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ABSTRACT: Winter roads play a vital role in linking communities and building economies in the
northern high latitudes. With these regions warming 2-3 times faster than the global average,
climate change threatens the long-term viability of these important seasonal transport routes.
We examine how climate change will impact the world's busiest heavy-haul winter road—the
Tibbitt to Contwoyto Winter Road (TCWR) in northern Canada. The FLake freshwater lake model
is used to project ice thickness for a lake at the start of the TCWR—first using observational
climate data, and second using modeled future climate scenarios corresponding to varying rates
of warming ranging from 1.5° to 4°C above preindustrial temperatures. Our results suggest
that 2°C warming could be a tipping point for the viability of the TCWR, requiring at best costly
adaptation and at worst alternative forms of transportation. Containing warming to the more
ambitious temperature target of 1.5°C pledged at the 2016 Paris Agreement may be the only
way to keep the TCWR viable—albeit with a shortened annual operational season relative to
present. More widely, we show that higher regional winter warming across much of the rest of
Arctic North America threatens the long-term viability of winter roads at a continental scale. This
underlines the importance of continued global efforts to curb greenhouse gas emissions to avoid
many long-term and irreversible impacts of climate change.
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trend of 0.87°C since preindustrial times (IPCC 2018), resulting in widespread shrinking

of the cryosphere (IPCC 2019). This arctic amplification is projected to continue
throughout the twenty-first century, with a 2°C global mean temperature increase (GMTI)
projected to result in up to a 6°C warming in the Arctic (IPCC 2018). While impacts on ice
sheets and glaciers tend to capture the headlines, there are also important consequences
for infrastructure in Arctic and sub-Arctic communities, where warming temperatures
threaten the physical integrity of overland transport routes and the economies they sustain
(Meredith et al. 2019). Infrastructure built over permafrost is particularly vulnerable.
Cumulative expenses of USD 5.5 billion are projected for climate-driven damage to public
infrastructure in Alaska between 2015 and 2099 under high emissions scenarios, with one
of the top two costs associated with building damage from near-surface permafrost thaw
(Melvin et al. 2017). In a circumpolar study, Hjort et al. (2018) revealed that nearly 4 million
people and 70% of existing infrastructure in the permafrost domain lie in areas with high
potential for near-surface permafrost thaw. Winter roads, comprising seasonally frozen sea,
land, lakes, rivers, and creeks, are also under considerable threat from a warming climate.
These seasonal roads are vital for the affordable transport of heavy equipment, cargo, and fuel,
but also provide physical connections that foster social and cultural interactions among remote
communities (Chiotti and Lavender 2008; Furgal and Prowse 2008). In recent decades, climate
change has shortened the operational season of winter roads across the Canadian Arctic, and
published studies project future shortening in the James Bay region of Ontario (Hori et al. 2016,
2018); northern Manitoba and Saskatchewan (CIER 2006; Blair and Sauchyn 2010); the
Mackenzie River, Northwest Territories (ACIA 2005); and the Tibbitt to Contwoyto Winter
Road, Northwest Territories (Perrin et al. 2015; Mullan et al. 2017). One commonality in the
methods used in these previous studies is that future projections are based on regression
models developed between historic climate trends and ice thickness records. While there
is merit in this statistical approach, it lacks a process-based incorporation of the multitude
of meteorological and lake-specific parameters that influence the development of lake ice
(Dibike et al. 2012). Given this limitation, the present study applies—for the first time—a
process-based freshwater lake model to simulate the impacts of climate change on winter
roads. We do this by examining the future viability of the world’s busiest heavy-haul winter
road to GMTIs of 1.5°, 2°, and 4°C above preindustrial temperatures. We also make inferences
for the future viability of other winter roads across Arctic North America based on projected
winter warming in the region.

T he Arctic has experienced warming 2-3 times greater than the long-term global mean

Study region, materials, and methods

The study region is the Tibbitt to Contwoyto Winter Road (TCWR), Canada—a seasonally
operational winter road extending from Tibbitt Lake, Northwest Territories, ~70 km east of
Yellowknife and spanning around 400 km northward across frozen lakes (85%) and overland
portages (15%) to Ekati Diamond Mine, north of Lac de Gras (JVTC 2020) (Fig. 1). The TCWR
is of considerable economic importance as the only overland transport route supplying four
mines with fuel, cement, tires, explosives, and other construction and maintenance materials
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Fig. 1. The TCWR study region. The three transparent boxes show the spatial resolution of the
ERAS5 (0.25° x 0.25°) and WFDEI (0.5° x 0.5°) climate observations, as well as the CMIP5 climate
model scenarios (~2.5° x 2.5° but variable from model to model). The locations of the four lakes
used for model validation are also shown in the inset map.

to a value of CAD 500 million yr-! (Mullin et al. 2017). It is the busiest heavy-haul winter
road in the world, with more than 300,000 tonnes transported in over 10,000 loads per
year (Perrin et al. 2015). This annual haulage has, on average, been squeezed into a shorter
transport season (herein referred to as the operational season) over the past 20 years, at least
in part driven by rising air temperatures in the region (Fig. 2).

A modeling approach. We simulate ice thickness for Tibbitt Lake (62.56°N, 113.36°W) at
the southern limit of the TCWR using the FLake freshwater lake model (www.flake.igh-berlin
.de/site/download; Kirillin et al. 2011). FLake simulates the vertical temperature structure and
mixing conditions of shallow lakes (<50 m; Huang et al. 2019). It is used as a lake parameter-
ization module in three-dimensional numerical weather prediction and climate models, but
can also run in stand-alone mode as a single-column lake model (Mironov 2008). We apply
FLake in stand-alone mode, simulating ice thickness for 20-yr simulations at a daily time
step representing 1) observed climate and 2) a set of 15 future climate scenarios. We applied
the model on a hydrological year basis—with each year beginning on 1 October and ending
on 30 September. This approach is employed to ensure model simulations begin prior to the
annual onset of ice freeze-up.

Simulations under observed climate. FLake first requires a set of lake-specific parameters.
Lake depth (6.7 m) was taken from Crann et al. (2015) and fetch (2,000 m) was approximated
by maximum lake length, measured using Google Earth. The extinction coefficient (0.6 m™) for
water transparency was estimated from field notes associated with Galloway et al. (2010)—a
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Fig. 2. Changes in the TCWR (top left) open date and (top right) close date from 2001 to 2020 (JVTC 2020),
(bottom left) season length, and (bottom right) mean annual air temperatures for Tibbitt Lake from 2001
to 2020. For the top panels and the bottom left panel, dates are expressed as days since the start of the
hydrological year on 1 Oct. Mean annual air temperatures are calculated for hydrological years, starting
on 1 Oct and ending on 30 Sep the next year.

number representing clear water. For a 0.5° x 0.5° grid square containing Tibbitt Lake, daily
mean temperatures, relative humidity, solar radiation, and wind speed data from 1 October
1985 to 30 September 2005 were taken from the Watch Forcing Dataset Era Interim (WFDEI;
Weedon et al. 2014), accessed through the Earth System Grid Federation (ESGF; https://esgf
-node.lInl.gov/). Cloud cover data were unavailable from WFDEI and instead taken from the
European Centre for Medium-Range Weather Forecasts (ECMWF) next-generation reanaly-
sis (ERA5; C3S 2017), accessed through the Copernicus Climate Data Store (CDS; https://
cds.climate.copernicus.eu/) for a 0.5° x 0.5° grid square containing Tibbitt Lake. The October
1985 to September 2005 time period was chosen for two reasons: 1) the observational data
are required to bias correct future climate scenarios in a later step based on its compari-
son to a model hindcast period, with most model hindcast periods ending in 2005, and 2)
1986-2005 is the historical baseline period used by the Intergovernmental Panel on Climate
Change (IPCC) in their Fifth Assessment Report (AR5; IPCC 2013). FLake was run under the
observed climate, with dates recorded when lake ice thickness exceeded 107 cm (the safe
minimum limit for heavy-haul vehicles; Perrin et al. 2015). Since there are no measured ice
thickness data for Tibbitt Lake, we compared measured records for four analogous shallow
sub-Arctic Canadian lakes (locations shown in Fig. 1) with FLake simulations for the same
lakes. The measured data were taken from Environment and Climate Change Canada
(Environment and Climate Change Canada 2020) and were available for a minimum of 10
years between 1981 and 2000, with FLake simulations run for the same years following
an identical approach to input data as described above for Tibbitt Lake. Validation results
indicate the model has a tendency to underestimate ice thickness early and late in the lake
ice season, while observed ice thickness in the heart of the lake ice season is generally
overestimated (appendix A, Fig. A1).

Simulations under future climate. FLake was then run under a series of future climate sce-
narios corresponding to GMT]Is of 1.5°, 2°, and 4°C. The former two rates of warming reflect
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pledges made by 195 countries under the 2016 Paris Agreement (UNFCCC 2015) and are
therefore considered mitigation scenarios, whereas the latter represents something approxi-
mating a no-mitigation scenario—a rate of warming evaluated as being as likely as not to be
exceeded by the end of the twenty-first century under the highest representative concentra-
tion pathway (RCP) 8.5 (IPCC 2013). To account for Arctic amplification, we examined how
the selected GMTIs corresponded to warming in the study region and found that 1.5°, 2°, and
4°C equated to 2.9°, 3.9°, and 7.8°C (appendix B). These are herein referred to as regional
mean temperature increases (RMTIs). For each RMTI, we short-listed five climate scenarios
(n = 15) from an initial pool of 82 available, based on how closely they compared to observa-
tions at a monthly temporal resolution for a hindcast period from 1986 to 2005 (appendix
C, Table C1). Daily mean temperatures from the 15 model scenarios were then downloaded
from the ESGF and CDS for the grid square containing Tibbitt Lake. All scenarios are part of
the Coupled Model Intercomparison Project (CMIP5; Taylor et al. 2012), forced with RCP8.5
(van Vuuren et al. 2011)—a high radiative forcing scenario necessary to capture RMTIs up to
7.8°C. For each scenario, we extracted the 20-yr future time period when projected tempera-
tures reached 2.9°, 3.9°, and 7.8°C above preindustrial temperatures. Projected temperatures
were bias corrected using the change factor methodology used in Ho et al. (2012) (appendix
D). Only temperatures were modified from the baseline FLake simulations, with the other
meteorological parameters left constant. This reflects the dominant role that air temperatures
play in changing lake ice conditions (Brown and Duguay 2010), but also the fact that some
of the other meteorological parameters are unavailable from many of the selected climate
models. FLake was then run under each projected climate scenario and the dates recorded
when lake ice thickness exceeded the 107-cm threshold. The projected operational season of
the TCWR for each model was adjusted to reflect the difference between the baseline simula-
tions and the historical operational season of the TCWR (JVTC 2020) (appendix E). We also
downloaded temperatures for the period 1 October 2000-31 September 2020 from ERA5
(C3S 2017) to capture years post-2005 and allow us to relate these to the TCWR operational
season observations. Present and future operational season length was then color coded in
a traffic light system based on an economic analysis conducted by Perrin et al. (2015). Green
indicates =50 days, a viable season; amber indicates 45-49 days, an “adaptive scenario”
where flexible scheduling is required to meet season demands at a high cost of around USD
1.57 million yr'; and red indicates <45 days, a “critical conditions scenario” representative
of an unviable season and the need for alternative transportation at a cost of around USD
6.09 million yr.

Providing wider geographical context. To set our results for the TCWR within a wider geo-
graphical context, we downloaded monthly observed temperatures from ERA5 (C3S 2017)
and monthly CMIP5 climate model scenarios for each of the 15 future scenarios used in the
FLake simulations for the northern half of North America (40°N-90°N, 55°W-180°). Future
scenarios were interpolated to the same resolution as the observed data and then bias cor-
rected using a change factor approach, by subtracting the hindcast period of the model from
the future period and adding the result to observations (Hawkins et al. 2013).

Results and discussion

Projected changes in the TCWR operational season relative to the present are shown in Fig. 3.
The mean length of the operational season is projected to decrease for all but one of the 15
future scenarios, from 61 days at present to 56—61 days under 1.5°C, 47-55 days under
2°C, and 20-31 days under 4°C. The range reflects differences in climate model scenarios.
Although not directly comparable because we focus on rates of warming rather than set time
periods, changes are broadly in line with previous projections for the TCWR. Perrin et al. (2015)
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. Operational Months Operational Season Length (Days)
Scenarlo January February April Mean Shortest Longest
Present 61 44 81

56 38 69

60 40 77

1.5°C 59 35 74
61 42 79

57 34 74

54 35 67

50 33 63

2°C I8 28 63
55 36 72

17 30 63

29 9 50

M Mean Season @ Viable 31 10 48

4°C Longest Season @ Viable with Costly Adaptation| 23 5 39
W Shortest Season ® Unviable 22 0 37

[ 20 0 37

Fig. 3. TCWR operational season as observed for the present (mean of 2001-20 observations
taken from JVTC 2020) (n = 1) and simulated by FLake for the future under 15 climate scenarios
corresponding to a GMTI of 1.5°C (n = 5), 2°C (n = 5), and 4°C (n = 5). The mean of the 20-yr
observations/simulations is shown in medium blue, while the year with the shortest (longest)
season is shown in dark (light) blue. Also shown is the operational season length (days) for the
mean, shortest, and longest years in a traffic light color system following the scenarios outlined
in Perrin et al. (2015): =50 days = green (viable), 45-49 days = amber (viable with costly adapta-
tion), <45 days = red (unviable).

projected a mean operational season of 58 days by the 2020s and 49 days by the 2050s, while
a much shorter operational season of 21, 5, and 2 days was projected by Mullan et al. (2017)
for the 2020s, 2050s, and 2080s, respectively. The particularly extreme scenarios in the
latter may reflect limitations in the regression modeling methodology, lending support to the
process-based lake modeling conducted here. According to the Perrin et al. (2015) classifica-
tion, our results suggest that warming of 1.5°C permits a viable TCWR operational season, but
an increase to 2°C leads to costly adaptation under two scenarios. A warming of 4°C shows
a mean operational season well below the unviable threshold, indicating no future for the
TCWR before this level of warming is reached. These findings suggest that, for an average year,
an increase from 1.5° to 2°C is the tipping point at which costly adaptation is required. An
increase from 1.5° to 2°C GMTI was also found to impose higher risks for a number of other
natural and human systems, including in some cases long-lasting or irreversible impacts such
as the loss of some ecosystems (IPCC 2018).

Enhanced December warming and impacts on late opening. From the present mean
operational season of 31 January-1 April, future changes in the mean operational season
length translate to 30 January—3 February to 29-31 March under 1.5°C, 4-10 February
to 26—30 March under 2°C, and 18-27 February to 17-20 March under 4°C (Fig. 3). These
dates reveal there is a general trend toward a larger proportion of the change coming from
a delayed opening—particularly at 4°C—with a slower rate of change in an earlier closure.
Jensen et al. (2007) found a similar pattern across 65 water bodies in the Great Lakes region
between Minnesota and New York—with lake freeze-up occurring 3.3 days decade™ later
and lake breakup occurring at a slower rate of 2.1 days decade™ earlier from 1975 to 2004.
Figure 4 explains the trend toward a greater proportion of change from a delayed opening
in this study, with November—January temperatures projected to warm at a rate far in excess
of February—April temperatures. For example, under a GMTI of 4°C, December temperatures
in the Tibbit Lake region are projected to warm by 11.5°C compared to a 6.1°C rise in March.
Temperatures in the autumn months generally act as the dominant control on lake and river
ice freeze-up, with reduced autumn cooling known to prolong the period of above zero water
temperatures and delay the onset of freeze-up (Prowse et al. 2007). Hori et al. (2018) refer
to these months, primarily October—December in the high latitudes, as the preconditioning

AMERICAN METEOROLOGICAL SOCIETY BAMS Unauthentid Y | 888 10E146831/21 0321 PM UTC



90+ o8
l 2

80+ 3
= 4

70+ E

=
3

60 ;
=2

50- 5
=7

£
404 & 0
10

90 A o
E,i 9
80' 8 8

— =7

Z 70+ E6

-~ E 5

-

8 60 g4
23
=

50 - 3& 2
£ 1
40 4 & 0+
90 4 16
£
80 1 512
=
70 4 £
23
60 - ©
E
50 - g 4
o
40 - E 0 | | ! | | | | ! ; |
-160 -120 LOI’lg (OE) -80 -40 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

- Alpine, AK - Colville Lake, NT -8 Tibbitt Lake, NT -8~ Tadoule Lake, MB -2 Moosonee, ON

Fig. 4.(left) Mean projected December temperature anomalies for the northern half of North America. Temperature
anomalies are expressed as the mean of the models analyzed in this study at a GMTI of 1.5°, 2°, and 4°C from the mean
1986-2005 observed period. (right) Temperature anomalies (calculated in the same way as above) for each month of the
year for five winter roads in North America (including the TCWR, as represented by Tibbitt Lake, NT). Two-letter state/
province/territory codes are used for the five winter road locations—AK: Alaska; MB: Manitoba; NT: Northwest Territories;
ON: Ontario.

period of winter roads—essential for providing a more climatically favorable construction
period and contributing to earlier opening dates. When warming of the magnitude projected
here occurs during this preconditioning period, it is unsurprising that a considerable delay
in the opening of the TCWR follows. Figure 4 reveals this pattern could be expected to an
even larger degree across much of the rest of Arctic North America, with a GMTI of 1.5°, 2°,
and 4°C resulting in regional December warming in excess of 5°, 8° and 15°C across parts
of the Prudhoe Bay coast of Alaska, the Northwest Territories, Nunavut, and the Hudson Bay
coastal regions of Manitoba, Ontario, and Quebec. With a number of prominent winter roads
in these regions, a widespread shift toward costly adaptation or route closure seems likely.
The levels of winter warming projected here—in places over 3 times the global average—are
consistent with projections for the Arctic by the end of the twenty-first century (IPCC 2013,
2019). These high rates of warming can be explained by a projected continuation of arctic
amplification, where observed records in recent decades show a warming signal that has been
strongest over the Arctic Ocean in autumn and winter (Cohen et al. 2014; Horton et al. 2015).
A number of mechanisms are thought to be responsible for enhanced sensitivity to warming
in the Arctic, but chief among them is the change in sea ice albedo owing to the stark dif-
ference in reflective properties of an ice-free ocean and snow-covered sea ice surfaces (~7%
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vs 80% reflectance, respectively; Cohen et al. 2019). This likely explains the high degree of
warming, particularly along the Arctic coastal regions in autumn and winter (Fig. 4). Other
more localized arctic amplification mechanisms may contribute to enhanced autumn and
winter warming in the study region, located ~500 km south of the Arctic coast. Local forc-
ings include snow, cloud, and ice insulation feedbacks (Kwok et al. 2009; Lee et al. 2011;
Yang and Magnusdottir 2018), while increased vegetation over Arctic land contributes to
surface darkening at high latitudes (Overland et al. 2015). It is thought that local and remote
forcing mechanisms may interact and amplify one another (Yang and Magnusdottir 2018),
meaning some combination of all the above factors is likely at play in amplifying warming in
the wider TCWR region. Attribution studies indicate that increasing anthropogenic greenhouse
gases play a vital role in driving Arctic surface temperature increases (Fyfe et al. 2013;
Najafi et al. 2015), leading to a high confidence in projections of further Arctic warming
(Overland et al. 2019).

Interannual variability. The interannual variability within the 20-yr observations and simu-
lation periods reveals that mean patterns are subject to considerable divergence from year to
year, as shown in Fig. 5. During the observed period, the TCWR opened as late as 9 February in
2016 (9 days later than the mean), while it closed as early as 21 March in 2010 (11 days earlier
than the mean). As seen in Fig. 5 and in Fig. 2, shortened seasons are often associated with
anomalously warm years, partly due to large-scale teleconnections that correlate most strongly
with Canadian climate during winter (Bonsal and Shabbar 2011). Anomalous heating in the
Eastern tropical Pacific associated with El Nifio results in a positive Pacific-North American
(PNA) pattern over North America (Wallace and Gutzler 1981) and consequently warmer
than average temperatures from late autumn to early spring (Shabbar and Khandekar 1996).
The two shortest operational seasons on record (2010: 46 days; and 2016: 44 days) follow
two of the strongest El Nifio events in recent decades: 2009/10 and 2015/16 (Timmermann
et al. 2018). Shorter op-

erational seasons in some

cases may also be associ- % 20
. . . [
ated with increased winter % . ©08S SFUT
storminess. Major storms .2 15 ‘%
<
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approximately 1,200 loads  of 4°C GMTI above preindustrial temperatures.

on Waite Lake late in the
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were flown into mines in the summer and autumn of 2006 at a cost of CAD 100-150 million
(Perrin et al. 2015). A poleward shift in extratropical cyclone activity is projected to result
in increased atmospheric moisture and greater winter precipitation over the northern half of
North America (Christensen et al. 2013). This indicates the clear future potential for an increase
in blowing snow and hazardous blizzards that further threaten the operational season of the
TCWR. Conversely, longer operational seasons are typically associated with colder than aver-
age years. For example, the longest operational season on record (26 January—16 April 2002:
81 days) occurred when 2001/02 winter and early 2002 spring temperatures were consider-
ably colder than average. Cooler years are typically associated with modes of variability in
opposite phases to anomalously warm years. A switch toward La Nifia events and a negative
phase of the PNA are associated with earlier freeze-up and later breakup of lake and river
ice across much of Canada (Bonsal et al. 2006). Figure 5 shows that interannual variability
in temperatures and the winter road operational season are projected to continue in future,
indicating that natural variability will continue to result in considerable year to year diver-
gence from the mean. Figure 3 shows that the year with the longest projected operational sea-
son under 1.5°C (69-79 days) and 2°C (63-72 days) is always longer than the mean observed
season (61 days) and reflective of a viable season in the Perrin et al. (2015) classification. In
addition, Fig. 3 shows that the mean projected operational season is always longer at 1.5°C
(56-61 days) and 2°C (47-55 days) than it is during the shortest year of the observed record
(44 days). Figure 6 reveals the reason for this, as temperature anomalies during the warm-
est observed year are higher than the mean temperature anomalies for 1.5° and 2°C for all
months under most future scenarios (note this refers to the warmest observed year out of 20
simulated years, where the actual year may differ between months). Furthermore, the year
with the longest projected operational season at 4°C (37-50 days) is for two models greater
than the shortest observed operational season (44 days). Figure 6 again shows why, since
the year with coldest projected temperatures under 4°C is colder than the warmest observed
year during January—April. In this sense, greater future variability may offer hope that colder
than average years could permit some fully operational seasons, even when the mean sug-
gests otherwise. For example, under the least extreme 2°C model—where a mean operational
season of 55 days is projected—there are 12 years out of 20 where a fully viable season up to
the longest year of 72 days is projected.

However, greater future variability also means there are several years that fall below
the mean. The same 2°C scenario referred to above has a shortest season length of 36 days
and eight out of 20 years that fall below the 50-day threshold. Considering the shortened
50-day season and associated high costs in 2006, it is clear that scenarios such as the one
identified above do not lend support to a viable TCWR without at least considerable adap-
tation. Even under 1.5°C scenarios, where the mean operational seasons of all five models
exceed the 50-day threshold, shortest seasons lie below 40 days—with several years among
the 20-year projections falling below the viable threshold. For example, under the least
extreme 1.5°C model—where the mean season length is 61 days—there are still four years
out of 20 where the operational season is less than 50 days. Falling short of a viable season
length at a frequency of once every five years may raise important questions among plan-
ners about the long-term viability of the TCWR. That outlook becomes even bleaker when
we examine the most extreme 1.5° and 2°C scenarios, with seven out of 20 years below the
50-day threshold for the former, and 11 years for the latter. At 4°C, the TCWR is unequivo-
cally unviable. Three out of five models under the 4°C scenarios project all 20 years to fall
below the 50-day threshold, with the other two models projecting only one or two years,
respectively, above this threshold. As shown in Fig. 6, temperatures rising above freezing
in November and April under these scenarios indicates why such large reductions in the
operational season are simulated.
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Fig. 6. November-April temperatures at Tibbitt Lake as observed (OBS) for the present (n = 1) and simulated
for the future under 15 climate scenarios corresponding to a GMTI of 1.5°C (n = 5), 2°C (n = 5), and 4°C
(n = 5). The mean of the 20-yr observations/simulations is shown in medium green, while the year with
the coldest (warmest) temperatures for each particular month is shown in light (dark) green. The dashed
line represents observed temperatures during the warmest year (mean of November-April).

Adaptation. Before considering costly large-scale adaptation options, there are first adap-
tations to present-day practices that may help ensure the TCWR remains viable for longer.
Sladen et al. (2020) investigated threshold requirements for the initiation of winter road
operations along the TCWR and found that the current practice of planning construction
by calendar dates rather than by evaluation of air-freezing indices results in a conservative
approach to the start of the construction season. In the interests of “winning back” some time
as the climate reduces the length of the operational season, it may be necessary to adapt a
more methods-based approach to the dates of winter road construction by installing equip-
ment to calculate freezing indices or measure frozen ground depths and temperatures. It is
also clear, however, that such an approach incurs expense, logistical challenges, and issues
with mobilizing equipment and personnel at short notice (Sladen et al. 2020). Amending the
nature of annual haulage on the TCWR may also represent a low-cost adaptation measure in
the face of shortening operational seasons. For winter roads linking remote communities, the
desire is to ensure as long a season as possible. This is not the case for the TCWR, where the
goal is to ensure specified tonnages of materials to mines are provided during the operational
season. Where the season length is reduced, lost service may be recovered by increasing the
number of daily loads (Perrin et al. 2015). We see evidence of this in the historical records
(Table 1)—years with a reduced operational season but higher freight statistics than years
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Table 1. Historical operational season statistics for the TCWR (JVTC 2020).

Year Open date Close date Duration (days) No. of Loads Tonnes
2001 1 Feb 13 Apr 72 7,981 245,586
2002 26 Jan 16 Apr 81 7,735 256,915
2003 1 Feb 2 Apr 61 5,243 198,818
2004 28 Jan 31 Mar 63 5,091 179,144
2005 26 Jan 5 Apr 70 7,607 252,533
2006 4 Feb 26 Mar 50 6,841 177,674
2007 27 Jan 9 Apr 73 10,922 330,002
2008 29 Jan 7 Apr 62 7,484 245,585
2009 1 Feb 25 Mar 50 5,377 173,195
2010 4 Feb 24 Mar 46 3,508 120,020
201 28 Jan 31 Mar 63 6,832 239,000
2012 1 Feb 28 Mar 59 6,551 210,188
2013 30 Jan 31 Mar 61 6,017 223,206
2014 30 Jan 1 Apr 62 7,069 243,928
2015 30 Jan 31 Mar 61 8,915 305,215
2016 9 Feb 24 Mar 44 8,766 262,261
2017 1 Feb 29 Mar 57 8,241 279,484
2018 1 Feb 31 Mar 61 8,209 303,725
2019 1 Feb 31 Mar 59 7,489 257,176
2020 31 Jan 8 Apr 68 7,072 230,497

with a longer season. For example, 2016 ranks third out of 20 years for highest number of
loads (8,766) and tonnes transported (262,261), despite being the shortest operational year
(44 days) on record. This clearly shows there is some scheduling flexibility that can help offset
a shortened operational season. The limiting factor in this scenario is the number of trucks
and drivers available (Perrin et al. 2015). Increasing their provision to facilitate maximizing
the daily use of the TCWR may therefore avoid more costly adaptation. The above adaptations
may help under the less extreme scenarios highlighted in this study, but larger-scale higher-
cost alternatives may be needed under more extreme scenarios. Options already considered
for the TCWR include construction of an all-season gravel-surface overland route along the
most vulnerable southern portion; construction of a deep sea port at Bathurst Inlet, Nunavut,
with a road to the mines across colder Arctic tundra; and construction of 600 km of power
lines to expand hydroelectric power and reduce reliance of the mines on diesel—the most
transported commodity in the TCWR (Perrin et al. 2015). If pledges to reduce greenhouse gas
emissions are not met, there may be little alternative but to implement one or more of these
measures to protect economic activity in the region.

Conclusions, limitations, and future work.

Unlike previous studies, use of a process-based freshwater lake model has allowed us
to incorporate more of the factors influencing the development and evolution of lake ice
along the TCWR. Despite this, there are a number of limitations that must be considered
when interpreting the results. FLake has been found to overestimate ice thickness (e.g.,
Kheyrollah Pour et al. 2012)—a trend clearly evident in our validation (Fig. A1) during the
peak cold season between January and March. We also identified an underestimation of ice
thickness in November/December and in April/May, corresponding with slightly later than
observed freeze-up (by 3 days on average) and earlier breakup (by 9 days on average). These
freeze-up/breakup trends are similar to some studies (e.g., Kheyrollah Pour et al. 2012;
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Rontu et al. 2019) and opposite in sign to others (e.g., Yang et al. 2013; Kourzeneva 2014;
Pietikdinen et al. 2018). Timing of overestimation and underestimation in our valida-
tion results likely points to difficulties in simulating the accumulation of snow on lake ice
(Rontu et al. 2019). FLake does not account for the insulating effect of snow, meaning ice is
able to thicken more rapidly but also melt faster without snow buffering ice from the cold air
above (Jeffries and Morris 2006). Although provision is made to model parametrically the
evolution of snow cover above lake ice in FLake, the model has not been sufficiently tested
in this regard and is highlighted as an area requiring development (FLake 2020). It is not
possible to quantify in days the potential impact this limitation has on the operational season
length of the TCWR, but we highlight this as a particular point of caution when interpreting
the projected dates shown in Fig. 3. The daily time step may be too temporally coarse to take
account of important processes relating to ice formation, including low wind speeds and calm
events creating the potential for complete lake freeze within hours (Bernhardt et al. 2012).
This highlights another important issue—only air temperatures were modified in the future
simulations owing to data availability. This limits the reliability of future projections since
interactions with other changing meteorological properties including wind speed are essential
components in ensuring vertical heat transfer is sufficient to cool surface water temperatures
to 0°C (Lepparanta 2010; Noges and Noges 2014). Perturbing other meteorological variables
in the model in addition to mean temperatures would build a fuller picture of the impacts
of climate change on the TCWR. No ice thickness measurements were available for Tibbitt
Lake, so it is not possible to fully evaluate model performance for the lake simulated in this
study. Future studies could also build on our progress by accounting for the ~15% of the
TCWR route crossing overland portages, which primarily comprise permafrost peatlands
(Sladen et al. 2020). With rapid thawing of permafrost peatlands in the Canadian Arctic
(Swindles et al. 2015; Sim et al. 2019), it is currently unclear if these sections of the TCWR
are more or less vulnerable to warming than lakes. Finally, a continental or hemispheric-scale
study simulating the impacts of climate change on other winter roads across the high latitudes,
beyond the inferences we have made, would be highly valuable. In the meantime, our work
represents a considerable advance on previous studies and highlights the escalating threat
that climate change poses to the future viability of the TCWR and most likely other North
American winter roads. The identification of a tipping point at 2°C GMTI illustrates that the
actions of current and future generations in cutting greenhouse gas emissions is critical to
the future viability of winter roads and the vital role they provide in building economies and
linking communities in the northern high latitudes.
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Appendix A: FLake Model Validation

Ice thickness data for four lakes in Canada were downloaded from Environment and Climate
Change Canada. We selected the four lakes following a careful screening process that
started by examining all available lake ice records from Environment and Climate Change
Canada and including those lakes that fulfilled the following criteria: 1) latitude > 52.5°
(to ensure lakes are within 10° of the study lake); 2) >10 years of data between 1981 and
2000 (to correspond with the modeling time period for the study lake); and 3) lakes with
a mean depth < 50 m (as determined from the Global Lake Database)—note 50-m depth is
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considered the upper limit of suitability for FLake modeling. This generated a validation
database comprising four lakes—the details of which are provided in Fig. A1. Measurements
for these four lakes exist at approximately a weekly temporal resolution and were mea-
sured to the nearest centimeter using a special auger kit or hot wire ice thickness gauge
(Environment and Climate Change Canada 2020). FLake simulations were run from 1 October
1981 to 30 September 2000 and were then compared to the observed ice thickness records by
extracting modeled ice thickness only for the precise dates where measured data existed during
the 19-yr comparison period. The two sets of data were then compared for the (inclusive)
months November—May, with the absolute error, mean absolute error, and percentage error
calculated to determine the degree to which the model under or overestimated ice thickness
during these months (Fig. A1). We also downloaded observed freeze-up and breakup dates
for each validation lake from the Global Lake and River Ice Phenology Database Version 1
(Benson et al. 2020) and compared these records with FLake simulated freeze-up and breakup
dates for the same years as the data used to calculate absolute error (Fig. A1).

Nov Dec Jan Feb Mar Apr May
BTL CRE ISL PRI| BTL CRE ISL PRI|BTL CRE ISL PRI |BTL CRE ISL PRI[BTL CRE ISL PRI| BTL CRE ISL PRI| BTL CRE ISL PRI

1981 54 | | 64 |

1982 53 53 53 55 60

1983

1984

1985 | ; | -50 |

1986 54 | 54

1987 54 | 55

1988

1989 55

1990 :

1991 57

1992

1993 | 53

1994

1995 62 | -50
1996 -42
1997

1998

1999

2000
MAE (cm) -61

e o BN

B
<--- Model Underestimating Model Overestimating -—-->

Code Name Province Latitude (°) Longitude (°) Fetch (km) Mean Depth (m) FU Bias (Days) BU Bias (Days)
BTL Big Trout Lake Ontario 53.76 -90.08 4.3 16.0 -14 13

CRE Cree Lake Saskatchewan 57.41 -106.41 3.0 14.9 2 14

ISL Island Lake Manitoba 53.87 -94.65 25 201 -17 7

PRI Primrose Lake Saskatchewan / Alberta 54.91 -109.68 36 9.8 16 2

Mean -3 9

Fig. A1. Absolute error (observed ice thickness minus modeled ice thickness) for four analogous shallow sub-Arctic Canadian
lakes (the details of which are provided in the table part of the figure) covering a minimum of 10 years during the period
1981-2000. Results are provided on a monthly basis, with mean absolute error (MAE) calculated for all years with mea-
surements and percentage error (PE) calculated as relative error multiplied by 100. Also provided in the table part of the
figure is freeze-up (FU) bias and breakup (BU) bias—calculated as observed FU/BU minus FLake simulated FU/BU for each
lake across the same years as the data used to calculate absolute error in the main part of the figure. Negative (positive)
numbers indicate FU/BU is simulated later (earlier) than observed.

Appendix B: Calculating RMTIs
To calculate RMTIs for the study area, monthly mean temperatures were downloaded from
KNMI Climate Explorer (https:/climexp.knmi.nl/). Historical monthly mean temperatures for the

AMERICAN METEOROLOGICAL SOCIETY BAMS

Unauthenti(!a%gl B%Aloa@cﬂ&ﬁawm 03:21 PM UTC


https://climexp.knmi.nl/

period 1986-2005 were subtracted from the 2006—-2100 period forced with RCP8.5 for the
mean of all CMIP5 models and ensembles. This was done for the global average (resulting
in 2.0°C) and subsequently for the grid square containing Tibbitt Lake (resulting in 3.9°C).
This global-to-regional ratio of 2.0:3.9 was subsequently used to correct GMTIs of 1.5°, 2°,
and 4°C by simply dividing 3.9 by 2.0 and multiplying by the relevant GMTI. This produced
RMTIs of 2.9°, 3.9°, and 7.8°C. We deducted 0.6 from each RMTI to reflect the fact that the
1986-2005 period was 0.6°C warmer than preindustrial temperatures, and then calculated the
mean 20-yr period when temperatures were 2.3°, 3.3°, and 7.2°C higher than the 1986-2005
hindcast period for each model.

Appendix C: Short-listing climate models

We downloaded all available CMIP5 models and ensembles at a monthly temporal resolution
under RCP8.5 (n = 82) for the grid square containing Tibbitt Lake. For all 82 scenarios, we
calculated the root-mean-square error (RMSE) from the difference between the 1986-2005
historical temperatures for that scenario and the 1986—-2005 observed temperatures for Tibbitt
Lake. The 82 scenarios were ranked by their RMSE and the top five for each GMTI short-listed
for subsequent FLake modeling. In several cases, a different 20-yr future time period from
the same scenario was used among the final 15 scenarios. The full list of selected scenarios
and extracted time periods is given in Table C1.

Table C1. All 15 short-listed scenarios as used for FLake modeling. Root-mean-square error (RMSE)

is provided, along with the extracted years for each scenario. Twenty-year time periods were taken
from 1 Oct on the start year to 30 Sep on the end year to conform to the temporal basis of FLake
modeling and represent the 20-yr mean period when temperatures first exceed the RMTI associated
with each of the three GMTIs.

Model ensemble RMSE 1.5°C 2°C 4°C
IPSL-CM5A-LR r1i1p1 1.16 2033-53 2039-59 2074-94
ICHEC EC-Earth r2i1p1 1.42 2029-49 2047-67

NOAA GFDL-ESM2G r1ilp1 1.52 2037-57 2058-78

CSIRO-QCCCE CSIRO-Mk3-6-0 r9i1pf1 1.54 2031-51 2043-63

IPSL-CM5A-LR r4i1p1 1.37 2027-47

CSIRO-QCCCE CSIRO-Mk3-6-0 r8i1p1 1.46 2048-68

IPSL-CM5A-LR r3i1p1 1.78 2075-95
MIROCS r2i1p1 1.82 2066—-86
MIROC5 13i1p1 1.90 2069-89
CSIRO-QCCCE CSIRO-Mk-3-6-0 r1i1p1 1.92 2079-99

Appendix D: Bias correction

Daily temperature projections for each scenario were bias corrected using a change factor
(CF) methodology that uses observed daily variability and changes the mean and daily vari-
ance as simulated by the model (e.g., Arnell et al. 2003; Gosling et al. 2009). Outlined in
Ho et al. (2012), this method takes the form:

0Txaw
0Ter

Ter () =Traw + [OREF(t)_E] )

where T, , , represents daily raw model output for the future period, T, represents daily raw
model output for the historical period, O represents daily observed output, time ¢ repre-
sents a daily time step, the bar above a symbol denotes the mean, and o represents standard

deviation.
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Appendix E: Operational season adjustment
Projected operational season dates were adjusted using the following equation:

D,
DAdjOBS = [%

OBS

](DFUT _DOBS)’

where D, siops T€PTESENLS adjusted projected operational season dates, D, represents projected
operational dates for the baseline simulations, D, represents operational dates from historical

records (2001-20), and D, represents projected operational dates from future simulations.
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