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Introduction and Project Scope
The southern margin of discontinuous permafrost, over a
region comprising northeastern British Columbia (NEBC)
and southwestern Northwest Territories (NWT), has experienced rising air temperatures in recent decades (Quinton
et al., 2009). Analysis of streamflow records from gauged
basins in the lower Liard River valley of this region shows
that discharge is also increasing over a similar period despite no apparent changes to total annual precipitation (St.
Jacques and Sauchyn, 2009; Connon et al., 2014). The land
cover of this region mainly consists of upland and lowland
forests and wetlands (e.g., bogs and fens), with a portion of
the forested land cover underlain by permafrost. Bogs and
fens have unique hydrological functions. Bogs are storage
features whereas fens are channels that transport water laterally through the landscape. Degradation of permafrost ultimately leads to the conversion of forested plateaus to wetlands (Baltzer et al., 2014). Reported estimates of
permafrost degradation for this region indicate that the
change in aerial extent of permafrost coverage (i.e., decrease in forest/wetland expansion) is 28% from 1970 to
2012 (Coleman et al., 2015), 27% from 1947 to 2008
(Chasmer et al., 2010) and up to 50% from ~1950 to 2000
(Beilman and Robinson, 2003). Accordingly, various studies have attributed rising streamflow in gauged basins over
the region to both shrinking aerial extent and thickness of
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permafrost (e.g., St. Jacques and Sauchyn, 2009; Quinton
and Baltzer, 2013a; Connon et al., 2014).
In addition to correlated trends among rising air temperature and streamflow records concomitant with estimates of
permafrost loss, industrial activities are occurring or have
historically occurred over parts of the region in the form of
exploration and extraction for oil and natural gas. These influences add extra complexity to understanding and predicting future hydrological consequences of climate warming over the region. Industrial activities have two major
implications for land cover change and water resources
availability: 1) permanent impacts of linear disturbances
(i.e., deforested corridors created for seismic exploration,
winter roads and pipelines; Lee and Boutin, 2006) and
2) industrial uses of large volumes of surface water for hydraulic fracturing of shale gas in NEBC (Hayes, 2010;
Johnson, 2010). Linear disturbances have been made
throughout the landscape of the NEBC–NWT border region since at least the 1970s. There is evidence that the removal of vegetation for linear disturbances significantly alters the thermal properties of the ground so much that, over
time, this leads to permafrost-free corridors (Williams and
Quinton, 2013; Braverman and Quinton, 2016). It has been
suggested that the permafrost degradation along these corridors imposes surface water flow paths over the landscape,
which connect forest and wetland land cover types (i.e.,
permafrost and permafrost-free areas), accelerate permafrost thaw, and potentially promote wetland drainage along
topographic gradients (Williams et al., 2013). In terms of
hydraulic fracturing present in NEBC, high volumes of water and other materials are injected into the ground to gain
access to trapped geological deposits of shale gas. Johnson
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(2010) and Hayes (2010) report that an estimated 1200 to
>4000 m3 of water are needed per fracture, which among
other environmental concerns, represents a major demand
on surface water and groundwater availability. This significant industrial demand must be managed effectively relative to the regional water balance, local community needs
and considerations for future availability (Johnson, 2010).
Accurate estimation of future water resources in the
NEBC–NWT border region is of interest for industry, community groups and governments across the region, as it will
enable them to promote sustainable water use among users,
assist in environmental change adaptation strategies and
mitigate environmental impacts from climate warming and
industrial development (e.g., Government of the Northwest
Territories, 2008; Johnson, 2010). However, scientific
knowledge of the changing hydrology of this region under
coupled climate warming and industrial impact scenarios is
relatively limited. It is commonly recognized among industry, community and government stakeholders that this issue
is complicated by a lack of baseline and continuous hydrological monitoring data. Additionally, relatively few scientific studies have been completed to understand climatedriven and industrial impacts to land cover change and water availability across the region. Consequently, present efforts to apply hydrological models to the estimation of future water availability under varied scenarios of industrial
disturbance and climate warming are subject to considerable uncertainty. Modelling efforts are further complicated
by a lack of publicly available land cover datasets, such as
detailed wetland and topography maps, as many current
products are either outdated, inaccurate or developed at insufficient spatial resolutions.
The Consortium for Permafrost Ecosystems in Transition
(CPET) was formed in 2015 among academic researchers,
industry partners, and community and government groups

to address the aforementioned issues being faced by the
NEBC–NWT border region. The long-term goal of CPET
is to produce robust scientific knowledge of, and datasets
on, climate-driven and industrial-imposed environmental
changes to reduce uncertainty of water resources modelling. The CPET has five science objectives, which are listed
in Table 1. The purpose of this paper is to summarize and report on CPET progress to date from 2015. For an extended
project description and a literature synthesis on the science
background of CPET, the reader is referred to Quinton et al.
(2016).

Development of Study Sites
The CPET research activities are completed over an approximately 175 km transect oriented north-south, which
traverses the zone of discontinuous permafrost in southwestern NWT and northeastern BC (Figure 1). Field studies are concentrated at two research basins, which form latitudinal end members of the study region. Scotty Creek
research basin (north) was established prior to the formation of CPET. Suhm Creek research basin (south) was established by CPET as a research site in 2015–2016 to act as
a paired basin to Scotty Creek. The ongoing development
of instrumentation capacity and datasets for Suhm Creek
research basin is anticipated as a key legacy of CPET. From
a hydrological modelling perspective, the development of a
paired research basin to the south of Scotty Creek is a major
advantage for developing and evaluating models at sites
representing different latitudinal positions along the southern margin of discontinuous permafrost. It is noted that a
significant difference between Scotty Creek and Suhm
Creek basins is that Scotty Creek has no industrial presence, other than linear disturbances from prior to 1985,
whereas Suhm Creek is representative of current industrial
activity in NEBC (e.g., shale gas exploration in the Horn
River geological basin). This allows for insights into as-

Table 1. Five science objectives of the Consortium for Permafrost Ecosystems in Transition (CPET).
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Figure 1. The Consortium for Permafrost Ecosystems in Transition (CPET) focuses on a north-south oriented study region traversing the
southern margin of discontinuous permafrost (refer to Heginbottom and Radburn, 1992), northeastern British Columbia (BC) and southwestern Northwest Territories (NWT). Field studies are concentrated at Scotty Creek and Suhm Creek research basins and additional observations are done at remote sensing areas of interest over the region. Note: streamflow gauge indicated for Suhm Creek is planned for installation during the CPET project but had not been installed at the time of publication. Base maps of watershed boundaries (red line) and
water features are from the national hydro network (GeoBase®, 2014).

sessing impacts of industrial activities on basins in the zone
of discontinuous permafrost. For example, this is demonstrated by the contrast in linear disturbance densities over
Scotty Creek and Suhm Creek research basins shown in
Figure 2.

Scotty Creek
Scotty Creek basin is estimated to be approximately
140 km2 and drains into the Liard River. Discharge from the
basin has been measured continuously since 1996 by the
Water Survey of Canada (Connon et al., 2014). The basin is
located approximately 50 km south of Fort Simpson, NWT.
The topography is relatively flat (~250 m relief) and land
cover is dominated by upland forest, treed plateaus, flat
bogs and channel fens (for further description, refer to
Quinton et al., 2011; Chasmer et al., 2014). Approximately
half the basin consists of peat plateaus, bogs and fens. Research involving data from field studies, automated instruments and remote sensing has been conducted at Scotty
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Creek continuously since 1999. A growing body of scientific literature regarding hydrology of the discontinuous
permafrost zone has been produced from this site, giving
important insights for hydrological modelling. For example, understanding the functions of major land cover types
(e.g., peat plateaus, channel fens and flat bogs) and their
roles in runoff generation (e.g., Quinton et al., 2003;
Wright et al., 2009), linkages between land cover change
and streamflow (e.g., Connon et al., 2014), hydraulic properties of peatlands (e.g., Quinton and Baltzer, 2013b) and
ecological responses to permafrost thaw (e.g., Patankar et
al., 2015). A significant amount of infrastructure is currently in place at Scotty Creek, including a simple field
camp for researchers (e.g., tents) and an array of automated
instrumentation measuring climate and hydrological variables across different land cover types (e.g., bogs, fens and
peat plateaus). These instruments measure variables such
as precipitation, air temperature, relative humidity, wind
speed, incoming and outgoing radiation, snow height, soil
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characterize the differences in distributions of these land
covers is in progress.

Figure 2. Linear disturbance densities for Scotty Creek and Suhm
Creek research basins (Northwest Territories and British Columbia, respectively) compared to natural drainage densities. Data for
Scotty Creek is from Quinton et al. (2009). Linear disturbance densities for Suhm Creek are estimated from digitizing disturbances
visible within a 143 km2 sample of the basin using high resolution
airphotos (<1 m). The drainage density of Suhm Creek is calculated using stream network length (obtained from Natural Resources Canada as a GIS vector layer) relative to the corresponding estimated basin area.

moisture and soil temperature at sites across the basin. A
large volume of field sampling has been conducted at
Scotty Creek, including measurements of active layer
depth and talik formation (e.g., using ground penetrating
radar), snow water equivalent, soil moisture and vegetation
properties (e.g., leaf area index [LAI]).

Suhm Creek
Suhm Creek basin is approximately 150 km northeast of
Fort Nelson, BC, and drains into the Petitot River, which
flows into the Liard River at Fort Liard (Figure 1). Suhm
Creek basin is estimated to be 365 km2 and there is ~200 m
of topographic relief over the basin. Johnson (2010) conducted a review of basic hydrological modelling needs in
the NEBC region (e.g., Suhm Creek) and identified key information gaps necessary for modelling. Johnson (2010)
included 1) delineation of wetlands to identify proportions
of fens and bogs; 2) knowledge of permafrost spatial distribution; 3) climate monitoring for major land cover types;
4) stream gauging; 5) water table measurement; and 6) topography data. For example, identifying the proportions of
land cover types is important for modelling basin runoff because different land cover types have been shown to control
unique runoff responses (Quinton et al., 2003). Specifically, it has been demonstrated that an increased proportion
of bogs is inversely related to runoff, whereas a greater proportion of fens is positively correlated with runoff (Connon
et al., 2014). Although the types of land covers are relatively similar between Suhm Creek and Scotty Creek basins (mixed forested peatlands and wetlands), work to
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Much of the data requirements for hydrological modelling
identified by Johnson (2010) have been addressed for
Scotty Creek basin (Quinton et al., 2016), however, significant work is necessary to address these needs at Suhm
Creek basin. As such, ongoing work is being conducted at
Suhm Creek to address these gaps by installing automated
instruments, completing field sampling and obtaining remote sensing datasets. Various instrumentation has been installed in the basin in 2015–2016 to provide continuous
monitoring data of hydrological variables. Specifically,
two climate monitoring stations were installed in late 2015
with analogous measurement capabilities to those at Scotty
Creek basin. One climate station is located in a forested
peat-plateau and the other is in an open wetland site. Data
from these stations are used to characterize energy budgets
of each land cover type. Pressure transducers have also
been deployed at six nodes of Suhm Creek basin to measure
water level and to assist in understanding the flow routing
of streams over the basin and parameterize routing in distributed hydrological models. Installation of an automated
stream discharge gauge near the outlet of Suhm Creek at
Petitot River is also planned for the future to monitor total
basin discharge (Figure 1). In terms of field sampling, distributed measurements are being done along transects of
peat plateaus during site visits to Suhm Creek basin to determine permafrost presence relative to forested land cover
and characterize depth to permafrost relative to distances
from forested edges. The CPET researchers have obtained
remote sensing datasets over Suhm Creek basin and work is
being completed to map both forest and wetland land covers at high resolutions, similar to that of Scotty Creek basin
(Chasmer et al., 2014). A light detection and ranging
(LiDAR)–derived digital elevation model has also been
obtained and can be used to estimate surface water pathways along topographic gradients.

Remote Sensing Areas of Interest
In addition to field studies and data development of Suhm
Creek and Scotty Creek basins, remote sensing areas of interest (AOI) have been established along a north-south configuration in the NEBC–NWT border region (Figure 1).
These AOI connect the two research basins and enable
sampling of land cover distributions along a latitudinal distribution over the southern margin of discontinuous permafrost (Figure 1). Each of the 12 AOI has a footprint of
36 km2 (432 km2 total area). Imagery stacking over these
sites includes recent Landsat 8 (30 m resolution) and
WorldView-1 and -2 (50 cm resolution) datasets and historical aerial photographs acquired in 1970–1971 (1.2 m resolution). Detailed statistical characterization of the land covers within these AOI is being developed at high resolutions,
providing information on proportions of major land cover
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types, and changes to these land cover types over a 40-year
period. For example, one aspect of this work is examining
changes to the total areas of forested plateaus and bogs.
This can be useful as an indicator of decreased permafrost
areal extent over time because the total area of bogs increases as plateaus underlain by permafrost decrease
(Beilman and Robinson, 2003). Also within the remote
sensing AOI, linear disturbance densities (Figure 3) and
proportions of land cover intersected by these disturbances
are being mapped. For example, Figure 3 illustrates the
distribution of linear disturbance densities across selected
remote sensing AOI of the study region.

Progress Toward Science Objectives
Assessing the Rate and Pattern of Permafrost
Loss and Related Vegetation Change
Using Remote Sensing
Analysis of satellite remote sensing datasets acquired over
Scotty Creek and Suhm Creek research basins and remote
sensing AOI commenced in 2015–2016 to determine rates
and spatial extent of forest and bog changes over a 40-year
period. From these, information on permafrost degradation
is inferred from the changing vegetation composition. A
very large coverage of spatial information is being generated from analysis of these remote sensing datasets providing robust estimates of land cover change across the
NEBC–NWT region. Unlike previous small-scale estimates of change using remote sensing change detection
(e.g., Chasmer et al., 2010), this work involves distributed
sampling across the discontinuous permafrost region. To
support this work, field verification was conducted in 2016
to validate permafrost presence according to vegetation
distribution and ensure correct identification of land cover
types during visual and automated interpretation of remote
sensing images.

Field Studies on Water Flux and
Storage Processes
The CPET is using modelling as a tool for hypothesis
testing at local scales to evaluate the efficacy of conceptual models developed from field observations,
which describe specific hydrological processes.
These local predictions of hydrological processes can
then be upscaled to estimate hydrological fluxes over
an entire basin. A significant amount of field studies
was completed at Scotty Creek research basin in
2015–2016 and prior to the formation of CPET
(Quinton et al., 2016), from which conceptual models
of local-scale hydrological processes are being developed. For example, in the past year sampling was done
at points throughout Scotty Creek basin to survey talik
formation (unfrozen layer within permafrost ground)
and frost table measurements. These data are applicable to parameterizing subsurface water flow and con-
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nectivity within computational models. Very high resolution imagery (3 cm) was gathered from fixed-wing and rotary unmanned aerial vehicle (UAV) platforms for specific
areas of interest within Scotty Creek research basin, including multispectral, thermal and infrared sensors. These data
are used to develop very high resolution elevation products
and identify surface temperatures of land cover features.
This information contributes toward development of hydraulic roughness algorithms for modelling runoff between
land cover types (e.g., isolated bogs and interconnected
bogs). Data are now being analyzed from pressure transducers installed along stream nodes in Scotty Creek and
Suhm Creek research basins in 2015–2016 to characterize
hydrological routing. Finally, data are being analyzed from
sap flow sensors installed on trees at Scotty Creek and a site
near Suhm Creek (NWT and BC ecology sites on Figure 1)
in 2015–2016 to characterize evapotranspirative fluxes
over forested areas underlain by permafrost for inclusion in
hydrological modelling calculations.

Development and Testing of Hydrological
Models to Simulate Water Flow and Storage
The CPET uses both the cold regions hydrology model
(CRHM; Pomeroy et al., 2007) and Raven model (The Raven Development Team, 2014). Knowledge developed
from field studies at Scotty Creek is being incorporated to
parameterize these models to predict hydrological processes over local and basin scales. Both CHRM and Raven
are object-oriented frameworks developed for simulating
the energy and water balance of hydrological response
units (HRU). The HRU corresponds to a spatial footprint of
similar biophysical features and processes, in which mass
and energy balances can be generalized (Pomeroy et al.,
2007). Therefore, in a given HRU, a model can be parameterized with a single set of parameters and state variables.
Important achievements were made in 2015–2016 to parameterize HRU in hydrological models, building off existing work. The CRHM computations of snowmelt, active

Figure 3. Linear disturbance densities for selected remote sensing areas
of interest (AOI; 36 km2 each) shown in Figure 1, numbered from north to
south (Northwest Territories to British Columbia). Data are determined
from digitizing visible seismic lines, winter roads and pipelines within
50 cm resolution WorldView-1 and -2 images.
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layer thaw and subsurface flux have been conducted for
Scotty Creek at bogs, fens and plateaus (Quinton et al.,
2016). The current focus for Scotty Creek basin is on model
development of these computations within the Raven
platform.

models will be coupled with NEST to simulate future water
resources scenarios according to hypothetical land cover
changes.

Conclusion

Consortium for Permafrost Ecosystems in Transition is
funded by a Natural Sciences and Engineering Research
Council of Canada Collaborative Research and Development grant with partner contributions from Nexen Energy
ULC, Petroleum Technology Alliance of Canada, Geoscience BC and BC Oil and Gas Research and Innovation
Society. The authors gratefully acknowledge the support of
Fort Nelson First Nation, Liidlii Kue First Nation, Jean Marie River First Nation, Government of the Northwest Territories and Government of British Columbia. This article
benefited from a review by M. English at Wilfrid Laurier
University.

Industry, government and community groups in the
NEBC–NWT border region acknowledge that the there is a
lack of monitoring data related to water resources. As a result, there are currently high levels of uncertainty in existing hydrological modelling tools for predicting water resources availability in the future under climate warming
and industrial development scenarios. The CPET is filling
this gap by developing new science-based conceptual and
computational models to predict future permafrost thaw
and determine the implications for water resources availability. This information is integral to plan for, and adapt to,
impacts of permafrost thaw under varied scenarios. For example, the knowledge generated by CPET can be applied to
limit damage to infrastructure caused by permafrost thaw
(Government of the Northwest Territories, 2008) or be applied so that industry can confidently plan future operations, such as hydraulic fracturing, based on available
water supplies (Johnson, 2010).

Next Steps
The CPET work in 2016–2017 will build on existing knowledge and continue development of study sites to focus on
1) permafrost modelling and 2) basin-scale hydrological
prediction under future scenarios. In addition, further field
studies and modelling work will be done at Suhm Creek basin to test the similarity and reproducibility of conceptual
models developed for Scotty Creek basin. Activities for
permafrost modelling will concentrate on field studies to
better understand the energy dynamics of receding permafrost at the edges of treed plateaus. One example of this is
sampling the subsurface permafrost composition using
electrical resistivity imaging. As well, work will be completed to predict permafrost thaw using the northern ecosystem soil temperature (NEST) model (Zhang et al.,
2006). Permafrost models are typically run at relatively
coarse resolutions (e.g., 1000 km2), however, information
generated from ongoing work (e.g., land cover distributions generated from remote sensing) will be leveraged to
scale this model for application at finer spatial scales (e.g.,
1 km2). Activities toward basin-scale hydrological prediction will include preparing CHRM and Raven hydrological
models to simulate streamflow in Scotty Creek and Suhm
Creek research basins. The accuracy of these models will
be evaluated using instruments deployed throughout the
basins, and adjustments to model parameters can be incorporated as necessary. Once it has been established that reasonable modelling accuracy has been achieved, these
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