arctic. Ice roads are both envir-
onmentally friendly and economically beneficial’, as such they remain of
great value to society. The Arctic land holds abundant mineral resources,
with five of the six operational mines in the Canadian Arctic being gold/
diamond mines and substantial untapped resources in Siberia®’. In the past

few decades, ice roads have been lifelines for precious metal and diamond
mining activities in the Arctic''. Given the number and economic value of
ice roads in Canadian Arctic, there is an urgent need for action to respond to
shorter time window for potential ice road activities. Adaptation suggestions
include paving bridges and culverts at river and stream crossings of key ice
roads and building all-weather permanent roads on frequently used routes.
Our results indicate that the contribution of potential ice roads to precious
metal/diamond accessibility will not diminish before 2050, thus it is possible
to explore the Arctic land resources within this time window by expanding
the use of ice roads. Especially in Siberia, the cold climate there offers great
potential for utilizing ice roads, opening up opportunities for resource
exploration.

It is worth noting that plans are in place to construct permanent roads
in the Arctic to alleviate the transportation difficulties caused by the
decreasing availability of ice roads". However, permanent roads can also be
unstable if they are built on thawing permafrost™. There will be additional
local impacts on the local ecosystem if permanent roads are constructed
which need to be fully assessed. Considering the divergent changes in sea™
and land transportation*, the estimation of future passage conditions in the
Arctic will have an important impact on the economic and social devel-
opment, making it worthy of further in-depth study combined effects of
changes in sea and land transport conditions.

In conclusion, by constructing a coupled evaluation model that inte-
grates the key factors of snow cover, SAT, and permafrost, this study
quantifies the climatic suitability of potential ice roads across the Arctic from
1979 to 2100. The assessment process achieves a hierarchical understanding
of the climate suitability of potential ice roads, rather than the binary-based
potential ice road analyses of the past, thus we discover temporal differences
in the evolution of North American and Eurasian potential ice roads. During
1979-2017, there are divergent main months of the declining trend of
potential ice road index in North America (in January and February) and
Eurasia (in November, March, April, and May). Moreover, in January and
February, which are critical months for ice road applications, the area of
decreased potential ice road index in North America is greater than in
Eurasia. We conclude that ice road activities in North America face more
direct climate pressures, while there is potential for utilizing ice roads in the
colder winter in Eurasia, especially in Russian Siberia. Future climate change
will continually be detrimental to potential ice roads, and the risk of per-
mafrost thawing on potential ice roads will become higher by 2050-2100. In
the precious metal/diamond accessibility case we find the contributing effect
of potential ice roads to be reduced by 2050 — 2100, especially in February.
Spatially, future utilization of ice roads for precious metal and diamond
exploration in Russian Siberia is more environmentally advantageous and
resilient than in North America. The results will provide new perspectives
on the future potential ice road evolution and contribute to the action of
Arctic resilience under climate change.

Methods

Study area and datasets

The Arctic in this study refers to land north of 60°N and excludes Greenland
and some archipelagos (Supplementary Fig. 5) because of missing snow
water equivalent (SWE) data in these areas. The study period contains
1979-2017 (past), 2020-2050 (near future), 2050-2100 (far future), from
October to May. The past period is in keeping with our previous work™. The
summary of main characteristics of the datasets in this study are showed in
Supplementary Table 1 and Table 2. We used Globsnow v3.0 NH SWE* to
calculate the SD for the past period with snow density values fixed at
0.24 g cm™>. The SWE product combines satellite-based passive microwave
measurements (SMMR and SSM/I) with ground-based observations in a
data assimilation approach®. This data has been demonstrated to have a
more realistic spatial distribution of Arctic SWE than previous passive
microwave algorithms”. The CPC daily mean SAT dataset and the
GHCN_CAMS land monthly mean SAT dataset were employed as inputs
for daily and monthly mean SAT for the past period, respectively. Both types
of the meteorological data have the capability to monitor global and regional
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land SAT changes™*’. We obtained the daily mean SAT by averaging the
CPC maximum and minimum SAT according to the official description.
For climatic variables in the future, the SSP1-2.6, SSP2-4.5, and SSP5-
8.5 scenario data from the Coupled Model Intercomparison Project Phase 6
(CMIP6) model were selected to project changes in SAT and SD for the
period 2020-2100. The criteria for model selection were a nominal reso-
lution of 100 km, time coverage of 2020-2100, with the r1i1p1f1 variant, and
the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenario projections that included
SAT (‘tas’ in the CMIP6 variable) and SD (‘snd’ in the CMIP6 variable). We
selected the models shown in Supplementary Table 2. In this study, the
future climatic variables were calculated by ensemble averaging of the data
from three SSPs. We also provided the results for each SSP in the supple-
mentary information (see Supplementary Fig. 7 and Supplementary Fig. 8).
There are two types of auxiliary data for this study, one for potential ice
road calculations and the other for accessibility calculations. All auxiliary
data are assumed to remain static during the study period. The auxiliary data
utilized in the potential ice road calculation comprise permafrost type,
ground ice content, soil thickness, soil texture, and digital elevation model.
The permafrost type categorizes the land surface as continuous (90-100%),
discontinuous (50-90%), sporadic (10-50%), and isolated (0-10%) based
on the percentage of spatial extent of permafrost. The ground ice content is
classified into three categories based on the volume share of ice within 20 m
of permafrost: high (>20%), medium (10-20%), and low (0-10%). In this
study, the discontinuous, sporadic, and isolated permafrost were combined
as discontinuous permafrost, and the medium and low ice contents were
combined as low ice content. The soil thickness data provides high-
resolution estimates of the thickness of the permeable layers above bedrock
within a global 30-arcsecond ( ~ 1 km). We extracted grids with a permeable
layer thickness of zero as exposed bedrock. Soil texture is derived from the
Harmonized World Soil Database and originally categorized as coarse
textured (clay<18% and sand>65%), medium textured (18%<clay<35% and
sand<65%), and fine textured (clay>35%). We dichotomized the soil texture
by combining medium and fine textured as fine textured. The auxiliary data
for accessibility calculations include land cover, world mineral deposits, and
Arctic permanent roads. We filtered the precious metal/diamond sites in the
study area based on the mineral type field in world mineral deposits database
published by the U.S. Geological Survey. It is noted that we produced
potential ice road maps at a spatial resolution of 25km and accessibility
maps at a spatial resolution of 1 km, and the relevant data were resampled to
that resolution accordingly by inverse-distance-weighted interpolation.

Potential ice road assessment model
We designed the PIRAM to quantify potential ice road index using a seven-
indicator control flow that takes topography, SAT, SD, and permafrost into
account (Supplementary Fig. 6). Firstly, ice roads are usually built on flat
terrain’, and mountainous areas were therefore filtered out by a topographic
indicator. PIRAM assigned the value of potential ice road index as 0 for
surfaces with elevations greater than 500 m and slopes greater than 5°.
Secondly, flat areas were categorized according to local SAT. SAT in PIRAM
is the dominant controlling factor as it directly impacts the formation of ice
roads’***. The potential ice road index for areas with SAT greater than 0 °C
was assigned the value of 0 as ice roads can only occur when the SAT drops
below freezing point. We further subdivided the SAT below 0 °C thus dis-
tinguishing the suitability of building ice roads. The transportation on ice
roads necessitates an adequate thickness of ice layer, as the lower the SAT,
the faster the growth pace of the ice layer, thereby enhancing the stability of
the ice structure. SAT below —28 °C is represented by ideal temperature
conditions’, and PIRAM assigned a higher potential ice road index to areas
below —28 °C compared to areas between —28 °C and 0 °C. This is because
under these conditions, the rate at which the sprayed water freezes is well
balanced with the amount of time required for water storage and trans-
portation on the sprinklers, which is when ice roads are most efficiently
built’.

We also contemplated the stability and safety of ice road application in
the Arctic permafrost region. The stability of permafrost is strongly related

to SAT**** and —7°C is the critical point™. In general, when the SAT is
lower than —7 °C, the state of permafrost is relatively stable and less prone to
thawing. However, once the SAT rises above this critical value, there is a risk
of permafrost thaws™. Therefore, the potential ice road index in regions
where the SAT ranges from —7 °C and —28 °C is higher than in regions
where the SAT ranges from —7 °C and 0 °C. The PIRAM used a decision-
making approach to differentiate the magnitude of the risk of permafrost
thaw for ice road applications when the SAT ranges from —7 °C and 0 °C.
The decision-making method is currently widely employed as a rapid and
efficient assessment approach for evaluating the risk of permafrost
thaw’****. Our decision-making approach considered four factors that
affect the risk of permafrost thaw: surface properties, frozen ground type,
soil texture, and ground ice content. Firstly, the surface with permeable layer
thickness equal to zero was classified as bedrock, without considering the
risk of permafrost thaw in these areas”. Secondly, we assigned lower
potential ice road index for the discontinuous permafrost zones compared
to the continuous permafrost zones because they have higher risk of thawing
and may experience more abrupt thawing™**°. Then, soil texture and ground
ice content were used as measures of permafrost thaw risk in discontinuous
permafrost zones”. Fine textured soils exhibit a higher risk of permafrost
thaw regardless of ground ice content due to their high water-storage
capacity. Coarse textured soils have higher permafrost thaw risk only when
ground ice content is high. In PIRAM, we specified that the potential ice
road index of high permafrost thaw risk areas is lower than that of low
permafrost thaw risk areas. Finally, the seasonally frozen ground was set to
have the least potential ice road index as it is highly susceptible to ground
settlement due to freeze-thaw processes”.

Furthermore, we considered deep snow cover as an important con-
tributing factor in the PIRAM. There is currently no uniform SD standard in
the Arctic that is suitable for paving ice roads, with SD thresholds varying
between 15-23 cm in different regions’. We used a SD of 20 cm as the
threshold for ideal snow conditions in this study. Surfaces were categorized
by the presence or absence of ideal snow conditions, with areas of ideal snow
conditions having higher potential ice road index.

The above PIRAM design outputted 13 potential ice road indexes, with
higher values indicating better potential ice roads (Supplementary Table 3).
We categorized potential ice roads into three classes: excellent, good, and
fair. Excellent areas with a potential ice road index of 12 have both ideal SAT
and SD. Areas with potential ice road index between 9 and 11 were cate-
gorized as good because their efficiency of ice road application may be lower
than that of excellent potential ice roads. There are different degrees of
permafrost thawing risk for areas with the potential ice road index of one to
eight, so these areas were categorized as fair. The potential ice road index of 0
in this study indicates that the region is not suitable for ice road construction.

Potential ice road indicators and attribution analysis

In this study, the regions with an index of 12 was extracted as the potential
ice roads as an example to analyze their temporal characteristics. We took
the potential ice road index of 12 as an example because it indicates the best
climatic conditions and may be preferred for ice road construction when
only climatic conditions are considered. Therefore, the index of 12 was
converted to 1 and all other values were converted to 0.

We proposed PIRDs, PIROD, and PIRED to quantify temporal
characteristics of potential ice roads from 1979 to 2017, inspired by the
studies of snow phenology*”. The three indicators are conceptually like
snow cover duration, snow cover onset date, and snow cover end date,
which are considered valid proxies for characterizing snowpack
phenology®".

The formula are as follows:

PIRDs = zn:(D,-) 1)
i=1

where D, represents a grid value with 1 indicating potential ice road and 0 no
potential ice road; and # represents the number of days from October to
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May within a year.

4
PIROD = min{t}|{t elo,m—4and Y D,y = 5} 2)

k=0

4
PIRED:max{t}+4|{te[O,m—4] and ZDtJrk:S} 3)
k=0

where ¢ indicates a Julian date from October to May; m is the number of
dates from October to May within a year; k indicates the number of days
after the base date; and D, represents the value of a pixel with 1 indicating
potential ice road and 0 no potential ice road.

Furthermore, we explored the reasons for changes in the potential ice
road index and the potential ice road indicators from 1979 to 2017.

SAT and SD  both Ty and T g,<0
R.Index = ¢ SAT Tsar <0 4)
SD Tep<0

where R_Index means the reason for the decreases in potential ice road
index, SAT and SD indicates the decreases in potential ice road index are
attributed to the decreases in both SAT and SD, SAT or SD indicates the
changes are only attribution to the decrease in SAT or SD, T, or Ty
represents the interannual trend of SAT or SD, which passes the significance
test of p < 0.05.

For potential ice road indicators, we selected grids with significant
changes (p < 0.05) in PIRDs PIROD, and PIRED, and calculated changes in
the number of days, onset date, and end date for SAT < — 28 °C and SD >
20 cm. The number of days, onset date, and end date were calculated in the
same way as the corresponding potential ice road indicators.

SAT and SD taays of SAT < —28°Cand SD >20cm <0
R_PIRDs = { SAT taays Of SAT < —28°C<0
SD t days of SD = 20cm <0
©)
SAT and SD  ty,s gure Of SAT < — 28°C and SD 220cm >0
RPIROD = { SAT ot dure Of SAT < —28°C>0
SD tonset date Of SD =20cm >0
(6)
SAT and SD  t,,4 jure Of SAT < — 28°C and SD >20cm <0
RPIRED = { SAT e Of SAT < — 28°C<0
SD tond date Of SD = 20cm <0

@)

where R_PIRDs, R_PIROD, and R_PIRED mean the reason for the changes
in PIRDs, PIROD, and PIRED, respectively. SAT and SD indicates that the
variations in potential ice road indicators are attributed to decreasing ideal
SAT and SD conditions, SAT or SD indicates the potential ice road changes
are only attributed to decreasing ideal SAT or SD conditions, and 4,
tonset date> ANt 4are TEPTesent the temporal trend of days, onset date, and
end date, respectively, which passes the significance test of p <0.05. The
Theil-Sen method” and Mann-Kendall” test were used to calculate the
temporal trends in this study.

Contribution of potential ice roads to land accessibility

Ice roads are an important means of transportation for the exploration of
remote Arctic terrestrial resources. Therefore, taking the case of precious
metal/diamond accessibility, we employed the cost distance accessibility
method® ™ to quantify the contribution of potential ice roads to land

accessibility. The metal/diamond accessibility means the travel time
required to reach the nearest precious metal/diamond site from any
position on land. Since travel time is a better indicator of the potential for
human social interaction and communication than Euclidean distance, it
has been widely used as a measure of accessibility in a variety of fields*”".
The accessibility calculations require a movement cost grid within the
study area, and we generated it by following a framework designed for the
global land””’. We included potential ice roads (potential ice road
index>8) as alandscape type and set movement cost for them to model the
situation when potential ice roads are present. The travel speed on
potential ice roads in our study was set to 10 km/h’. We got the con-
tribution of the potential ice roads to precious metal/diamond accessibility
by calculating the difference in the accessibility with and without potential
ice road grids.

Data availability

All datasets used in this study are freely available online. CPC global daily
temperature data are available at https://psl.noaa.gov/data/gridded/data.
cpe.globaltemp.html. GHCN_CAMS global gridded 2-m temperature data
are available at https://psl.noaa.gov/data/gridded/data.ghcncams.html.
Globsnow v3.0 NH SWE data are available at https://www.globsnow.info/.
Global 1-km Gridded Thickness of Soil, Regolith, and Sedimentary Deposit
Layers data are available at https://daac.ornl.gov/SOILS/guides/Global
Soil_Regolith_Sediment.html. Harmonized World Soil Database are avail-
able at https://www.fao.org/soils-portal/data-hub/soil-maps-and-
databases/harmonized-world-soil-database-v12/en/. Circum-Arctic Map
of Permafrost and Ground Ice Conditions data are available at https://nsidc.
org/data/ggd318/versions/2#anchor-data-access-tools. GLC2000 global
land cover data are available at https://forobs.jrc.ec.europa.eu/glc2000.
Arctic DEM and road data are available at http://poles.tpdc.ac.cn. Arctic
maritime infrastructure are available at https://arcticinfrastructure.org/.
Arctic precious metal/diamond data are available at https://mrdata.usgs.
gov/major-deposits/. CMIP6 model data are available at https://esgf-node.
ipsl.upmec.fr/search/cmip6-ipsl/.

Code availability

The processing codes for the analyses are available in a Zenodo repository at
https://doi.org/10.5281/zenodo.14557142.
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