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Abstract

A critical factor in permafrost degradation is the hydrological processes' changes, which result
from free-flowing water, such as soil water or groundwater, and their associated flow paths.
Hydrological models calibrated under current climate conditions are less likely to accurately
predict the water budget of a catchment under permafrost degradation under future climate
conditions. However, such models are used to help manage large watersheds in northern Canada,
which are used for hydropower generation, and are essential for strategic planning on the future
supply of energy. This research was conducted to understand and identify the potential impact of
permafrost thawing on the hydrological regime within the Nelson-Churchill River Basin (NCRB)
due to climate change. Numerical models were developed using HYDRUS-1D and Hansson’s
module to analyze potential changes in ground temperature resulting from climate change to
establish detailed physical-based understanding of the changes in the active layer. The calibration
process was carried out using soil temperature data for 2014-2015 and validated by 2011-2012
data. Data from two Global Circulation Models (GCMs), namely, CanESM2 (Canadian Center for
Climate Modelling Second Generation Earth System Model) and MIROC5 (Model for
Interdisciplinary Research on Climate), were used to analyze potential future changes in active
layer thickness due to climate change under two emission scenarios (RCP8.5 and RCP4.5). The
investigation showed that permafrost remained stable in sites with peat layers. The lower emission
scenario forcing predicted up to 1 m increase in active layer thickness whereas up to 5 meters
increase of the active layer thickness was observed for both GCMs under high emission scenarios

by 2080.
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1 Introduction

1.1 Overview

Permafrost present in one-quarter of the exposed land in the Northern Hemisphere (Zhang
etal. 1999). It is defined as ground that remains at or below 0°C for two or more consecutive years
(Dobinski 2011, Walvoord and Kurylyk 2016). Permafrost is divided into continuous,
discontinuous, and sporadic zones depending on its areal extent and continuity (Dobinski 2011,
Walvoord and Kurylyk 2016). Its’ distribution at the regional and continental scale is strongly
related to mean annual air temperature (Bonnaventure and Lewkowicz 2013). Other factors also
play vital role in permafrost distribution for example, elevation, depth, and duration of snow cover,
slope, aspect, geology and vegetation (Carturan et al. 2016, Dobinski 2011, Zhao et al. 2017).
Permafrost presence has significant impact on the ecological, biological and hydrological
processes in the region and it controls the fundamental characteristics of the water cycle (Zhang
et al. 2017b).

The current climate warming is causing an increase in the thaw depth of the permafrost layer,
resulting in degradation of permafrost (Kurylyk et al. 2016) and also, a considerable degradation
of permafrost is projected by the end of the 21% century as a consequence of global warming
(Chadburn et al. 2017, Koven et al. 2013, Shojae Ghias et al. 2019, Wagner et al. 2018). This trend
results in a reduction of the areal extent (Bonnaventure and Lewkowicz 2011) and an increase of
the active layer (Biskaborn et al. 2019, Boike et al. 2019) in the remaining permafrost areas. Camill
(2005) examined the rates of discontinuous permafrost thawing in Northern Manitoba and

concluded that temperature warming by a rate of 4-8°C would eliminate most of the present range



of sporadic and discontinuous permafrost by the end of 21% century. Such predictions are in line
with current measurements of permafrost temperatures in boreholes (Boike et al. 2019).

As this climate warming trend continues, permafrost degradation is leading to catastrophic
structural foundation damage, roads, bridges, and runways failure in the cold regions (Anisimov
and Reneva 2006, Bao et al. 2019). It is also impacting hydrological cycles (Shojae Ghias et al.
2019, Walvoord and Kurylyk 2016) resulting in increasing winter baseflow (Duan et al. 2017),
and the release of greenhouse gas into the atmosphere (Byun et al. 2017, Plaza et al. 2019, Shmelev
et al. 2017). The hydrology in the Northern Hemisphere was greatly affected by permafrost
degradation (Quinton et al. 2019). The flow patterns in the unsaturated zone and snowmelt water
partitioning into runoff and infiltration were highly affected by the changing temperature of this region.
Stone et al. (2019) demonstrated that the degradation of discontinuous permafrost in the Northwest
Territories, Canada resulted in the reduction of discharge and increase of landscape
evapotranspiration.

The hydrology of cold regions is changing and Canada is prone to these changes (Derksen
et al. 2018, Quinton et al. 2019). Numerical model developments, laboratory, and field-based
approaches to capture relevant physical processes in the cold region are important as these
developments the increase understanding of the impact of climate change on permafrost
degradation and their role in infrastructure and ecological hazards (Connon et al. 2014, Shojae
Ghias et al. 2019). Recent developments on groundwater flow models were applied to investigate
the complex interactions between climate change, permafrost and hydrogeology (Bense et al. 2009,

Bense et al. 2012, Cheng and Jin 2013, McKenzie and Voss 2013).



1.2 Research motivation

Manitoba Hydro has established climate change strategies to understand the changing
climate, which incorporates measuring and reporting greenhouse gas (GHG) emissions to support
GHG policy and market development. This can help adapt and plan further strategies to shape the
organization's response to climate change (Manitoba Hydro 2020).

The scope of the climate change studies at Manitoba Hydro includes all the river basins in
the Nelson- Churchill Watershed, which on average, supply approximately 95% of Manitoba
Hydro's energy in the form of water. A series of comprehensive studies have been initiated to
increase knowledge of the implications of future climate change on future water supply, energy
demand and extreme events in the watershed, aiming to incorporate outcomes of the studies into
long-term planning and operations and consequently adapt infrastructure and business practices as
required (Manitoba Hydro 2020).

The climate change study incorporated hydroclimatic analysis and monitoring. Historical
hydrology and climate data were collected to characterize the hydrological and climatic conditions
in a watershed. The main aim was to provide a foundation for understanding future hydroclimatic
variability and changes. Climate change scenarios, hydrological modeling, future runoff scenarios,
and uncertainty in future projections are implemented in different hydrological models (Manitoba
Hydro 2020).

Hydrological models calibrated under current climate conditions are less likely to accurately
predict the water budget of a catchment under permafrost degradation in future climate conditions.
Therefore, in addition to the required ensemble of modeling for the climate projections, different
scenarios regarding additional hydrological processes, such as freezing and thawing, need to be

considered. Changes in hydrological processes and their impact on hydrological modeling can be



found in Abolt et al. (2017) and in Hollander et al. (2009), where changes in soil crusting resulted

in inaccurate forecasts of discharge from an experimental catchment.

1.3 Scope and Objectives

This research aims to understand and identify the potential impacts of permafrost thawing
on the hydrological regime of the Nelson-Churchill River Basin (NCRB) due to climate change.
The study evaluates permafrost degradation in northern Manitoba by two vadose-zone numerical
models: HYDRUS-1D and Hansson module. The specific objectives include 1) evaluation of soil
temperature data to identify permafrost zones and active layer thickness and 2) numerical
investigation of the effects of climate change on permafrost degradation under different emission

scenarios at a local scale.

1.4 Thesis organization

The remaining parts of the thesis are organized as follows; a literature review in the second
chapter; a detailed description of the study area, data, methods, results, and discussion in the third

chapter; the last chapter presents conclusions and recommendations for future studies.



2 Literature Review

2.1 Climate change

Climate change refers to a change in the state of the climate that can be identified by changes
in the mean and/or the variability of its properties and that persists for an extended period, typically
decades or longer (IPCC 2018). The observed rapid rate of warming exhibited in the arctic in
recent years is attributed mainly to climate change (Anisimov and Reneva 2006). Current warming
rates and future climate change projections in this region present anticipated vulnerabilities of
different dimensions ranging from physical, ecological, social, and economic factors (Anisimov
and Reneva 2006, Derksen et al. 2018, Luedtke and Howkins 2012). In the high arctic, permafrost
temperature has increased by 0.3°C to 0.5°C per decade, and in Canada, regional observation in
the central Mackenzie Valley has shown a warming rate of 0.1°C per decade (Derksen et al. 2018).

Enhancing a better perspective and quantifying the extent of climate change impact has been
possible through the development of general circulation models (GCMs), which are used to
simulate both the temporal and spatial patterns of the observed climate. GCMs have been
developed to simulate the present climate and used to predict future climate change. The
commonly used GCMs includes the Canadian Climate Center (CCC) model, Canadian
Environmental system (CanESM2, Arora et al. (2011)), and Model for Interdisciplinary Research
On Climate (MIROC5, Watanabe et al. (2010)). Other prominent GCMs are compiled in Table 1.
These GCMs run based on different emission scenarios commonly known as representative

concentration pathways (RCP) (Moss et al. 2010, van Vuuren et al. 2011).



Table 1. Lists of CMIP5 Global Circulation Models (GCMs)

Model Name Institutions
BCC-CSM1.1 Beijing Climate Center
BNU-ESM Beijing Normal University
CCSM3 National Center for atmospheric research
CGCM3_1 Canadian Center for Climate Modelling and Analysis
CMCC-CM : . T
CMCC-CMS Centro Euro-Mediteraneo per | Cambiamenti Climatici
CNRM-CM5 Centre National de Recherches Meteorologiques and Centre Europeen
de Recherche et Formation Avancees en Calcul Scientific
CSIRO-MK3.6.0 Queensland Climate Change Centre of Excellence and

CSIRO-Mk3L 1.2

Commonwealth Scientific and Industrial Research Organization
LASG (Institute of Atmospheric Physics)- CESS (Tsinghua

FGOALS-g2 University)

GFDL-CM3

GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory
GFDL-ESM2M

ﬂ:ggll\z/ll\s;ll Hadley Center for Climate Prediction and Research
INM-CM4 Russian Institute for Numerical Mathematics

IPSL-CM4 Institut Pierre Simon Laplace (IPSL)

MIROC-ESM-

CHEM University of Tokyo, National Institute for Environmental Studies and
MIROC-ESM Japan Agency for Marine-Earth Science and Technology
MIROC4h

MPI-ESM-LR

MPI-ESM-MR Max Planck Institute for Meteorology

MPI-ESM-P

mi:gg\%ﬂg Meteorological Research Institute

NorESM1-M Norwegian Climate Centre

The RCPs are named according to radiative, forcing the target level for 2100 (Moss et al.
2010). The estimates are based on the forcing of greenhouse gases and other agents (van Vuuren

et al. 2011). RCPs represent socio-economic and emission scenarios used as inputs for climate



models to explore plausible future conditions (IPCC 2018). The RCPs include one mitigation
scenario leading to a very low forcing level (RCP2.6), two medium stabilization scenarios
(RCP4.5/RCP6) and a very high baseline emission scenarios (RCP8.5)(van Vuuren et al. 2011).

RCP2.6 emission and concentration pathway is representative of the literature on mitigation
scenarios aiming to limit the increase of global mean temperature to 2°C (Vuuren et al. 2011). The
RCP2.6 scenarios were shown to be technically feasible in the IMAGE integrated assessment
modeling framework from a medium emission baseline scenario (Vuuren et al. 2006, Vuuren et
al. 2007). It peaks in radiative forcing at ~ 3 W/m? (~490 ppm CO; equivalence) before 2100 and
declines.

RCP4.5 was developed by the Global Change Assessment Model (GCAM) modeling team
at the Pacific Northwest National Laboratory's Joint Global Change Research Institute (JGCRI) in
the United States(Thomson et al. 2011). It is a stabilization scenario in which total radiative forcing
is stabilized shortly after 2100, without overshooting the long-run radiative forcing target level to
4.5 W/m? (~650 ppm CO- equivalence) (Clarke et al. 2007, Smith and Wigley 2006, Wise et al.
2009).

RCP6.0 was developed by the Asian-Pacific Integrated (AIM) modeling team (Masui et al.
2011). It is a stabilization scenario in which total radiative forcing is stabilized shortly after 2100,
without overshooting the long-run radiative forcing target level to 6.0 W/m? (~850 ppm CO>
equivalence) (Fujino et al. 2006, Hijioka et al. 2008).

RCP8.5 was developed using the MESSAGE model and the I1ASA Integrated Assessment
Framework by the International Institute for Applied Systems Analysis (IIASA), Austria. This

RCP is characterized by increasing greenhouse gas emissions over time, representing scenarios



rising radiative forcing pathway leading to 8.5 W/m? (~1370 ppm CO; equivalence) by 2100 (Riahi
et al. 2007, Riahi et al. 2011).

An extensive amount of research has been conducted on identifying influences of climate
change on different aspects of the hydrological cycle (precipitation, runoff, evapotranspiration,
etc.) in many geographic areas (Adane et al. 2019, Booshehrian et al. 2019, Bush et al. 2019, IPCC
2018, Salem et al. 2018, Sannel et al. 2016, Way and Lewkowicz 2018). Climate change
projections indicated an increase in the probability of drought in the Mediterranean basin and the
Middle East (IPCC 2018), and variability in extreme events. Changes in future climate will alter
regional hydrologic cycles and will subsequently have an impact on water resource availability
(Kundzewicz and Somlyddy 1997).

Climate warming is alarming and resulted in permafrost temperature globally increase by
0.29 £ 0.12°C from 2007 to 2016 (Biskaborn et al. 2019). For the same period, an increase of
temperature by 0.39 + 0.15°C and 0.20 = 0.10 °C in continuous and discontinuous permafrost
zones were observed, respectively (Biskaborn et al. 2019). Research conducted in a different part
of the globe depicts this; a study conducted in Samoylov Island, Siberia, showed that permafrost
warmed by 1.3°C (Boike et al. 2019). Similar permafrost warming was observed in Marre Sale,
northwestern Siberia, by 0.9°C (Biskaborn et al. 2019). In Tarfala Valley, Sweden, Héllberg (2018)
conducted a basal temperature snow survey and developed a model showing the current permafrost
extent in the study area. He explored the impact of climate change under different warming
scenarios on permafrost extent and concluded that in 20 years, an increasing ground surface
temperature by +1°C will result in degradation of 97.6% of the continuous permafrost. Liu et al.
(2017) conducted a study to indicate permafrost warming in the context of step-wise climate

change in Tien Shan mountain, China. They found that the active layer had increased by 0.45 m,



the permafrost also warmed by +0.6°C, and the permafrost base moved by 14 m during 1992 —
2011 and indicated this could be due to a step-wise change in air temperature.

Guo et al. (2012) conducted a study on the Tibetan Plateau focusing on the period 1980 —
2100 under the A1B green gas emission scenario using the CLM4 model (Community Land Model
version 4) (Oleson et al. 2010) that included an explicit frozen soil process based on a heat
conduction equation without phase change and latent heat impact. The phase change was
calculated in a second step by applying a method presented by Press et al. (1992). The predicted
results were close to the observations for the area evaluated. Future projection scenarios showed
that by 2050 the areas under permafrost would reduce by nearly 40% and by the end of the century
by more than 80%. The active layer thickness increased nearly by 1 m and 2 m for the 2050s’ and
2080s’ projections, respectively. The study also identified that the surface runoff would decrease,
whereas the subsurface runoff would increase, both relative to precipitation and
evapotranspiration. The of decrease in ground ice due to permafrost degradation allowed larger
fraction of liquid water to readily drain and reallocating runoff. The study did not quantify the
change in discharge. This study stands exemplary for large-scale modeling attempts.

Notably, the impact of a warming climate on permafrost has been indicated in Canada.
Haynes et al. (2019) conducted a study in Scotty Creek, Northwest Territories and concluded that
the discontinuous permafrost in the region is experiencing rapid warming and resulting in a land
cover change from forest peatland permafrost terrain to treeless wetland. A similar conclusion was
drawn by Beck et al. (2015) using remote sensing data for Umiujaq, sub-arctic Quebec, from 1986
to 2009. Bonnaventure and Lewkowicz (2013) had conducted a study on the impacts of mean
annual air temperature change on a regional permafrost probability model for southern Yukon and

northern British Columbia, Canada. They indicated that an increase in air temperature resulted in



a decrease of permafrost areal extent, e.g., +5K increase air temperature resulted in a reduction of
permafrost coverage from 58% to 9% of the study area. Gray et al. (2017) investigated a 37-year
geothermal record from a 29 m deep borehole in permafrost on Mont Jacques-Cartier, Quebec,
Canada. They concluded that regardless of fluctuations, overall warming trend was observed.
Booshehrian et al. (2019) conducted a case study in Nunavut, Canada, numerically computed
hydraulic variations, and the ground water flow change in continuous permafrost due to climate
change. Their result implicated that an increase of 7°C in mean annual ground surface temperature
led to permafrost disappearance. In the recent Canadian Changing Climate Report, Derksen et al.
(2018) has presented a review indicating that snow, ice, and permafrost are changing across

Canada because of increasing temperatures and changes in precipitation.

2.2 Permafrost

Permafrost is a ground that remains at or below 0°C for at least two consecutive years
(Dobinski 2011, Walvoord and Kurylyk 2016). In exclusively physical terms, based on
temperature criterion, permafrost is defined as a thermal state of the lithosphere and anything
inside it (Ballantyne 2008, Brown 1974, Dobinski 2011). Permafrost distribution at the regional
and continental scale is strongly related to the mean annual air temperature. However, other factors
are also important (Bonnaventure and Lewkowicz 2013, Palmer et al. 2012), including elevation,
depth, and duration of snow cover, slope, aspect, geology and vegetation (Carturan et al. 2016,
Dobinski 2011, Zhao et al. 2017). Permafrost is divided into continuous, discontinuous, and
sporadic zones depending on its areal extent and continuity (Anisimov and Reneva 2006,

Anisimov et al. 2002, Beilman et al. 2001, Brown 1970, Dobinski 2011).
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The surface layer, which thaws seasonally, is called the active layer. It can thaw and refreeze
more deeply or shallowly, depending on how warm the summer is (Dobinski 2011, Streletskiy et
al. 2017). In cold regions, the active layer plays significant roles in the ecological, hydrological,
biochemical and pedogenic processes taking place within the active layer (Hinzman et al. 1991,
Walvoord and Kurylyk 2016) for the transmission of heat into/out the lithosphere. Although it is
not a part of permafrost, it plays a key role in its interaction with the atmosphere (Dobinski 2011).
The active layer thickness depends on some critical factors such as the ground surface temperature,
thermal properties of the ground and its cover, soil moisture content, snow cover, etc. (Ballantyne
2008, Willeit and Ganopolski 2015). According to Kujala et al. (2008), peat exhibiting excellent
insulation properties in summer reduces the thickness of an active layer and increases the
penetration of cold in winter when its thermal permeability is significantly higher. Peat’s thermal
property depends on its water content and temperature (Kujala et al. 2008), and it slightly changes
with temperature but showed a considerable increase with the peats water content (lower for
natural unfrozen peat and higher for saturated).

As polar amplification of climate change continues, terrain within the discontinuous
permafrost zones where permafrost is warm and hence sensitive is likely to undergo considerable
change (Bense et al. 2012, Bonnaventure and Lewkowicz 2013, Camill 2005, Lacelle et al. 2010),
resulting in increasing winter baseflow (Duan et al. 2017), the release of greenhouse gases to the
atmosphere (Anisimov and Reneva 2006, Beermann et al. 2017a, Beilman et al. 2001, Bense et al.
2012, Derksen et al. 2018, Plaza et al. 2019, Wagner et al. 2018), decrease bearing capacity beyond
safety range and ground deformation (Arenson et al. 2016, Bao et al. 2019, Davies et al. 2001,

Draebing et al. 2017).

11



Recently, efforts to incorporate permafrost models into hydrologic studies (Bense et al. 2012,
Brunner and Simmons 2012, Carturan et al. 2016, Kurylyk et al. 2014, Zhang et al. 2000),
geotechnical (Brown 1970, Rudy et al. 2017), and ecosystem models (Rivkina et al. 2018, Way
and Lewkowicz 2018) has been carried out and are continuing. Such coupled models are
computationally expensive (Anisimov and Reneva 2006). Predictive permafrost models forced
with various climatic scenarios to see the impact on active-layer thickness (Anisimov et al. 2002,
Boucher-Brossard et al. 2017, Changwei and Gough 2013, Dyke and Sladen 2010, Fagan and
Nelson 2017, Gray et al. 2017, Ishikawa et al. 2018, Lewkowicz et al. 2016, Ruhaak et al. 2015)
have indicated a significant increase in the active-layer thickness in the future. Several reviews of
previous works published on permafrost modeling can be found (Derksen et al. 2018, Riseborough

et al. 2008).

2.3 Permafrost models

Permafrost models are a subset of a more general class of (geo)thermal models and focus on
ground freezing and thawing in determining the important model parameters (Riseborough et al.
2008). Analytical models, e.g., n-factors (Lunardini 1978), TTOP model (Smith and Riseborough
1996), are of limited help since they were derived from idealized conditions. Statistical-empirical
permafrost models, e.g., the PERMAMAP approach of (Hoelzle and Haeberli 1995), require
significant changes in parameters that are easily measured, such as altitude, slope, and solar
radiation. However, significant changes, e.g. in altitude, are not available, so that their application
in Northern Canada is limited. Incorporating real-world conditions, e.g. changes in ground surface
temperature, snow cover changes, can only be included by numerical techniques. Numerical

techniques require the definition of initial and boundary conditions. Most critical is the upper or
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atmospheric boundary condition at the soil surface. Critical parameters at the local scale are solar
radiation, wind speed and air temperature (Mittaz et al. 2000). However, spatial permafrost
modelling at the catchment scale requires a less site-specific approach to the energy balance, with
short-wave radiation attenuated through the atmosphere, wind fields modified by local conditions
based on satellite-derived leaf area indices, etc. (Chen et al. 2003, Riseborough et al. 2008).

Zhang et al. (2006) developed the Northern Ecosystem Soil Temperature (NEST) numeric
model to simulate the evolution of the ground thermal regime of the Canadian landmass since the
end of the Little Ice Age. The study considered the effects of vegetation, snow, forest floor or moss
layers, peat layers, mineral soils, and bedrock. Results showed permafrost retreat in the southern
edge of permafrost in Manitoba and the eastern parts towards the Hudson Bay. However, exact
and local results are not available from that study due to the spatial resolution of half-degree
latitude and longitude.

The arctic terrestrial simulator (ATS) model is a physically-based, integrated tool of the
permafrost-related process model developed from the Amanzi code (Painter et al. 2016). It is an
open-source model that couples the surface energy balance model (Atchley et al. 2015) and three-
dimensional subsurface thermal hydrology model (Jan et al. 2020, Karra et al. 2014, Painter et al.
2016) allowing permafrost-affected regions multidimensional simulations. The ATS model
simulate the snow process, such as snow insulation and snow thermal conduction (Painter et al.
2016). However, the ATS model has shortcomings in solving the convergence of nonlinear system
around the transition between freezing and thawing and simulating topography change by
subsurface ice melting that require movement of grid/mesh cells while maintaining the water and

energy balance inside the moving grid (Bui et al. 2020, Dall'’Amico et al. 2011).
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CryoGrid 2 is a transient permafrost model that calculates ground temperature according to
conductive heat transfer in soil and snowpack (Westermann et al. 2013). The change in internal
energy is determined by Fourier’s law of heat conduction. The model has been used in different
permafrost-related studies (e.g., Westermann et al. (2013)). Angelopoulos et al. (2019) simulated
coastline retreat and subsea permafrost evolution following successive stages of a thawing
sequence at the Bykovsky Peninsula using CryoGrid 2. Their result indicated the freezing point
depression produced salt diffusion preventing ice formation in sediment and enhancing permafrost
degradation. They concluded that salt diffusion might facilitate the release of greenhouse gasses
into the atmosphere and affecting designs of offshore and coastline infrastructure. Myhra et al.
(2017) modelled the distribution and temporal evolution of permafrost in a steep rock wall along
the latitudinal transect from the southern to northern Norway using CryoGrid 2D. Their result
showed the existence, and thermal regime of the permafrost varies strongly depending on the snow

and glacier cover on the plateau.

2.4 Hydrological models in cold regions

Hydrological model selection in cold regions should consider the models' ability to deal with
unique processes of permafrost environment and applicability with moderate amounts of data (Bui
et al. 2020). Such models are essential for understanding the arctic regions' complex hydrologic
responses in a warming climate (Jan et al. 2020). Careful evaluation of hydrological models against
observations helps to develop understanding and identifying modeling uncertainties (Jan et al.
2020, Pokorny et al. 2021, Unduche et al. 2018). The following part discusses some physically-
based hydrological models that have been evaluated and effectively used for hydrologic studies in

cold regions. These include HBV, ECOMAG, and WATFLOOD
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2.4.1 HBV

The Hydrologiska Byrans Vattenbalansavdelning (HBV) model is a rainfall-runoff model
developed by Lindstrom et al. (1997) at the Swedish Meteorological and Hydrological Institute.
Subsequent improvements on the model gave significant confidence for different flood forecasting
applications, inflow forecasting into hydropower reservoirs, and assessment of climate impact on
water resources (Bui et al. 2020). The HBV model considers permafrost hydrology's critical
processes such as snowmelt, snow routine, soil moisture, infiltration, and surface energy balance.
The model simulates active layer thickness using an accumulated degree day coefficient, which is
set up based on field measurement (Bruland and Killingtveit 2002, Bui et al. 2020). The HBV
model requires the most basic input data such as daily precipitation and average daily air
temperature, and computer facilities. It is suitable for studies with sparse data, such as the Arctic
region and could be ideal tool for hydrological simulations in ungagged river basins. However, it
is challenging in finding optimal parameters for HBV (Bergstrom 2006).

The HBV model has been used in several countries in the world. In Canada, the model is
vastly used in flood forecasting operations by the Province of Manitoba. Unduche et al. (2018)
evaluated the Canadian version of HBV model performance with three other hydrologic models.
They indicated that the model could simulate flows accurately and can be used in operational flood
forecasting. The HBV model has been used in different climate change studies (eg., Ahmad et al.
(2020), Krysanova et al. (2017), Lestari and Dasanto (2019)); and the model performance gave the
confidence to analyze and forecast projections under different emission scenarios.

Despite the HBV model's applicability in cold regions and capability of simulating active

layer thickness dynamics (Osuch et al. 2019), the lack of the model ability to represent soil thermal
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property and phase-changes of water during freezing and thawing processes in near-surface soil

gives little confidence to apply it stand-alone in permafrost studies.

2.4.2 ECOMAG

The Ecological Model for Applied Geophysics (ECOMAG) is a physically-based,
distributed hydrological model for simulated hydrological cycles and water quality transformation
in catchments in cold climate regions (Motovilov 2013, Motovilov et al. 1999). It has hydrological
and water quality sub-models. The model operates in a daily time step. The hydrologic sub-model
incorporates  several processes occurring in catchments, including surface runoff,
evapotranspiration, infiltration, soil moisture, and subsurface flow. The model is capable of
simulating hydrothermal processes, including the formation of snow cover, snowmelt rate, active
layer thickness dynamics, infiltration of snowmelt into the unfrozen and frozen soil by integrating
the governing equations of basic hydrodynamic and thermodynamic of water, vertical heat
transfer, horizontal water flow, etc. (Motovilov 2013, Motovilov et al. 1999).

The ECOMAG model was tested for hydrological simulation in several river basins in cold
climate regions such as Canada, Norway, and Russia. In a study conducted at the Lena River basin
in Russia, Motovilov (2017) used the model to simulate hydrological parameters and compared
the result with data from the hydrometric observations and concluded that the model performed
well. In other studies conducted to investigate climate change impacts on twelve river basins in
Africa, Asia, Australia, Europe, and North America, the ECOMAG model was used with eight
other hydrological models (Krysanova et al. 2017). The model was applied on Lena and Mackenzie
basins (Gelfan et al. 2017, Motovilov et al. 2017) with the other models; they assessed the model's

ability and reliability to reproduce the historical streamflow series and analyzed projections using
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climate change scenarios, and the model showed adequate performance. Coupling the ECOMAG
model with a meteorological model was done by Churiulin et al. (2019) for the Sukhano River at
Velikiy Ustyung, Russia. A similar study was conducted on the Ussuri River by Bugaets et al.
(2018). Coupling the models in both studies allowed quantitative assessment of flood
characteristics with a lack of data from hydrometeorological stations. The study recommended that

the model could be used as a component of operational flood forecasting.

2.4.3 WATFLOOD

The WATFLOOD model is a distributed, partially physically-based hydrological model. It
is widely used for flood forecasting and long-term hydrological simulation using distributed
precipitation data from weather radar numerical weather models (Kouwen 2016). WATFLOOD
implements a grouped response unit (GRU) approach and subdivides segments according to the
similarity of hydrological responses. The runoff response from each unit with an individual land-
cover make-up and topography (elevation) is calculated and routed downstream. The interception,
infiltration, evaporation, snow accumulation and ablation, interflow, recharge, baseflow, and
overland and channel routing are processes modeled (Kouwen 2016).

Numerous applications of WATFLOOD, especially in Canadian basins, are found in
different studies. Notable recent applications including modeling climate change impacts (Toth
2006), estimating glacier wastage and seasonal melt contribution (Comeau et al. 2009), surface
water quality (Jenkinson 2009), groundwater separation studies (Stadnyk et al. 2005), and
operational flood forecasting (Unduche et al. 2018). Jing and Chen (2011) tested the performance
of WATFLOOD in subarctic wetlands in the Deer River watershed located in the northern Hudson
Bay Lowlands, Manitoba. They compared the model’s performance with another hydrologic

model (SLURP). They concluded that the WATFLOOD model's inability to consider the existence
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of permafrost and numerous seasonal ponds resulted in spring peak flows underestimation. They
suggested modifications on the snowmelt algorithm, permafrost layer, and wetland routing would
improve the model performance and reduce uncertainties. The WATFLOOD model was used to
synthesize runoff hydrograph in Duffins Creek drainage basin in southern Ontario (Cranmer et al.
2001). They concluded that the model accurately captured rainfall-runoff processes for increasing
rainfall intensities for peak flow, basin lag, and time to peak flow and indicated the model’s
suitability for flood forecasting and flood studies. They pointed out that uncertainty in computing
peak flow magnitude might arise from rainfall and base-flow separation for the unit hydrograph

method.

2.5 Modeling heat transport

Heat is the energy in transit due to temperature differences. There are three modes of heat
transport, namely, conduction, convection, and radiation, in the shallow subsurface. Conduction
occurs in a stationary material as a result of colliding molecules exchange energy by atomic
vibrations (Zohuri 2017). Conduction is a thermally homogenizing force that induces heat transfer
from a higher to lower temperature gradient until equilibrium is achieved. It is governed by
Fourier's law, which is used to quantify heat transfer processes in terms of appropriate rate
equations. Convection is a mode of heat transfer associated with two mechanisms; energy transfer
due to random molecular motion (diffusion) and energy transferred by the bulk, or macroscopic,
motion of the fluid (Bergman et al. 2011). This mode of heat transfer can be classified according
to the nature of the flow, forced and free or natural convection. In the forced convection, flow is
caused by external means, such as a fan, pump, or atmospheric wind. Whereas, in free or natural

convection, the flow is induced by buoyancy forces, which are due to density differences caused
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by temperature variations in the fluid (Bergman et al. 2011). Thermal radiation is energy emitted
by matter that is at a nonzero temperature. The emission may be attributed to changes in the
electron configurations of the constituent atoms or molecules (Bergman et al. 2011). This mode of
heat transfer involves no direct contact, and it is in the form of electromagnetic energy waves and
the absence of a suitable medium (Bergman et al. 2011).

In cold regions, consideration of phase change in heat transport modelling enhances the
representation of the soil thermal process. Hansson et al. (2004) presented a new method that
accounts for phase changes in a fully implicit numerical model for coupled heat transport and
variably saturated water flow in both above and below zero temperature. It was based on the
Richardson equation. Their approach enabled numerically stable mass and energy conservative
solution. They evaluated the model by comparing predictions with data from the laboratory-based
freezing experiment. They proposed a new function to better describe thermal conductivity
dependency on ices and water content of frozen soil. Even though they only used one year of data
and were subjected to change frequently due to snow ploughing operation, the numerical
simulations have demonstrated the ability of codes to cope with rapidly changing boundary
conditions. In other study benchmarking the numerical freeze/thaw model was done by Riihaak et
al. (2015) using the INTERFROST consortium. They modeled the two benchmarks using Cast3M,
SMOKER, SUTRA-ICE and FEFLOW and compared the results. One benchmark was analytical
solution purely thermal simulation of frost penetration into a porous soil which was developed by
Lunardini (1988) and the other was melting of a frozen inclusion that artificially simulates the
thermo-hydraulically coupled thawing process. Their results exhibited good qualitative similarity

for all codes.
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Dacquay et al. (2020) used a finite element solver COMSOL Multiphysics to investigate
conductive heat transfer in soil by considering the effects of pore water phase change coupled with
convective heat transfer through pipe flow. Their research focussed on the long-term efficiency of
a ground heat exchanger that extracts heat from the surrounding soil and sewage within the pipe
in a cold climate. Their model resulted in 0.1°C over 25 years maximum temperature change in
the surrounding soil adjacent to the heat extraction during the heating season in Winnipeg,
Manitoba. Gheysari et al. (2021) conducted similar studies to investigate the short-term and long-
term performance and effectiveness of closed-loop horizontal GHP systems in a cold region. The
resulting output was processed into extraction power, thermal output, and carbon emissions. Their
result suggested that attaining stable heat extraction possible by placing the exchanger below the
depths that are not affected by seasonal variation. The system was resilient to major climate
pathways, and the system has less carbon footprint in Canada. Saaly et al. (2020) also had
investigated the energy performance of below-grade envelops of institutional buildings in cold
regions by considering pore water phase change on thermal properties and heat exchange between
the basement structure and surrounding soils, developed 3D and 2D numerical analysis. They are
also investigating the importance of insulation systems, and their result suggested applying this
insulation helped reduce heat loss by 60%. Their result comparison between the 3D and 2D models
suggest that the 2D model predicted a 22% higher heat flux than the 3D model. Bridger and Allen
(2010) developed a 3D heat transport model to evaluate the influence of aquifer heterogeneity that
used for thermal energy storage. Their result indicated that heat and cold energy moved
preferentially in discrete zones within the aquifer over discrete interval. It was corroborated with

monitored data from the stations in Agassiz, British Colombia, Canada.
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3 Physically-Based Numerical Modelling to
Identify Permafrost Degradation due to Climate

Change

Abstract

The impact of climate change is global. In cold regions, climate change has contributed to
an increased glacier ice melt rate and permafrost degradation. The effects of future climate change
are usually studied by running numerical models with data from GCMs. In this study, the
physically-based numerical models, HYDRUS-1D and Hansson’s module were used to analyze
the potential changes in ground temperature and the active layer at location about 60 km
downstream of Gillam near the shore of Lower Nelson River, Manitoba, Canada. Model
calibration and validation were using soil temperature data for the 2014-2015 and 2011-2012
period respectively. Correlation results showed that simulated soil temperature was in agreement
with observed for Hansson’s module for all season but HYDRUS-1D model showed significant
variation for winter season. To analyze the potential change in active layer thickness and the
stability of permafrost due to climate change, the calibrated model was run with two Global
Circulation Models, CanESM2 (Canadian Center for Climate Modelling Second Generation Earth
System Model) and MIROCS (Model for Interdisciplinary Research on Climate) under two
scenarios (RCP8.5 and RCP4.5). The results showed that permafrost would stay stable in sites with
peat layers and the active layer increment up to 5 meters was observed for both GCMs under high

emission scenarios by 2080’s.

21



3.1 Introduction

Approximately one-quarter of the continental northern hemisphere's exposed land is covered
by permafrost (Zhang et al. 1999). This occurrence has fundamental control over these regions'
water cycle characteristics (Zhang et al. 2017a), and permafrost distribution can significantly
impact subsurface pathways and fluxes (Walvoord and Kurylyk 2016). Climate change is expected
to have a profound effect on the hydrological processes in cold regions through alterations in the
spatial and temporal distribution of frozen ground (Ye et al. 2003). The development of Global
climate models (GCMs) and run based on different emission scenarios had given better perspective
and played instrumental role to project the extent of impacts of climate change (IPCC 2007).
Biskaborn et al. (2019) reported permafrost temperature increase by 0.29 + 0.12°C from 2007 to
2016 global level and an increase of temperature by 0.39 + 0.15°C and 0.20 + 0.10°C in continuous
and discontinuous permafrost zones were observed, respectively. In Canada, different studies
indicated the impacts of this climate warming on permafrost based on investigation of geothermal
records (Gray et al. 2017), numerical computed hydraulic variations (Booshehrian et al. 2019),
analytical models (Smith and Riseborough 1996) etc.

Permafrost degradation, triggered by global warming, is manifested in reduced permafrost
extent and increased active layer thickness (Beck et al. 2015, Sannel et al. 2016). Predictive
permafrost models forced with various climatic scenarios to see the impact on active-layer
thickness (Dyke and Sladen 2010, Fagan and Nelson 2017, Lewkowicz et al. 2016) have indicated
significant increase in the active-layer thickness in the future.

A critical aspect in permafrost degradation is the hydrological processes' changes, which
results from free-flowing water, such as soil water and groundwater, and their associated flow

paths. Freezing and thawing of water and soil have substantial impacts on a variety of hydrological
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and geotechnical aspects. Snowmelt is a critical factor behind flooding and permafrost degradation
and impacts the hydrological regime. Currently, it is not adequately represented in many
hydrological models, and that the numerical modeler often has considerable difficulties to
accurately parametrize the process (Bormann et al. 2011, Hollander et al. 2009, Hollander et al.
2014).

Recently, efforts to incorporate permafrost models into hydrologic studies (Bense et al. 2012,
Brunner and Simmons 2012, Carturan et al. 2016, Kurylyk et al. 2014, Zhang et al. 2000),
geotechnical (Rudy et al. 2017), and ecosystem models (Rivkina et al. 2018, Way and Lewkowicz
2018) has been carried out and are continuing. Such coupled models are computationally
expensive (Anisimov and Reneva 2006). In addition to the required ensemble of modeling for the
climate forecast, different scenarios regarding additional hydrological processes, freezing and
thawing, need to be considered. Incorporating pore water phase change in energy and heat transfer
models helped better representation of the processes in cold regions (Dacquay et al. 2020, Gheysari
et al. 2021). Examples of potential changes in hydrological processes and their impact on
hydrological modeling can be found in Abolt et al. (2017) and in Hollander et al. (2009) where
changes in soil crusting resulted in inaccurate forecasts of discharge from an experimental
catchment.

Most studies regarding permafrost degradation covers regional extent and do less likely
represent detailed hydrological and physical processes at local scale. This is due to high
computational demand and due to the limited data availability in the northern hemisphere and
results in a limited understanding of local aspects of climate change and its impact in the region.

This research aims to understand and identify the potential impacts of permafrost thawing

on the hydrological regime in Northern Manitoba due to climate change by evaluating permafrost
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degradation. Two vadose-zone physically based numerical models were used in this research,
HYDRUS-1D (v4.17) and Hansson Module. The specific objectives include 1) evaluation of soil
temperature data to identify permafrost zones and active layer thickness and 2) numerical
investigation of the effects of climate change on permafrost degradation under different emission

scenarios at a local scale.

3.2 Study area

The study site is located in Northern Manitoba in the Hudson Plains Ecozone's polar/boreal
wet ecoregion and is located near the lower Nelson River, approximately 775 km north of
Winnipeg (Figure 1). The site lies within the regional transition zone between the discontinuous
and continuous permafrost zone of northern Canada.

The Hudson Plains Ecozone climate is generally subarctic and is characterized by short cool
summers and frigid winters. Based on the last climate normal for the period of (1981-2010) at
Gillam, Manitoba, the temperature ranges from -10°C to +32°C during summer months (May -
September) and from -45°C to +15°C in the winter (October - April). The coldest months are
usually January and February. The annual average precipitation is about 452.5 mm with winter
snowfall accounting for approximately 40% of the total precipitation amounts (Environment
Canada, 2019). The vegetation ground cover is mostly mature jack pine with sparse green alder,
predominantly lichen ground cover.

The study area's geology comprises different stratigraphic layers of peat, clay, sand, gravel,
and limestone. Stratigraphic information retrieved from four boreholes on the site showed the
following soil layers: 1.5 - 3 m peat, 5 - 30 m clay, 0.5 - 3 m sand, 0 - 11 m silt, 0 - 5 m gravel.

These soil layers overly on a deep formation of limestone.
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3.3 Data and methods

Continuous time series of both air temperature and soil temperature of the study site for the
periods of 2011-2012 and 2014-2015 were obtained from Environment Canada (Environment
Canada 2019) and Manitoba Hydro, respectively. Subsurface temperature from thermocouple
and thermistors for 27 boreholes were retrieved from Manitoba Hydro's record. Both kind of
sensors were installed at the same depth for verifiability and different life expectancy. Data
quality was checked in terms of completeness, instrument recording error susceptibility, and
permafrost indication, which is a temperature record of less than 0°C for at least two consecutive
years (Dobinski 2011, Walvoord and Kurylyk 2016). Instrument recording error susceptibility
was checked by regression analysis between thermocouple and thermistor temperature records.
Daily average soil temperature record for boreholes exhibiting permafrost was used for numerical
model calibration period (2014-2015) and validation period (2011-2012). For each selected
borehole, the minimum, average, and maximum temperatures over two years were calculated for
respective sensors' depth and used to create a temperature envelope with depth as an approach to
define the permafrost. Future projections in the study site were derived from the station Gillam.
The Gillam meteorological station was used because it offers a higher quality, longer term record
and exhibits similar climate patterns as short-term metrological records located in closer
proximity to the study personal communication with Vieira (2018). Due to significant gaps in
the soil temperature data, depths with the most consistent long-term series were used for model

calibration and validation in the study site.
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3.3.1 Climate Change Projections

Two GCMs (Global Circulation Models) were used to analyze permafrost's potential
changes due to climate change in the future. GCMs are numeric models that compute energy and
mass balances based on physical equations and are used to translate future atmospheric, forcing
scenarios into consistent physical effects on climate (Manitoba Hydro 2020). The GCM
projections for temperature, precipitation, evaporation, runoff and wind speed for watershed
located in Northern Manitoba has been evaluated and are in agreement that provide confidence
(Manitoba Hydro 2020). The selected models were CanESM2 (Canadian Center for Climate
Modelling Second Generation Earth System Model) and MIROC5 (Model for Interdisciplinary
Research on Climate).

The second-generation Canadian Earth System Model (CanESM2) has evolved from the first
generation Canadian earth system model (CanESM1) (Arora and Matthews 2009, Christian et al.
2010) of the Canadian Climate Modelling and Analysis (CCCma) (Arora et al. 2011). The model
couples together an atmosphere-ocean general circulation model, a land-vegetation model, and a
terrestrial and oceanic interactive carbon cycle (Arora et al. 2011). It is a global model developed
to simulate historical climate change and variability, make centennial scale projections of future
climate, and produce initialized seasonal and decadal predictions. (Arora et al. 2011, Swart et al.
2019).

Model for Interdisciplinary Research on Climate (MIROCS) is developed jointly at the
Center for Climate System Research (CCSR), University of Tokyo; National Institute for
Environmental Studies (NIES); and Japan Agency for Marine-Earth Science and Technology. By

modifying and replacing most parts except for the atmospheric dynamical core of the previous
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version, MIROC3.2 (Hasumi and Emori 2004), MIROC5 overcame deficiencies in the natural
variability and climate sensitivity (Watanabe et al. 2010).

This study selected a moderate and high climate warming scenario (see section 2.1)
following the representative concentration pathways (RCP4.5 and RCP8.5), and was used to
analyze the impact on the permafrost. Bias corrected data was retrieved from (Canadian Centre for
Climate Services (CCCS); Ouranos and the Pacific Climate Impacts Consortium (PCIC) 2019),
climatedata.ca. The time horizon for the GCM calculation was the year 2100. For Gillam, the
annual average temperature for the period of 1951-1980 was -4.6°C; for 1981-2010, it was -3.5°C.
Under a high emission scenario, the projected annual average temperatures are -1.5, 0.9, and 2.9°C
for GCM-driven periods of 2021-2050, 2051-2080, and the last 30 years of the century

respectively.

3.3.2 HYDRUS-1D model

The HYDRUS model numerically solves the Richards equation for variability saturated
water flow and advection-dispersion type equations for heat and solute transport (Simunek et al.
2013). The heat transport equation considers heat transport due to conduction and convection.

The governing heat transport equation without considering the transfer of latent heat by
vapor movement and as described with a conduction-dispersion equation by the Simunek et al.

(2013) is as follows:

0CH(OT _ 3

oT aqT
at ax [/1(9) E] —Cw, — GwsT e

where, C,(8) and Cw were volumetric heat capacities [M L1T2K™] of the porous medium
and the liquid phase, respectively, A () was the coefficient of the apparent thermal conductivity

of soil [MLT-3K™!]. The first two terms of the above equation, on the right-hand side, represented
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the heat flow due to conduction and the heat transported by the flowing water. The third term on
the right-hand side of equation (1) stood for energy uptake by plant roots associated with root
water uptake (Simunek et al. 2013).
Volumetric heat capacity was described by De Vries (1963) as follows:
Cy,(0) = €0, + Co6, + C,,0 + Cpa, (2)
~ (1.920n,+2.5160+4.1860) *10° (ML-1T-2K-1)

In the above equation, the subscripts n, o, and w are representing solid phase, organic matter, gas
phase, and liquid phase, respectively. The thermal conductivity was expressed using the equation:

/10(6) = bl + b29 + b390.5 (3}

where b1, b> and bz are empirical parameters [-], which were determined by Chung and

Horton (1987) based on the soil texture.

3.3.3 Hansson's module

Hansson et al. (2004) presented a method that used and implemented a code designed for
accounting phase change in water by coupling equations of governing heat transport and variably
saturated flow in both positive and negative temperatures. This approach was successfully applied
to simulate the soil temperature and showed a better fit with observed data than the standard
HYDRUS code with the consideration of latent heat at different depths of the soil column during
phase change of the water. The general governing equation in this model for heat transport in

porous media was:

ac,T 91, T aT aqT aqyT aqy
22 Ly P L (D = 2 [40) D - cw — v 22— (1) 22—, 5T (%)
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where, Ly is the latent heat of freezing (L2 T2) (approximately 3.34 x10° L2 T2), Lo is the
volumetric latent heat of the water (M L™ T-2). It is determined by Lo = Lwpw Where L is the latent

heat of vaporization of water (=2.501 x 10°-2.369.2 T [°C]) (Hansson et al. 2004).

In the above equation, the first term on the left side represents the change in energy content,
while the second and third terms represent changes in the latent heat of the frozen and vapor phases,
respectively. The terms on the right-hand side represent soil heat flow by conduction, convection
of sensible heat flow with flowing water, transfer of sensible heat by diffusion of water vapor,
transfer of latent heat due to diffusion of water vapor, and energy uptake associated with root water
uptake, respectively (Hansson et al. 2004). In the above equation, the volumetric heat capacity of
the soil, which was denoted by C»(M L T2K™) was expressed by the following equation which
was basically the sum of volumetric heat capacities of the solid (Cx), liquid (Cw), vapor (Cv) and

ice (Ci), multiplied by their volumetric fractions 8 (Hansson et al. 2004):

Cp = Cpby + C,0w + C,0, + C;6; (5)
The heat flow equation in (4) was further simplified to avoid model uncertainties and
stability that comes with lack of reliable and recorded data for soil moisture content and rate of
downward flux of water. Therefore, the change in energy was evaluated using the soil heat flow
by conduction and changes in latent heat of frozen phase (6) on MATLAB (R2016a). A finite
implicit code was written using and the simplified equation was discretized along the borehole

depth using the finite differences method and subsequently solved.

aC,T 9 aT 20;
= = 2O+ L 5 (6)
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3.3.4 Discretization

The basis of this research is predicting temperature evolution versus time, T(x,t) with
accounting phase change in equation 4. A spatial grid was established with a discretization of 0.5
m, accounting for a depth of 100 m, and defined a 1D heat conduction equation with finite

difference approximation. A time step of one day was considered during the simulation.

3.3.5 Boundary and initial conditions

Ground surface temperature is one of the most crucial boundary conditions needed in
modeling permafrost degradation or evolution. Considering the interaction of air temperature and
ground surface temperature is ideal in this perspective.

The ground surface temperature prediction for several studies in the northern climate was
carried using n-factor (Dyke and Sladen 2010), which is valid to be applied at most North
American sites. They are frequently used in different studies associated with permafrost
degradation and evaluation, (e.g., Etzelmdller et al. (2011) Antonellini et al. (2014), Bonnaventure
and Lewkowicz (2011), Lewkowicz et al. (2012)). The n-factor approach predicts the ground
surface temperature by applying an adjustment to air temperature. Air temperature is multiplied
by a factor for freezing and thawing seasons.

For studies where near surface temperature is not recorded (e.g., Yi et al. (2009)), it is
common to consider the surface temperature and air temperature to be equal in a controlled volume
as an alternative to evaluate ground temperature changes. For this study, air temperature
measurements are directly used for the upper boundary condition, it is a good approximation of
the surface temperature on time scales longer than the diurnal cycle (Beermann et al. 2017b). The
lower boundary condition was defined based on extrapolation of measured soil temperature with
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depth using linear regression equation. A value of 2°C was used at 100 m depth. To overcome
model instability and reduce uncertainty that come from less data availability, an assumption was
made to use the soil water content as saturated and static so that moisture changes due to
precipitations, snowmelt, or the general groundwater level are neglected.

The initial condition was based on the observed data (air temperature and soil temperature).
The temperature data was plotted against depth. A regression equation was developed correlating

nodal temperature values with depth at the first-time step (t = 0).

3.3.6 Parametrization

The material composition of the soil layers at each borehole was set based on specific ground
composition for each site for BO4, B05, B08, and B09, and it was interpolated for the rest of the
boreholes using the Thiessen polygon method on ArcGIS and characteristics was allocated for the
nearest borehole.

Soil thermal properties depend on the fraction of solid soil content, including organic matter
content, mineral composition, the water content in the soil, and the porosity filled with air (Mikail
et al. 2019). Soil thermal variables such as thermal conductivity and heat capacity, principally
control soil temperature, and soil heat flow. The thermal properties of the soil material in this study

was based on different literature publications, as shown in Table 2.
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Table 2. Soil thermal parameters 2

Thermal Specific Heat
Type of . .
) Conductivity Capacity
Material
(W/m*°C) (J/kg*°C)
Peat 0-15 3650
Clay 0-1 920
Gravel 0-3.5 835
Limestone 0-3.5 910
Sand 0-3.5 1480
Silt 0-1 890

2 Values compiled from (Bense et al. 2009, Bense et al. 2012, Chung and Horton 1987,
Hansson et al. 2004, Langer et al. 2011, Simunek et al. 2013)

3.3.7 Model Calibration

The numerical model was calibrated against recorded soil temperature data. The numerical
calibration started in 2014 with a corresponding ground temperature profile defined above in the
initial condition. The permafrost's low hydraulic and thermal conductivity strongly affects the
movement, storage, and exchange of surface and subsurface water and heat fluxes (Walvoord
and Kurylyk 2016). The modeling of the soil column in different freezing and thawing condition
were conducted for both models in two stages.

In the first stage, all models were calibrated and validated using historic soil temperature
data. First, the HYDRUS-1D (v4.17) model was built. The observed data set was used for inverse
calibration using the global optimization tool PA-DDS (Asadzadeh et al. 2014). Coupling

between HYDRUS-1D and PA-DDS was carried out using MATLAB (R2016a). Second,
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Hansson's model was set up and was calibrated and validated for the study period. Calibration
used the observed data from 2014 to 2015 and Validation data from 2011 to 2012.

In the second stage, climate change impact on permafrost was evaluated using temperature
data from CanESM2 and MIROCS. Bias-corrected and statistically downscaled data was retrieved
from (Canadian Centre for Climate Services (CCCS); Ouranos and the Pacific Climate Impacts
Consortium (PCIC) 2019) for both models. This data was used to analyze potential changes due
to climate change in the future. Two emission scenarios, RCP8.5 and RCP4.5, were selected to
predict the future impact on the soil temperature and permafrost's stability. The prediction horizon
was until 2100. Recorded and simulated data were plotted on the same scale to help direct
visualization and comparison of simulated-recorded data set and evaluate the model performance.

The calibration performance was evaluated using error metrics (root mean square error
(RMSE) and mean absolute error (MAE)) to quantify the goodness-of-fit (correlation) of the model
results with observed ground temperature values at different depths of each borehole.

The root mean square error (RMSE) approach adapted for this study is widely used in
hydrology, groundwater, and climate research and is considered as a standard method for
measuring model performance (Jackson et al. 2019). It is considered as a standard metric for

model errors. The RMSE was calculated using the following formula:
1
1 n
RMSE = (> 3715, = 0:1?)’ )
where n is the total number of observations [-], n: is the i" observation [-], S: is the simulated

values on the i day, and O: is the observed values on an i"" day. RMSE values range between 0

and oo, while smaller RMSE show a better fit (Jackson et al. 2019).
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The second performance criteria were the mean absolute error (MAE), another useful
measure that is widely used. It gave an idea of how close the predicted values were to the
observed values (Jackson et al. 2019):

MAE ==Y1,|S; - 0] (10)
where n is the total number of observations [-], n: is the i observation [-], S: is the simulated
values on the i" day, and O is the observed values on an i day. Close to zero MAE value indicates

better performance, prediction values were the same as the observed values (Jackson et al. 2019).

3.3.8 Sensitivity Analysis

The general approach used was altering one parameter and keeping the other parameters the
same to evaluate the simulation results' effects. This approach was determined to be feasible, and
the method was proven to work for different studies, e.g., Hollander et al. (2016). The calibrated
result and parameter values used were considered as a baseline. The thermal conductivity and heat

capacity values were altered by +10% and +30 %.
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3.4 Results

Temperature records obtained from Manitoba Hydro were evaluated to identify permafrost
presence. Based on a time-series plot of soil temperatures less than 0°C for two consecutive years
(Dobinski 2011, Walvoord and Kurylyk 2016), 13 boreholes exhibited permafrost out of the
investigated 27 boreholes. A plot of the two-year observed averaged soil temperature versus

depth helped to identify the approximate active layer thickness (ALT) and permafrost extent

below the ground surface (Figure 2).
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Figure 2. Observed soil temperature vs. depth envelope for borehole B03 (2014-2015)
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A regression analysis was used to correlate the temperature readings between thermocouple
and thermistor records. A strong correlation with R? value of 0.99 was observed. But due to the
susceptibility of thermocouple temperature data to noise pollution (Abdalla et al. 2019, Abdelaziz

2012, Radajewski et al. 2019), this study considered the thermistor temperature records.

3.4.1 Model calibration and validation results

The HYDRUS-1D model captured summer season in the model calibration but simulated
colder soil temperature for the winter season in all boreholes during the calibration period (2014-
2015). Calibration with the Hansson module, on the other hand, captured both summer and winter
seasons quite well for all boreholes. For example, simulated temperature at 4 m depth for borehole
BO1 (Figure 3) and at 1 m depth for borehole BO7 (Figure 4) showed that the Hansson module
matched well with the observed data while the HYDRUS-1D models greatly deviated for winter
season.

Hansson’s module also had better error metrics than that of HYDRUS-1D for all boreholes
(Table 3 and Table 4). Due to Hansson module's better performance than the HYDRUS-1D model,
subsequent model validation and sensitivity analyses results were based on it. The observed soil
temperature data for 2011 - 2012 period was used to validate the Hansson module.

Results of the calibrated soil temperature from Hansson's module relative to observed data

for boreholes BO1 and BO7 at different depths are shown in Figure 5 and Figure 6, respectively.
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Figure 3. Two years of observed versus simulated (HYDRUS-1D) and simulated (Hansson) soil temperature data for BO1 at 4 m depth
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Figure 4. Two years of observed versus simulated (HYDRUS-1D) and simulated (Hansson) soil temperature data for BO7 at 1 m depth
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Figure 5. Two years of simulated (Hansson’s module) versus observed soil temperature data for BO1 at different depths
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Figure 6. Two years of simulated Hansson’s module versus observed soil temperature data for B07 at different depths
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Table 3. Errors between calibrated and observed soil temperature values for borehole BO1 at

different depths
HYDRUS-1D Hansson’s module = Hansson’s module
BO1 calibration calibration validation
Depth RMSE MAE RMSE MAE RMSE MAE
(m) (°C) (°C) (°C) (°C) (°C) (°C)
4 8.80 6.71 0.90 0.64 1.13 0.87
6 6.50 5.03 1.04 0.92 0.98 0.87
8 3.20 2.86 0.77 0.70 0.68 0.62
11 0.79 0.63 0.31 0.28 0.35 0.28
13 0.26 0.24 0.05 0.02 0.13 0.09
18 0.09 0.06 0.06 0.03 0.09 0.05
23 0.05 0.03 0.08 0.07 0.14 0.10
28 0.37 0.31 0.22 0.19 0.24 0.22

Table 4. Errors between calibrated and observed soil temperature values for borehole BO7 at

different depths
HYDRUS-1D Hansson’s module Hansson’s module
BO7 calibration calibration validation

Depthn RMSE ~ MAE  RMSE  MAE  RMSE  MAE
(m) O O O O O O

1 7.69 5.82 1.09 0.60 1.36 1.07
3 2.71 2.52 0.56 0.36 0.70 0.54
4 1.86 1.71 0.29 0.25 0.55 0.46
7 0.61 0.49 0.15 0.13 0.45 0.40
8 0.37 0.31 0.08 0.07 0.34 0.30
10 0.32 0.27 0.03 0.02 0.14 0.13
11 0.49 0.44 0.03 0.03 0.03 0.02
16 0.21 0.20 0.10 0.10 0.01 0.01
17 0.06 0.06 0.05 0.05 0.01 0.01
18 0.17 0.16 0.12 0.12 0.01 0.01
19 0.04 0.04 0.07 0.07 0.01 0.01
20 0.09 0.08 0.02 0.02 0.01 0.01
26 0.05 0.04 0.01 0.01 0.06 0.06
27 0.02 0.02 0.01 0.01 0.02 0.02
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3.4.2 Sensitivity analysis results

The sensitivity of thermal conductivity and heat capacity were evaluated during the
sensitivity analysis. Both parameters have minimal impact during the warm season. Altering these
parameters with -10% and +10% have a negligible effect on the simulation results as compared to
the results obtained by altering both parameters by -30% and +30% during the cold season. The
simulation results for sensitivity analysis showed that increasing the thermal conductivity by +30%
resulted in lower (colder) temperature while decreasing it by -30% gave higher temperature for the
cold season (Figure 7), vice-versa was observed for altering the heat capacity by similar magnitude

for the cold season (Figure 8).

43



Temperature (°C)

——Baseline —+10% K -10% K +30% K ——-30% K

AR Wi Y

0 60 120 180 240 300 360 420 480 540 600 660 720
Time(Days)

Figure 7. Sensitivity of heat conductivity to soil temperature at 4m depth for borehole BO1
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3.4.3 Modelling permafrost degradation

Using the calibrated Hansson’s module, the effect of climate change on permafrost was
investigated with CanESM2 and MIROCS5 considering moderate (RCP4.5) and extreme (RCP8.5)
emission scenarios. Results from the GCMs and emission scenarios were based on different 30-
year periods namely; historic (1950 — 1979), baseline (1980 —2009), 2020’s (2010 —2039), 2050’s
(2040 — 2069), and 2080’s (2070 — 2099). The GCM simulations helped to identify areas within
different boreholes where permafrost was projected to degrade or remain stable through changes
in the active layer thickness (ALT).

The evolution of the ALT under RCP4.5 and RCP8.5 climate-warming trends were
simulated for all soil profiles for all eight boreholes. Table 5 summarized results of boreholes that
has exhibited degradation of permafrost (increased ALT). This change in ATL were generally
observed in boreholes B01, B07, and B08. Both GCMs generally predicted stable ALT for all
boreholes under current climate conditions (baseline) and 2020’s. An example of such boreholes
where both GCMs predicted changes in ALT under moderate (RCP4.5) and high (RCP8.5)

emission scenarios is BO7 (Figure 9 and Figure 10).
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MIROCS5 under RCP4.5 and RCP8.5 scenarios

CanESM2 MIROC5
RCP4.5 RCP8.5 RCP4.5 RCP8.5

Baseline stable stable stable stable

BO1 2020's stable stable stable stable
2050's stable stable stable stable

2080's ~2m ~5m ~1m ~6m

Baseline stable stable stable stable

BO7 2020's stable ~1m stable stable
2050's ~1m ~2m ~1m ~2m

2080's ~2m ~5m ~2m ~5m

Baseline stable stable stable stable

BO8 2020's stable stable stable stable
2050's stable stable stable stable

2080's stable ~2m stable ~1m

Table 5. Boreholes with predicted changes in active layer thickness according to CanESM2 and
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Figure 9. Changes in ALT in borehole BO7 according to CanESM2 under rcp4.5 and rcp8.5 emission scenarios
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Figure 10. Changes in ALT in borehole BO7 according to MIROCS5 under rcp4.5 and rcp8.5 emission scenarios
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3.5 Discussion

From the ground temperature records for the 27 boreholes retrieved to investigate the
presence of permafrost, thirteen of the boreholes exhibited permafrost as their temperature records
were less than 0°C for two consecutive years. Permafrost thickness in the study site varied between
approximately 4 m to 20 m in a discontinuous permafrost region (French and Egorov 1998). The
region is considered “warm” permafrost site as it is close to its melting point of 0°C and it is
susceptible to near-term thaw as minimal sensible heat if required (Kurylyk et al. 2016).

All modeled boreholes in this study were calibrated to reproduce measured ground
temperatures at respected depths closely. The model domain was 100 m discretized in a constant
depth of 0.5 m. The simulated results from HYDRUS-1D (v4.17) were not able to depict the
release of latent heat during the phase change of water during winter. Thus, winter season
temperature simulations were profoundly propagating the events seen on the air temperature,
which was used as the boundary condition. However, the model was able to capture the summer
season effectively for all modeled boreholes.

The RMSE and MAE values for the very top nodes in all boreholes showed errors were
even higher than the recorded average temperature for the calibration period; for example, BO1
had an RMSE of 8.8°C and an MAE of 6.7°C at the top node, which is below 3.5 m from the
ground surface. On the other hand, better simulation performance was observed during calibration
with the Hansson's model, which is an extension of the HYDRUS-1D model and also accounts for
the effect of latent heat energy (Hansson et al. 2004). Errors associated with calibration (error
metrics) were less for the Hansson’s module in comparison with the HYDRUS-1D (v4.17) model.
Model calibration was based on data from January 2014 to December 2015 and the calibrated

model was validated for data spanning the 2011 - 2012 period. The observed soil temperature and
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Hansson’s model calibration results are plotted for all boreholes Appendix C. The Hansson’s
model showed way better agreement than the HYDRUS-1D (v4.17) model. For example, the
RMSE and MAE for B02 were 0.9°C and 0.6°C for the calibration period 1.1°C and 0.9°C for the
validation period, respectively. Error metrics results of both models for all boreholes, and each
depth has been tabulated and presented in Appendix D.

Coarsely spaced sensors, lack of detailed knowledge of the ice content, other geophysical
parameters, and some assumptions made during model establishment presented significant sources
of uncertainties for this study. Parameters that significantly affected model results were
investigated through sensitivity analyses. For this study, model sensitivity was evaluated by
changing the calibrated thermal conductivity and heat capacity. The approach followed included
varying one parameter by £10% and £30% while keeping the other same as the calibration. This
analysis showed negligible change in the simulation result for varying both parameters by £10%
for all seasons and increasing both parameters by £30% during the summer season. For the winter,
Increasing the heat conductivity by +30% underestimated the winter temperature in reference to
the calibrated temperature. A similar trend was observed when the heat capacity was altered by
-30%. While reducing the heat conductivity by -30% has resulted in higher temperatures during
winter, a similar trend was observed while altering the heat capacity by +30%.

Changes in permafrost conditions were assessed by tracking two key indicators: permafrost
temperature and active layer thickness. Projections for future soil temperature were conducted by
running the future climate data collected and used as a boundary condition for calibrated Hansson’s
module. In general, Hansson’s model simulated the ALT realistically for all soil profiles under
current climate conditions with the climate forcing datasets used. This gave confidence about

future projections of ALT increases.
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Future projections were made by using two GCMs; namely, CanESM2 and MIROC5
considering moderate (RCP4.5) and extreme (RCP8.5) emission scenarios. The average air
temperature over the study site is expected to increase by 2.9°C based on the last 30 years of the
21% century under high emission scenarios.

Simulation results indicated that sites with peat layers remained stable for both GCMs in
all emission scenarios. Similar trends have been discussed in a study conducted by Burn (1998);
they suggested that this could be due to the minimal snow cover on residential peat and latent heat
in the ice-rich ground. Peat and ice act as thermal insulators.

Future projections on sites devoid of peat showed a significant impact on the fate of
permafrost. For example, the results for BO7 from both GCMs projected increase in active layer
thickness will approximately 1 m and 2 m in the 2050°s and 2080’s period for moderate emission
scenarios, respectively. This active layer thickness was profoundly observed on the high emission

scenario indicating increment up to 2 m and 5 m similar periods, respectively.
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3.6 Conclusion

This research investigated permafrost's presence using soil temperature data recorded by
Manitoba hydro at the study site and identified ‘warm’ permafrost from 13 boreholes. Two vadose-
zone models, namely Hansson’s module and HYDRUS-1D, models were calibrated. The
Hansson’s module gave reasonable simulation results for all soil profiles in both summer and
winter seasons. HYDRUS-1D model captures summer season effectively but resulted in colder
soil temperature for the winter season since it doesn’t factor in the latent heat. This implies that
factoring in heat transfer parameters into hydrological models provides reasonable predictions
about the fates of degrading permafrost.

Two GCMs models with moderate and high emission rate scenarios were selected to
evaluate climate change effects on the permafrost. Permafrost stays stable in sites with peat layers
and degrades up to 5 meters for both GCMSs under high emission scenarios. The accuracy of the
model estimate can be increased by incorporating additional data, such as snow cover, vegetation

cover, soil moisture content.
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4 Conclusion and Recommendation

4.1 Conclusion

This study investigated permafrost using soil temperature data recorded by Manitoba hydro
at a study site in Northern Manitoba and identified ‘warm’ permafrost from 13 boreholes. From
the time-series plot of soil temperatures for two consecutive years, the thermistor records were
considered more reliable and adopted for this study due to their less susceptibility to noise pollution
and a strong correlation (R?> = 0.99) from regression analyses as opposed to thermocouple
temperature data.

Calibrated results from two vadose-zone models for conduction heat transfer namely,
HYDRUS-1D and Hansson’s module, showed that the latter better-predicted soil temperatures as
summer and winter seasons were captured reasonably well. The former resulted in colder
temperature for the winter season and was therefore not used in the investigation of permafrost.
The different results from these two vadose-zone models underscore the importance of
incorporating appropriate thermal properties and associated water phase changes in models to
accurately characterize permafrost evolution.

With the huge impact of climate change on the hydroclimatic regime of permafrost zones,
two GCMs (CanESM2 and MIROCS5) with moderate (RCP4.5) and high emission rate (RCP8.5)
scenarios were selected to evaluate climate change effect on permafrost. The investigation showed
that permafrost will remain stable in sites with peat layers but could degrade up to 5 meters in
areas without peat based on both GCMs under high emission scenarios by 2080s. This predicted

thawing of permafrost in future years under high emission scenarios implies that water budgets of
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catchments in permafrost zones are less likely to be accurately predicted by hydrological models
calibrated under current climate conditions and need to be modified.

Degrading permafrost as shown in this work could have far-reaching consequences on the
regional hydrology and climatology, water supply, ecosystem, carbon cycle, and infrastructural
stability in northern communities. However, this would require long-term data collection and
coupling numerical and watershed models. Across the globe, numerous studies using field
observations and modeling have reported that decreasing permafrost have resulted in increased
streamflow, groundwater recharge, winter discharge, alter in soil water storage, delay in the release
of water in streams, ecosystem carbon release and storage, soil respiration, and collapse of
infrastructures such as dam, buildings, etc. (Gao et al. 2021, Liu et al. 2018, Ma et al. 2020, Wang

etal. 2017).

4.2 Recommendation for future work

Some limitation in this study comes with the lack of site-specific soil properties that would
have helped improve modeling results. The Hansson calibrated model parameters should be
verified with laboratory experiments with soil samples collected from the study site or artificially
developed in the lab. Further investigation on the effect of peat would widen our scope of
knowledge on the nature of atmospheric and ground temperature interaction and the impact of
climate change.

Another limitation in this study is the lack of data for model inputs affecting permafrost,
such as snow and vegetation cover, soil moisture content, near-surface ground temperature, etc.

These should be incorporated into the existing physically based numerical model.
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Long-term data enhances and boosts modelers' perspective to give more reliable and
sensible results, identifying further unknowns. It also provides a sufficient warm-up period for the
model to get initialized and reach equilibrium. Different studies have demonstrated this to improve
modeling, and uncertainties associated with GCMs could be reduced by introducing more GCMs
and creating ensembles.

Existing hydrological models should be coupled with the heat transfer models to determine
the fates of melting permafrost. This approach will also help quantify the degradation of permafrost
and assess its extent to investigate further if more mitigation measures are needed to avoid

catastrophic structural damage, adept new reservoir management scheme.
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Appendix A: Borehole data
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Table A - 1: Stratigraphic data of study area from boreholes

1.2 Sand
55 Clay
3 Sand
B0O1, B08, B09 11 Silt
2 Sand

5 Gravel

72 Limestone
1 Peat
Clay

B02, B03, B04 > Gravel
' BO6, ' 21 Clay
Sand

Boulder

68 Limestone
15 Peat
1 Sand
31 Clay

BOS 1 Boulder/Sand
Clay/Boulder
63 Limestone




Appendix B: Two years (2014-2015) averaged,
maximum, and minimum temperature vs depth
envelopes

77



10

15

20

Depth (m)

25

30

35

40

Temp (°C)

=@ Min

—@— Average

—®— Max

BO6

10

20

30

Depth (m)

40

50

60

Temp (°C)
2 4 6

—®— Min
—@— Average

—@— Max

BO3

Figure B - 1: Temperature vs. depth envelope for borehole B06

Figure B - 2: Temperature vs. depth envelope for borehole B03
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Figure B - 3: Temperature vs. depth envelope for borehole B05

Figure B - 4: Temperature vs. depth envelope for borehole B04
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Figure B - 5: Temperature vs. depth envelope for borehole B08

Figure B - 6: Temperature vs. depth envelope for borehole B09
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Appendix C: Hansson's module calibration
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Figure C - 1: Two years of simulated and observed soil temperature data at different depths for
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Figure C - 2: Two years of simulated and observed soil temperature data at different depths for
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Figure C - 3: Two years of simulated and observed soil temperature data at different depths for
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Figure C - 6:Two years of Simulated and Observed Soil Temperature at different depth for B08
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Appendix D: Error Metrics

Table D - 1: Errors between calibrated and observed soil temperature values for borehole B02

at different depths

Hansson

Hydrus-1D Calibration
Depth RMSE MAE RMSE MAE
Borehole (M) (°C) (°C) (°C) (°C)
35 10.58 7.67 1.75 1.40
55 6.33 5.92 0.70 0.58
7.5 4.80 4.72 0.54 0.43
B02 10.5 3.68 3.67 0.15 0.13
12.5 3.24 3.24 0.05 0.03
17.5 2.73 2.73 0.08 0.05
22.5 2.38 2.38 0.11 0.08

Table D - 2: Errors between calibrated and observed soil temperature values for borehole B03

at different depths

Hansson
Hydrus-1D Calibration

Borehole DEPth  RMSE  MAE RMSE  MAE
(m) Q) (O (O (0

35 4.34 3.23 1.16 0.81

BO3 5.5 4.01 3.39 0.50 0.41
75 3.81 3.27 0.19 0.16

10.5 3.37 2.84 0.04 0.03
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Table D - 3: Errors between calibrated and observed soil temperature values for borehole B04

at different depths

Hansson

Hydrus-1D Calibration
Depth RMSE MAE RMSE MAE
Borehole (M) (°C) (°C) (°C) (°C)
1 6.54 5.10 1.64 1.21
3 3.74 3.01 0.69 0.54
4 3.61 2.99 0.50 0.42
7 3.13 2.66 0.03 0.03
8 3.03 2.57 0.06 0.06
10 2.80 2.32 0.03 0.03
11 2.67 2.18 0.03 0.02
16 2.30 1.78 0.00 0.00
17 2.23 1.72 0.00 0.00
B4 18 2.19 1.67 0.00 0.00
19 2.14 1.62 0.02 0.02
20 2.10 1.58 0.02 0.02
26 1.48 1.07 0.04 0.04
27 1.44 1.04 0.11 0.11
28 1.30 0.92 0.05 0.05
29 1.21 0.84 0.01 0.01
30 1.20 0.82 0.01 0.01
37 1.29 0.96 0.05 0.05
38 1.27 0.95 0.01 0.01
40 1.33 1.01 0.05 0.05
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Table D - 4: Errors between calibrated and observed soil temperature values for borehole B06

at different depths

Hansson

Hydrus-1D Calibration
Depth RMSE MAE RMSE MAE
Borehole (M) (°C) (°C) (°C) (°C)
35 7.633 5.873 2.95 2.00
55 5.859 4.969 0.46 0.39
7.5 6.416 5.384 0.10 0.07
10.5 6.679 5.478 0.05 0.04
BO6 12.5 5.368 4.336 0.10 0.10
17.5 3.358 2.612 0.21 0.21
225 2.294 1.885 0.14 0.14
27.5 1.580 1.353 0.12 0.12
325 1.282 1.084 0.18 0.18
37.5 0.966 0.797 0.57 0.57
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Table D - 5: Errors between calibrated and observed soil temperature values for borehole B05

at different depths

Hansson

Hydrus-1D Calibration
Depth RMSE MAE RMSE MAE
Borehole (M) (°C) (°C) (°C) (°C)
1 9.64 6.87 1.16 0.80
3 4.89 4.37 0.87 0.75
4 3.77 3.48 0.71 0.62
7 1.43 1.24 0.29 0.25
8 0.96 0.80 0.25 0.23
10 0.30 0.24 0.15 0.12
11 0.17 0.14 0.06 0.05
16 0.11 0.10 0.01 0.01
17 0.09 0.08 0.01 0.01
BOS 18 0.10 0.08 0.03 0.03
19 0.11 0.10 0.05 0.05
20 0.12 0.11 0.06 0.06
26 0.04 0.03 0.01 0.01
27 0.02 0.02 0.02 0.02
28 0.07 0.06 0.07 0.07
29 0.02 0.02 0.01 0.01
30 0.00 0.00 0.02 0.02
37 0.06 0.06 0.02 0.02
38 0.07 0.07 0.03 0.03
40 0.03 0.03 0.04 0.04
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Table D - 6: Errors between calibrated and observed soil temperature values for borehole BO8

at different depths

Hansson
Hydrus-1D Calibration
Depth RMSE MAE RMSE MAE
Borehole (M) (°C) (°C) (°C) (°C)
1 8.14 6.25 1.66 1.19
3 2.36 2.07 0.74 0.57
4 1.50 1.38 0.50 0.41
7 0.51 0.46 0.28 0.25
8 0.34 0.28 0.14 0.12
10 0.20 0.15 0.01 0.01
BO8 11 0.15 0.12 0.07 0.07
16 0.03 0.03 0.04 0.03
17 0.12 0.12 0.06 0.06
18 0.12 0.11 0.08 0.08
19 0.03 0.02 0.07 0.07
20 0.03 0.03 0.07 0.07
26 0.17 0.17 0.09 0.09
27 0.17 0.17 0.13 0.13
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Appendix E: Two Years averaged observed,
simulated temperature vs. depth envelopes
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Appendix F: Temperature vs depth envelopes for
different climate change scenarios
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Figure F - 7: Stable ALT in borehole B04 according to CanESM2 under RCP4.5 and RCP8.5 emission scenarios
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Figure F - 10: Stable ALT in borehole BO5 according to MIROCS5 under RCP4.5 and RCP8.5 emission scenarios

BO5 MIROC, RCP8.5

Temperature (°C)

-2 0 2

10

15

20

Depth (m)

25

30

35

40

45

4

—@— Historic
—4— Baseline
——2020's
2050's
——2080's

116



BO6 CanESM2, RCP4.5

Temperature (°C)
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Depth (m)

—@— Historic
—@— Baseline
35 —@®—2020s
2050s
—@—2080s
40

BO6 CanESM2, RCP8.5

Temperature (°C)

-1.0 0.0 1.0

m)

Depth (

30

35

40

2.0

3.0

—@— Historic
—@— Baseline
—0—2020s
2050s
—@— 2080s

4.0

Figure F - 11: Stable ALT in borehole B06 according to CanESM2 under RCP4.5 and RCP8.5 emission scenarios
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Figure F - 12: Stable ALT in borehole B06 according to MIROC5 under RCP4.5 and RCP8.5 emission scenarios
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Figure F - 13: Changes in ALT in borehole B0O8 according to CanESM2 under RCP4.5 and RCP8.5 emission scenarios
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Figure F - 54: Changes in ALT in borehole B0O8 according to MIROCS5 under RCP4.5 and RCP8.5 emission scenario
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