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Abstract

There are tens of thousands of thermokarst lakes in the Inuvik-Tuktoyaktuk region, located in the
northwest corner of the Northwest Territories, Canada. These lakes formed following the last
glacial period in areas where ice-rich permafrost thawed and created depressions in the landscape.
The Inuvik-Tuktoyaktuk region is one of the fastest warming regions in the world, leading to
changing precipitation patterns, permafrost thaw and deciduous shrub expansion, all of which are
affecting the water balance of thermokarst lakes. During the past several decades, lake expansion
and contraction have been observed in response to fluctuations in precipitation. While these
changes in lake surface area and number have been documented, less is known about how varying
meteorological conditions, lake and landscape features, and hydrological processes have regulated
these changes in thermokarst lake water balances. Many studies documenting fluctuations in lake
surface area often observe some lakes expanding in area while others contract during the same
period of time, suggesting that lake and watershed properties regulate how lakes react to climate
change. Rapid lake drainage, which can be initiated by extremely high lake levels, is occurring at

an increasing rate.

The main objective of this thesis is to quantify the drivers of variability in thermokarst lake
water balance components (e.g. inflow, evaporation, lake level, lake water source composition), so
that we may better understand how lakes will respond to ongoing climate change. Multiple prop-
erties of the environment have the potential to influence thermokarst lake water balances: seasonal
and inter-annual variation in meteorological conditions (i.e. air temperature and precipitation),
watershed properties (e.g. surface area, vegetation, topography, permafrost), and lake properties
(e.g. depth, surface area, outlet channel presence). Achieving the objective of this thesis involves
measuring lake water balances and quantifying how the environmental properties described above
affect lake water balance components. The four main research chapters of this thesis divide this
task into smaller parts, with each chapter quantifying a subset of lake water balance components

or environmental conditions at different spatial and temporal scales.



The second chapter explores the interaction between snow and shrubs and their ultimate
impact on frost table depth, which influences runoft from lake watersheds. Shrubs are expanding
across the Arctic and affecting snow depth, snowmelt timing and soil shading, which in turn
influences frost table depth. Hummocks, which are mineral-earth domes 0.5 - 1.0 m across formed
over hundreds of years via the cyclical freezing and thawing of the uppermost soil layer (active
layer), are common features on hillslopes in the Inuvik-Tuktoyaktuk region. Between hummocks lie
a mesh-like network of inter-hummock zones that are filled with peat and form a preferential flow
network on hillslopes. When hummocks degrade due to permafrost thaw, they collapse and mineral
soils invade inter-hummock zones and reduce the hydraulic conductivity. Frost table depth, snow
depth and the snow-free date were measured in hummock and inter-hummock zones at the Siksik
Creek watershed throughout the summer of 2015 in shrub-covered and shrub-free locations. Areas
of birch shrubs had earlier snowmelt dates, and experienced greater hummock frost table depths.
In inter-hummock zones, frost table depth was shallower when adjacent hummocks were taller,
indicating that inter-hummock frost table depths increase when hummocks collapse. Future birch
shrub expansion may accelerate permafrost thaw, leading to hummock collapse and a reduction in

the ability of hillslopes to convey runoff.

Chapter three focuses on the degree to which freshet runoff mixes with lake water, as
the snowmelt period represents the largest volumetric input of water to lakes. Previous studies
have observed a phenomenon called "snowmelt bypass" whereby water flowing into ice-covered
lakes flows underneath lake ice and out of the lake without mixing with the entire water column.
Snowmelt bypass occurs when the freshet runoff flowing into lakes (approx. 0°C) is less dense
than deeper lake waters (<4°C), a condition that is typically present at the start of snowmelt runoff;
however, lakes generally become more mixed towards the end of the snowmelt period. Using lake
water isotope data from before and after the freshet, the percentage of lake water replaced by freshet
runoff and the average lake source water isotope composition (d1) was quantified for seventeen lakes

and compared to lake and watershed properties. Lake depth significantly influenced the amount of
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lake water replaced by freshet runoff, with deeper lakes retaining less freshet runoff because a larger
portion of the lake volume was isolated from mixing with freshet runoff. Additionally, isotope data
showed that the source of freshet runoff remaining in lakes contained a mixture of snow-sourced
and soil-sourced water. The snowmelt bypass effect was likely stronger earlier in the freshet when
runoff was more snow-sourced, while later in the freshet when runoff was likely more soil water-
sourced, stronger vertical mixing in the lake was likely present and the snowmelt bypass effect
would have been weaker. Earlier snowmelt relative to lake-ice melt caused by shrubification could
lead to greater snowmelt bypass in the future, with the freshet runoff remaining in lakes becoming
even more soil water-sourced. A shift to more soil-sourced freshet may impact lake chemistry, as
soil-sourced runoff has lower concentrations of dissolved organic carbon, lower conductivity and
higher pH than snow-sourced runoff. These results are relevant for open-drainage lakes, which can

experience snowmelt bypass since any excess water is able to flow through the lake outlet.

The fourth chapter investigates how lake and watershed properties mediate the response
of lakes to seasonal shifts in meteorological conditions using an isotope hydrology approach.
Twenty-five lakes along the Inuvik-Tuktoyaktuk Highway were water sampled five times during
2018 for isotope analysis, with sampling starting before snowmelt and ending in early September.
Lake water isotope compositions were used to estimate the ratio of evaporation-to-inflow (E/I) and
(01). Four distinct seasonal phases of lake water balance were identified from the isotope data and
prevailing meteorological conditions. The initial Freshet Phase occurred during snowmelt, with
lakes experiencing a reduction in E/I and shift in o7 towards the average isotope composition of
precipitation. An Evaporation Phase followed, a period of typically warm air temperatures and
minimal precipitation, during which E/I increased and ¢ remained stable due to minimal inflow.
As air temperatures declined and precipitation increased, the Soil Wetting Phase began, where E/I
and o7 did not respond to initial rainfall as dry soils had not yet reached a moisture level sufficient to
generate runoff. As rainfall persisted and soils become wetter, the Recharge Phase initiated, during

which E/I declined and 67 became more rain-like as inflow to lakes increased and evaporation
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decreased as solar radiation and air temperature declined. Variability in E/I among lakes was
strongly correlated with the ratio of watershed area to lake area (WA/LA), where lakes with smaller
WA/LA had larger E/I ratios because they received less inflow relative to evaporation. The majority
of lakes in the region have a WA/LA <10, with many having a relatively low WA/LA between 2 and
4. Given that lakes with larger WA/LA receive relatively more inflow compared to their size, these
lakes may see larger fluctuations in lake level and could be more vulnerable to rapid lake drainage

as a result.

Chapter five analyzes year-to-year differences in lake water balance components for a single
lake in the region. Three years of lake water balance measurements were made at Big Bear Lake
near the Trail Valley Creek research station. The water balance was calculated daily between May
1 and October 30, such that ALL = P + Qj, - Qou - E, where LL is lake level, P is precipitation,
Qin 1s inflow, Qg is outflow, and E is evaporation. Lake level was measured using a pressure-
transducer type water level recorder and outflow was estimated using a stage-discharge relationship
derived from manual discharge measurements made at the lake outlet. Evaporation was estimated
using the Priestley-Taylor method, while precipitation was measured using a shielded weighing
gauge. Inflow was calculated as the unknown variable in the lake water balance equation, but was
set to 0 if the estimated inflow was a negative value. During the freshet period, the runoff ratio
(i.e. the percentage of snowpack and precipitation converted into inflow) was highest when the
snowmelt occurred rapidly or when the previous year experienced higher levels of summertime
precipitation. Rapid snowmelt also caused higher maximum lake levels at the time of snow
dam failure. Summertime runoff ratios were higher in wetter years, but were also affected by
the previous year’s summertime precipitation, with higher runoff ratios when the preceding year
was wetter. Evaporation losses varied between 226 to 296 mm, with the length of the ice-free
period largely controlling the amount of evaporation that occurred. There was a large potential for
evaporation (4 to 6 mm day!) in the days leading up to the lake becoming ice-free, implying that

the ice-free date has a strong impact on total evaporative losses from lakes. Predicting whether lake
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water balances become wetter or drier in the future requires understanding how increasing active
layer depths, degrading hummocks and shrub expansion will affect runoff ratios under predicted

wetter summers, while ice-free seasons lengthen and lake evaporative losses increase.

Overall, this thesis improves our understanding of the controls on thermokarst lake water
balances in the western Canadian Arctic. Specifically, this thesis outlines the strong predictive
power of lake and watershed attributes in describing variability in lake water balances, a concept
that could be further developed by integrating more variables from remote sensing data and more
advanced statistical methods to quantify the influence of less influential lake and landscape attributes
on lake water balance. This thesis also advances our understanding of the freshet period, including
the influence of different shrub species on snow depth, snowmelt timing and frost table depth, the
drivers of lake level maximums and snow dam failure, and the impact of lake depth on the mixing

of snow- and soil-sourced water into ice-covered lakes.

The complexity of interactions between climate change and spatially variable landscape
elements make it difficult to foresee whether lakes will experience a wetter or a drier future
water balance, as climate-induced changes may increase runoff (e.g. more rainfall, wetter soils and
increased runoff ratios), or decrease runoff (e.g. shrub expansion, greater rainfall interception, drier
soils and decreased runoff ratios), which will either offset or amplify increases in lake evaporation
losses. Given our observations of increasing E/I ratios with decreasing WA/LA in Chapter 4, we
may expect under drier future conditions that lakes with smaller WA/LA are the first to decrease in
surface area, while under wetter conditions lakes with larger WA/LA may be more vulnerable to
rapid drainage as they experience greater increases in lake level. These hypotheses could be tested
with multi-decadal remote sensing time series and observing how the lake surface area of lakes with
different WA/LA behave during wetter and drier periods. Future scenarios for lake water balances
may also be investigated with hydrological models, as the capability of models for representing
relevant cold-regions processes such as snow redistribution and ground subsidence after permafrost

thaw is improving.
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Chapter 1

Introduction

1.1 Thermokarst lakes and the changing climate

Thermokarst lakes are common features in ice-rich permafrost regions, forming in areas where
permafrost has thawed and caused ground subsidence (Plug and West, 2009; Jones et al., 2011).
During the past four decades the Arctic has warmed at four times the rate as the rest of the globe
(Rantanen et al., 2022), which has influenced the amount of water entering and leaving thermokarst
lakes. There has been a varying response of arctic lake surface area to climate warming, including:
lake expansion (Smith et al., 2005; Wen et al., 2016), contraction (Jones et al., 2011; Finger
Higgens et al., 2019), rapid drainage causing lakes to partially or completely disappear (Marsh
and Neumann, 2001; Yoshikawa and Hinzman, 2003), or no long-term changes (Plug et al., 2008).
Often, a combination of these changes to lakes are observed within the same region (Smith et al.,
2005; Riordan et al., 2006; Karlsson et al., 2012; Chen et al., 2014; Cooley et al., 2019; Nitze et al.,
2020; Lindgren et al., 2021), indicating that lake water balances have not responded uniformly to
increasing air temperatures. Climate change has altered thermokarst lake water balances through

multiple pathways, including:

(1) Rising air temperatures which increase evaporation losses from lakes by increasing the time
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that lakes are ice-free, while simultaneously increasing evaporation rates (Prowse et al., 2011;

Macrae et al., 2014; Arp et al., 2015).

(i1) Changes in the amount of snowfall and rainfall (Brown and Mote, 2009; Bintanja and Selten,
2014; Bintanja and Andry, 2017; Lee et al., 2021), which alters the volume of water that

enters lakes (Stuefer et al., 2017).

(iii)) Permafrost thaw, which influences the volume of runoff flowing into lakes by changing the
hydrological behaviour of lake watersheds (Liljedahl et al., 2016; Walvoord and Kurylyk,
2016; Koch et al., 2022). Depending on the local permafrost features present in the landscape,
permafrost thaw may increase runoft (e.g. Connon et al., 2014) or decrease runoff (e.g.
Wan et al., 2020). For example, thaw of ice-wedge polygons increases the hydrological
connectivity of tundra landscapes (Liljedahl et al., 2016), whereas the formation of permafrost
thaw slumps on lake shorelines can reduce the ability of soils to convey runoff into lakes

(Wan et al., 2020).

(iv) Shrub expansion (Sturm et al., 2001; Myers-Smith et al., 2011) which alters the spatial
distribution of snow and the timing of snowmelt (Essery and Pomeroy, 2004; Pomeroy
et al., 2006). Shrub-induced changes in snow depth and snowmelt timing can either induce
or mitigate permafrost thaw depending on the relationship between snow depth and shrub
height (Blok et al., 2010; Loranty and Goetz, 2012; Loranty et al., 2018). Shrubs also
decrease soil moisture relative to shrub-free tundra via transpiration and rainfall interception
(Swann et al., 2010; Wallace and Baltzer, 2019; Zwieback et al., 2019a; Kemppinen et al.,

2021), reducing the soil water available to runoff into lakes.

If we are to predict how climate change will influence thermokarst lakes, it is crucial we understand
how lake water balances are affected by varying meteorological conditions (e.g. air temperatures,

snowmelt timing, precipitation amount) and by landscape elements (e.g. mineral-earth hummocks,
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vegetation cover), which are changing as a result of climate warming. Knowledge of how mete-
orological conditions and lake and watershed properties regulate lake water balances can then be
utilized to predict which lakes may be more likely to expand, contract, remain stable, or drain,
as temperatures rise, precipitation patterns shift, permafrost thaws and shrubs expand across the

landscape.

Lake water balances impact multiple aspects of the permafrost environment, often by
linking the terrestrial and aquatic domains via the movement of water into, within, and out of lakes.
The number and connectivity of lakes in a permafrost region affects the magnitude and timing of
discharge in rivers: when lake levels are lower, runoff is stored for longer in lakes and released more
slowly, reducing peak discharge rates downstream and leading to more evaporative water loss from
the region (Arp et al., 2012b, 2020b). Carbon and nutrients are carried by runoff into lakes, where
their concentrations in the lake are influenced by evaporation, water residence time and mixing in
the water column, ultimately impacting the aquatic ecosystem and greenhouse gas flux from the
lake (Anthony et al., 2014; Balasubramaniam et al., 2015). High lake levels or ice-wedge cracks
can initiate rapid lake drainage by causing runaway thermo-mechanical erosion of the permafrost
impounding the lake (Mackay, 1988; Brewer et al., 1993), causing downstream discharge orders of
magnitude greater than annual peak flow (Marsh and Neumann, 2001), threatening riparian habitats
and infrastructure downstream, while also leading to permafrost aggradation in the former lakebed

(Jones et al., 2022).

1.2 Past research and knowledge gaps

Due to their remote location, previous water balance studies of thermokarst lakes often focused on
making direct measurements of lake water balance at a single lake (e.g. Woo et al., 1981; Marsh
and Bigras, 1988; Hardy, 1996; Pohl et al., 2009; Lopez Caceres et al., 2015; Pan et al., 2017).

Direct measurements, using equipment such as water level recorders, can be used to measure the



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

contribution of specific lake water balance components (lake level, inflow, outflow, evaporation and
precipitation) at daily or hourly timescales, and can also be integrated with hydrological models
to explore lake water balances under different scenarios. Measuring water balance components
at a high temporal resolution provides insight into the physical processes that control lake water
balances, but research undertaken at a single lake gives little information about how lake water
balances vary within a region. Studies that have surveyed a variety of lakes over multiple years in a
region are often able to identify spatially variable lake and landscape properties that drive variability
in lake water balance, helping to explain why some lakes in the same region expand while others
contract or remain stable. Such lake and landscape attributes include watershed area (Gibson
and Edwards, 2002; Turner et al., 2014), landscape position (Brock et al., 2009; Anderson et al.,
2013; Gibson and Reid, 2014), hydrological connectivity (Wolfe et al., 2011), ice-free duration
(Arp et al., 2015), and vegetation-snow interactions (Turner et al., 2014). These studies examining
regional variability over multiple years have predominantly relied on water isotope sampling, which
is an efficient method for surveying many lakes across a large area given that only a handful of
small water samples per year are required, versus the installation and maintenance of multiple
pieces of equipment required for direct water balance measurements. Water isotope samples can
be used to calculate the ratio of evaporation to inflow and the relative mixture of sources of water
present in lakes (Gibson et al., 1993; Yi et al., 2008), but the temporal resolution of isotope-derived
hydrological data is limited by how frequently lake waters can be sampled and the water residence
time of the lake. A combined approach using both direct measurements and water isotope samples
from lakes can be used to generate a more comprehensive understanding of lake water balances.
Direct measurements provide both detailed information about lake water balance components and
the hydrological behaviour of the lake and its watershed, which can then be used to interpret
information about temporal and spatial variability in lake water balances and variation in water

sources provided by lake water isotope sampling.

An important and lesser studied stage of thermokarst lake water balances is the snowmelt
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runoff period (freshet), which constitutes the majority of yearly inflow for thermokarst lakes (Woo
et al., 1981; Braun et al., 2000). Focused study of the freshet period is necessary for understanding
thermokarst lake water balances because of the unique processes influencing snow and lake ice
that cause inflow, in-lake mixing, and outflow to behave differently than during the summertime
(Fitzgibbon and Dunne, 1981; Roulet and Woo, 1988; Braun et al., 2000; Burn, 2002; Cortés
et al., 2017). For example, spatial variability in shrub height can cause areas of taller vegetation
to trap snow and increase snow depth, thereby increasing the volume of freshet runoff into lakes
(Pomeroy et al., 1997; Essery and Pomeroy, 2004; Turner et al., 2014). During the freshet, inflow
is impounded in the lake by snow dams that form in lake outlet channels, causing lake levels to
reach their yearly maximums (Woo, 1980); to my knowledge no published research has investigated
annual variability in snow dam height or failure date (Heginbottom, 1984; Xia and Woo, 1992;
Arp et al., 2020a). Understanding the dynamics of maximum lake level is important because
thermokarst lakes are prone to rapid drainage if the water level overtops the lake bank and causes
runaway erosion through a new outlet channel (Mackay, 1988; Brewer et al., 1993; Marsh and
Neumann, 2001; Turner et al., 2010). While the volume of freshet inflow and snow dams control
lake level, the actual replacement of pre-freshet lake water by freshet runoftf is affected by snowmelt
bypass, a process whereby freshet runoff is unable to mix with deeper lake waters due to density
differences between snowmelt and lake water (Henriksen and Wright, 1977; Bergmann and Welch,
1985; Edwards and McAndrews, 1989; Cortés and Maclntyre, 2020). No studies have examined
what causes lake-to-lake variability in snowmelt runoff contribution to lake water balances during
the freshet, whether it be differences in the volume of freshet inflow or variability in the strength of
the snowmelt bypass effect. Given the expected changes to snowfall (Bintanja and Andry, 2017),
shrub expansion and therefore snow distribution (Loranty and Goetz, 2012), snowmelt timing
(Foster et al., 2008), and lake mixing regimes (Woolway and Merchant, 2019), it can be expected

that climate-induced changes to the freshet will affect thermokarst lake water balances.



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

1.3 Objectives and approach

The general objective of this thesis is to better understand the controls on thermokarst lake water
balances, to improve our understanding of how climate-induced changes will affect lake water
balances in the tundra uplands between Inuvik and Tuktoyaktuk. This region is an ice-rich con-
tinuous permafrost area where lakes have been observed to fluctuate in surface area in response
to changing precipitation patterns (Plug et al., 2008; Cooley et al., 2019), and where lakes are
vulnerable to rapid lake drainage (Marsh and Neumann, 2001; Pohl et al., 2009). As outlined
above, the predicted impacts of climate change on lake water balances are driven by meteorolog-
ical changes and subsequent impacts, such as longer ice-free seasons and increased evaporation,
increasing shrub cover, changing snow redistribution and snowmelt timing, and increasing active
layer thickness. Generating the ability to predict how lakes will respond to all these changes
first requires an understanding of lake water balance components and how varying meteorological
conditions and watershed properties (topography, vegetation, etc.) influence both each other and
lake water balance. Knowledge about inter-annual variability in lake water balances was gathered
through multi-year direct water balance measurements at a thermokarst lake. At the same location
where direct lake water balance measurements were made, data exploring how snow, vegetation,
soil, and frost table depth influence each other are also collected in order to generate associations
between the various watershed characteristics and how they many impact runoff to lakes. This
knowledge, along with other related studies conducted by collaborators, was then used to explain
relationships between lake and watershed properties and lake water balance measurements from a
set of lakes calculated using water isotope measurements taken during the freshet period and the
summertime. This combination of empirical knowledge from direct measurements and a regional
survey of lake water balances and watershed properties allows identification of what types of lakes
may be vulnerable to change, why those lakes are vulnerable to change, and extrapolate how future
changes will affect lake water balance. The objectives of this thesis are addressed by three focused

research questions:
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1. What is the typical lake water balance for a lake in the Inuvik — Tuktoyaktuk tundra uplands

region? (Chapter 4, 5)

2. How do meteorological conditions, lake and watershed components regulate lake water

balances? (Chapter 2, 3, 4, 5)

3. What lake and watershed properties make lakes vulnerable or resilient to climate change?

(Chapter 4, 6)

1.4 Thesis outline

There are six chapters in this thesis. The first chapter provides a brief introduction to the topic
of thermokarst lake water balances in the context of climate change, providing rationale for the
objectives of this thesis. Chapters 2, 3, 4 and 5 are a series of interlinked scientific studies aiming
to answer the research questions. The final, sixth, chapter synthesizes the findings of the previous
four chapters to provide potential trajectories for thermokarst lakes depending on their properties

in response to future climate change. Following this section are synopses of Chapters 2 to 5.

1.4.1 Chapter Two

Published in Arctic Science, Wilcox et al. (2019).

Chapter two explores how different landscape features in lake watersheds, namely shrubs,
snow, and microtopography, interact with each other to influence frost table depths. Shrub expan-
sion, which is occurring in the Inuvik-Tuktoyaktuk region (Lantz et al., 2013), has been observed
to mitigate permafrost thaw in some regions (Blok et al., 2010) and enhance it in others (Griinberg
et al., 2020), depending on the interplay between shrubs, snow, and soil. In the Inuvik-Tuktoyaktuk
region, runoff is conveyed through inter-hummock zones of highly porous organic soils which form

a mesh-like geometry in between mineral-earth hummocks, microtopographical formations 0.5 to
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1.0 metres wide and 20 to 40 centimetres tall (Quinton and Marsh, 1998). When inter-hummock
zones experience permafrost thaw, mineral soil from the surrounding earth-hummocks collapses
into the inter-hummock zone and greatly reduces the hydraulic conductivity of the inter-hummock
zone (Kokelj et al., 2007). Therefore, it is important to understand how shrubs will impact snow
and permafrost in this region given that changes in watershed runoff are sensitive to permafrost
thaw-driven hummock collapse. This chapter unravels the interaction between shrubs, snow and
permafrost in this region by using 3056 frost table depth measurements made in hummock and
inter-hummock zones and comparing them to snow, shrub and topographical data using a struc-
tural equation modelling approach. Results show that hummock frost table depths were deeper in
areas that became snow-free sooner, while birch shrubs advanced snow-free timing an average six
days earlier than shrub-free tundra. In inter-hummock zones, frost table depth was most strongly
related to hummock height, an indicator of hummock development. Based on these results, one
can hypothesize that birch shrub expansion will accelerate hummock permafrost thaw, leading to

hummock collapse, reducing the hydraulic conductivity of inter-hummock zones.

1.4.2 Chapter Three

Published in Hydrology and Earth System Sciences, Wilcox et al. (2022b).

Chapter three focuses on drivers of lake water balance variability during the snowmelt
period, during which snowmelt drives the majority of yearly runoff into lakes. Specifically, this
chapter describes how lake and watershed properties cause variability in snowmelt bypass and also
observes how the sources of lake water change in response to freshet inflow. This chapter uses stable
water isotope methods, sampling lakes along the Inuvik-Tuktoyaktuk Highway before snowmelt and
after lakes became ice-free. From isotope data, the percentage of pre-snowmelt lake water replaced
by freshet and the change in lake source water isotope composition are calculated and compared
to lake and watershed properties. The percentage of pre-snowmelt lake water replaced in lakes

varied widely from 5.2 to 52.8%. Lake depth was negatively correlated with the replacement of
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pre-snowmelt lake water, as the mixed freshet layer beneath lake ice was restricted from mixing
with deeper water. The source of freshet runoff remaining in lakes was a mixture of snow-sourced
and soil-sourced water. It is likely that initial runoff flowing into lakes was primarily snow-sourced,
but as the freshet period continued the initial runoff that flowed into lakes was replaced by freshet
runoff that was more soil-water dominated, as the active layer thawed and allowed soil water to
be mobilized. As shrub expansion causes snowmelt to occur earlier relative to lake ice melt,
snowmelt bypass may become more amplified in the future, while the freshet runoff remaining in

lakes becomes less snow-sourced.

1.4.3 Chapter Four

Under review for Hydrology and Earth System Sciences, Wilcox et al. (under rev.).

Chapter four evaluates how seasonal shifts in meteorological conditions and lake and
watershed properties influence lake water balances. Similar to Chapter three, this Chapter also
relies on stable water isotope sampling that was completed five times between May and September
of 2018 at lakes along the Inuvik-Tuktoyaktuk Highway. For each lake and sampling date, the
ratio of evaporation-to-inflow (E/I) and the average source water isotope composition (o) was
calculated. The evolution of E/I and d7 is described and water balance phases (Freshet, Evaporation,
Soil Wetting and Recharge) are designated based on how the seasonal meteorological conditions
influence E/I and 61. The only watershed property that had a significant influence on E/I was the
ratio of watershed area to lake area (WA/LA), as lakes with smaller WA/LA had greater E/I ratios
because they received less inflow. Extrapolating the relationship between WA/LA and E/I to 7340
lakes in the Inuvik-Tuktoyaktuk region revealed that no lakes are likely to desiccate under current
climate conditions, however under a drier future lakes with smaller WA/LA will be more vulnerable

to increasing evaporation influence.



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

1.4.4 Chapter Five

To be submitted to Water Resources Research.

Chapter five uses direct measurements of lake water balance components over multiple
years to evaluate how lake water balances vary in response to different meteorological conditions.
Measurements were made at Big Bear Lake near the Trail Valley Creek research station using water
level recorders, discharge measurements, and a meteorological station. From these measurements
a water balance was generated for the lake, where lake level, evaporation, outflow, and precipitation
input were measured, and inflow was calculated as aresidual. These water balance metrics were then
used to calculate the runoff ratio for the watershed for each year during the freshet and summertime.
Water balance data show that 53 - 62% of the inflow lakes receive every year occurs during the
first few weeks of the freshet, after which lakes receive bursts of inflow periodically from rainfall
events if soils are wet enough. Years with rapid snowmelt lead to rapid inflow and higher lake
levels before snow dam failure as a result. Runoff ratios during the freshet and summertime were
elevated when previous years had wetter than average summertime precipitation, as soil moisture
from the previous year is locked in when soils freeze, before being released the following year as
the active layer thaws. Yearly evaporation losses varied from 226 to 296 mm and were largely
controlled by the length of the ice-free season. There was a large evaporation potential (4 to 6 mm
day!) before lakes became ice-free, suggesting that advancement in ice-off timing may lead to large
increases in evaporative losses, in comparison to later ice-on dates. These results highlight the
need to understand future changes in lake inflow, as increasing ice-free periods for lakes combined

with warmer air temperatures will certainly increase evaporative losses from lakes.
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Chapter 2

Tundra shrub expansion may amplify
permafrost thaw by advancing snowmelt

timing

2.1 Abstract

The overall spatial and temporal influence of shrub expansion on permafrost is largely unknown due
to uncertainty in estimating the magnitude of many counteracting processes. For example, shrubs
shade the ground during the snow-free season, which can reduce active layer thickness. At the
same time, shrubs advance the timing of snowmelt when they protrude through the snow surface,
thereby exposing the active layer to thawing earlier in spring. Here, we compare 3056 in situ
frost table depth measurements split between mineral earth hummocks and organic inter-hummock
zones across four dominant shrub—tundra vegetation types. Snow-free date, snow depth, hummock
development, topography, and vegetation cover were compared to frost table depth measurements
using a structural equation modeling approach that quantifies the direct and combined interacting

influence of these variables. Areas of birch shrubs became snow free earlier regardless of snow depth
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or hillslope aspect because they protruded through the snow surface, leading to deeper hummock
frost table depths. Projected increases in shrub height and extent combined with projected decreases
in snowfall would lead to increased shrub protrusion across the Arctic, potentially deepening the

active layer in areas where shrub protrusion advances the snow-free date.

2.2 Introduction

The progression of the frost table in permafrost areas to its maximum annual depth, the active layer
(Harris et al., 1988), is controlled by climate at a broad scale and a multitude of other variables
operating at smaller scales. These “micro-scale” variables include (micro)topography, snow depth
and density, and vegetation type and density (Mackay, 1980; Sturm et al., 2001; Bonnaventure
and Lamoureux, 2013; Fisher et al., 2016). Increasing air temperatures promote deeper thaw
(Biskaborn et al., 2019), however, the spatially and temporally varying effects of micro-scale
variables on ground heat flux mean permafrost thaw does not occur uniformly across the Arctic

landscape (Loranty et al., 2018).

Mineral earth hummocks are common microtopographical features in permafrost regions
(Schunke and Zoltai, 1988) that are susceptible to degradation when the active layer deepens (Kokelj
et al., 2007). Hummocks consist of mineral soil domes roughly 50 — 200 cm in diameter and 10
— 40 cm in height (Tarnocai and Zoltai, 1978; Mackay, 1980). Hummocks formed over thousands
of years through cyclical upward frost heaving in their centres paired with subsidence at their
perimeters, resulting in a locally deeper active layer beneath the centre of hummocks (Mackay,
1980). Hummocks are surrounded by well-defined, peat-dominated inter-hummock zones with
a shallower active layer, and act as areas of preferential flow (Quinton and Marsh, 1999).When
hummocks degrade as a result of active layer deepening they become flat and spread out radially,
producing a deeper inter-hummock active layer due to the intruding mineral soils (Kokelj et al.,

2007).
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Shrubs are another main control on active layer thickness in tundra regions. Shrubs are
increasing in height, density, and areal extent across the Arctic (Tape et al., 2006; Bjorkman et al.,
2018), consequently altering permafrost conditions through multiple, counteracting mechanisms
(Chapin et al., 2005; Myers-Smith et al., 2011). When shrubs typically buried by snow were
experimentally removed, frost table depth deepened due to increased thermal load on the ground
surface during the snow-free period (Blok et al., 2010; Nauta et al., 2015). In contrast, shrubs that
protrude through the snow surface emit longwave radiation and advance the timing of snowmelt,
which large-scale modeling predicts will offset the shade provided by shrubs (Pomeroy et al., 2006;
Marsh et al., 2010; Lawrence and Swenson, 2011; Bonfils et al., 2012). However, shrubs protruding
above the snow surface decrease surface wind speed, thereby decreasing the turbulent fluxes of
heat and water (Endrizzi et al., 2011). In addition, patches of tall shrubs can trap blowing snow
(Pomeroy et al., 1997), which in turn increases wintertime ground temperatures as deeper snow
insulates the ground more effectively (Sturm et al., 2001; Hinkel and Nelson, 2003; Myers-Smith
and Hik, 2013). Deeper snow also requires longer to melt, and delays the beginning of active layer

thaw (Wang et al., 2019).

Previous field studies that described the influence of shrub expansion on active layer thick-
ness did not consider the combined influence of shrubs on snowmelt timing and snow redistribution.
This study seeks to identify the relative influence of these variables on frost table depth while also
evaluating how they influence each other, using a structural equation modeling approach. We use
3056 in situ frost table depth measurements taken from early June until late August 2015, split
between mineral earth hummocks and organic inter-hummock zones across four dominant vegeta-
tion types, and explore the effect of multiple known influences on frost table depth. These include

hillslope angle and aspect, snow depth, hummock height, vegetation cover and snow-free date.
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Figure 2.1 The Siksik Creek Basin is located in the continuous permafrost zone in the Northwest Territories,
Canada. Frost table depth sampling transects are represented by red lines; red squares represent grids.
Hummock and inter-hummock frost table depth was measured at five metre intervals along each grid and
transect.
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2.3 Study site

All observations were made within the Siksik Creek watershed (68.5° N, 133.75° W) (Figure 2.1),
a 1 km? catchment that flows into Trail Valley Creek, Northwest Territories (Quinton and Marsh,
1999). The site is located 45 km north of Inuvik and ca. 80 km south of Tuktoyaktuk, at the northern
edge of the boreal forest — tundra transition zone. Mean annual total precipitation in Inuvik from
1981 — 2010 was 240 mm of which 66% was snowfall, and mean annual air temperature was -8.2
°C (Environment and Climate Change Canada 2019). Snow cover commonly lasts for 8 months of
the year from October to May during which air temperatures remain below 0 °C and south-westerly
winds are dominant. The total thickness of the ice-rich permafrost across the region spans from
350 — 500 m and is overlain by an active layer that varies between 0.5 — 0.8 m in thickness (Burn
and Kokelj, 2009). The topography of the region between Inuvik and Tuktoyaktuk is characterized
by low rolling ice-rich morainal deposits interspersed with thermokarst lakes (Rampton and Wecke,
1987), although no lakes exist within the Siksik Creek watershed. Mineral earth hummocks are
present throughout the watershed, surrounded by inter-hummock zones filled with 20 — 50 cm
of peat (Figure 2, (Quinton and Marsh, 1998)). The bulk density of hummocks is one order of

magnitude greater on average than inter-hummock zones, which are highly porous (Quinton, 1997).

The vegetation cover at the Siksik Creek watershed is broadly characterized as erect low-
shrub tundra (S2) (Walker et al., 2005). We identified four unique vegetation cover classes within
the Siksik Creek watershed, which occur in patches of tens to hundreds of metres across (Figure
2.1). This type of heterogeneous vegetation cover is common in the treeless region between Inuvik
and Tuktoyaktuk (Lantz et al., 2010). Over half of the watershed is covered by a mix of mostly
shrub-free “open-tundra”, with maximum vegetation heights of 5 — 25 cm, which is predominantly
covered by reindeer lichen (Cladonia rangiferina L.), Sphagnum moss (Sphagnum L.), tussock and
non-tussock sedges (Carex L.), and Labrador tea (Rhododendron groenlandicum (Oeder) Kron &

Judd). The second most common vegetation cover type consists of dwarf birch (Betula glandulosa
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Michx.) patches of 40 — 60 cm in height with open tundra species present beneath, and are generally
present on west-facing slopes. Similar, but taller (80 — 150 cm) alder (Alnus alnobetula (Ehrh.) K.
Koch.) patches exist on east facing slopes and also contain open tundra species beneath. In stream
channel areas, 150 — 250 cm alder and willow (Salix L.) grow through a Sphagnum moss dominated
floor. Open tundra has virtually no canopy cover, while birch and channel areas have dense canopy
cover with higher leaf area indexes (Marushchak et al., 2013). Individual alder shrubs have greater
leaf area indexes than individual birch shrubs (Zwieback et al., 2019a), however alder shrub patches
in Siksik Creek are “open” and less dense than birch shrub patches, resulting in a lower mean leaf
area index comparing patch to patch (Marsh et al., 2010; Lantz et al., 2013). Areas of shrub-covered
tundra have cooler summer soil temperatures as a result of the shade they provide to the ground
(Myers-Smith and Hik, 2013). As a result of their denser canopy, birch shrub patches intercept
15-30% of incoming rainfall, while alder shrub areas have little effective rainfall interception
(Zwieback et al., 2019a). Shrub patches are also characterized by larger evapotranspiration rates
than tundra areas, and typically have drier soils as a result (Bring et al., 2016). Areas of birch
shrubs were observed to protrude through the snow in the Siksik Creek watershed (Figure 2.2),
while other areas of vegetation were mostly buried under the snow and were eventually exposed as
the snow melted. The greater region between Inuvik and Tuktoyaktuk is experiencing alder and

birch shrub expansion (Lantz et al., 2013).
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Figure 2.2 Image of birch shrubs protruding through the end of winter snowpack. Their branches lower
albedo above the snow pack in spring, enhancing snowmelt.

2.4 Materials and methods

2.4.1 Frost table depth measurements

After snowmelt in early June 2015, frost table depth measurements began at eight transect and two
grid locations within the Siksik Creek watershed (Figure 2.1). Transects bisected stream channels
in order to capture a wide range of micro-scale variables as efficiently as possible, while grids
captured flatter areas. Measurements were made every five metres along 100 m transects and one
150 m long transect, and two 15 m by 20 m grids, resulting in 20 — 30 hummock and 20 — 30
inter-hummock frost table depth measurements at each sampling location. Measurements were
taken over the course of a two- to three-day period every one to three weeks. In total eight rounds

of sampling were completed between June 11 and August 20 of 2015, resulting in 3056 total frost
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table depth measurements.

At sampling points along transects and grids, frost table depth in the nearest hummock and
inter-hummock zone was measured by pushing a frost probe into the centre of each feature until
submission against the frost table. Measurements were split between hummock and inter-hummock
zones to control for the known differences in frost table depth between these two features. While
leaving the frost probes in the hummock and inter-hummock zone, a construction level was placed
perpendicular to the two probes, resting one end on the hummock. The point where the level
intersected the inter-hummock frost probe was recorded (Figure 2.3). Inter-hummock frost table
depth was measured perpendicular to the aspect of the hillslope (e.g. if measurements were made
on a north-facing hillslope, inter-hummock measurements were made to the east or the west of
each hummock measurement) to minimize the influence of the hillslope on the topography of the
frost table. Frost table depth measurements were not always performed at the exact same hummock
and inter-hummock zone for each sampling location, but still within a one metre radius of each
measurement location. This was done to minimize soil disturbance that may affect the thawing
beneath the measurement points by creating a preferential pathway for water to reach the frost
table. Some sampling points displayed only minimal hummock development, mostly occurring in
stream channels which were typically saturated. If no discernible hummocks were present, areas
of localized high and low elevation were selected to sample from instead. By sampling regardless
of hummock presence or size, the natural variability of hummock development was incorporated
into the dataset. If only well-defined hummocks were selected for sampling, then the information
gained from the data could only be applied to areas with well-developed hummocks. The spatial
distribution of hummocks across the watershed is not known and cannot be estimated using other
variables, and defining their state of development relies just on visual inspection. Therefore,
the applicability of the knowledge gained from the data would be limited if only well-developed

hummocks were measured.
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Figure 2.3 Cross-section of the frost table depth measurement protocol. Hummock height was measured
using a construction level placed across the two frost probes. The photo on the right shows a cross-section
of a typical hummock in mid-July; the hummock and inter-hummock area shown is 65 cm across.

2.4.2 Micro-scale variables

Frost table depth per vegetation cover class was compared to the sample date, hummock height,
snow depth, snow-free date, hillslope angle and aspect. Hummock height was considered as an
indicator of hummock development (Kokelj et al., 2007). Snow depth was derived by subtracting
a bare-ground digital elevation model (DEM) captured by airborne LiDAR (Hopkinson et al.,
2008) from a DEM of the snow surface before snowmelt began (De Michele et al., 2016; Mann,
2018). Each DEM contains a grid of one metre by one metre cells which hold an elevation value
representing the height of the ground or snow above mean sea level. The snow surface DEM was
generated using unmanned aerial system (UAS) imagery obtained by a fixed-wing eBee (SenseFly,
2015) and structure-from-motion photogrammetry analysis in Pix4Dmapper (Pix4D SA, 2019).
Raw images taken by the UAS were geotagged and stitched using twelve ground control points
placed throughout the Siksik Creek watershed and measured to an accuracy of 2 cm with a real-

time kinematic GPS system, to create an orthomosaic using Pix4Dmapper. UAS derived snow depth
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from five pre-snowmelt flights were averaged together to create 1 metre raster snow depth product
for the entire watershed. As snowmelt had begun before UAS flights took place in 2015, images
taken before snowmelt in 2016 were used to create the snow depth product. The spatial pattern of
snow remains stable between years in tundra environments due to predominant wind directions and
wide-spread snow redistribution, and are therefore comparable between years for this application
(Sturm and Wagner, 2010). Measurements of snow depth taken in 2015 using a Magnaprobe (Sturm
and Holmgren, 2018), which records GPS positions while measuring snow depth, were compared
to the 2016 UAS snow depth product. The mean snow depth of 2459 Magnaprobe measurements
made in the Siksik watershed in 2015 was 69.6 £37.9 cm, while the mean snow depth from the
2016 UAS derived snow depth map at the same points where Magnaprobe measurements were

made was 72.5 +37.1 cm.

Snow-covered area was classified from UAS true colour imagery collected at multiple times
over the course of the snowmelt period in 2015. Snowmelt first occurred on April 21, and the
UAS was flown on April 28, May 8, May 11, May 12, and May 17, 2015. Approximately 95% of
the watershed was snow covered on April 28th, and some areas remained snow-covered until the
first week of June. Orthomosaics were then imported into ArcGIS 10.5 (ESRI, 2016), and snow-
covered area was delineated using an iso-cluster unsupervised image classification with binary
classes. Visual inspection of the classification showed that it was able to classify snow presence vs.
snow absence accurately. Each frost table depth measurement location was assigned a snow-free
date based on the amount of snow cover within a one metre radius around each frost table depth
measurement point. If >90% of the radius around the measurement location was snow-free, it was

classified as snow-free.

Vegetation classifications were delineated manually, as different vegetation cover classes
were clearly distinguishable, using UAS true colour imagery of the Siksik watershed captured at
5 cm per pixel resolution. Four vegetation classes were delineated: alder shrub-dominated, birch

shrub-dominated, open tundra, and channel shrub, as based on the classes outlined in the study site
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section. We chose these vegetation cover classes because each cover class encapsulates a variety of
biotic and abiotic variables and offers a more simplified assessment of different vegetation covers,

compared to measurements of numerous biotic variables in each vegetation cover.

2.4.3 Analysis of frost table depth and micro-scale variables

A piecewise structural equation model (SEM) using the R (R Core Team, 2021) package piece-
wiseSEM (Lefcheck, 2016) was used to quantify the effect of micro-scale variables on hummock
and inter-hummock frost table depth. The SEM incorporates user-defined mixed effects models
generated using the package nlme (Pinheiro et al., 2018). Structural equation models determine
the effect of explanatory variables on both the dependent variable and other explanatory variables
by calculating unstandardized and standardized path coefficients for each causal path of influence
defined by the user. Unstandardized path coeflicients represent the linear effect of one variable on
another, in terms of the explanatory variable’s units, and were used to compare how the magnitude
of influence of each variable differed between hummock and inter-hummock frost table depths.
Standardized path coefficients correct for natural differences in the range of measured variables and
allow for the influence of different variables within each SEM to be compared, however they are
unitless and do not represent the direct effect of one variable on another. Path coefficients cannot
be calculated for categorical variables (vegetation cover class); instead the mean of each category

is presented and tested for significant difference from all other categories.

The hummock and inter-hummock SEMs share identical paths for variables which do not
influence frost table depth directly, as these measurements are identical for each hummock and inter-
hummock measurement. Justification for the SEM paths specified in this analysis are provided in
the appendix (Section 2.8.1). As part of the SEM development, a directed test of separation was
performed on all unspecified paths to determine if any significant relationships existed between
them. The test found that hummock height significantly correlated with snow depth. Based on

our understanding of hummock development (Mackay, 1980), there are no physical mechanisms
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which would cause areas of deeper snow to develop shorter earth hummocks. This relationship
was identified as a correlated error in the SEM, and the path was removed from the analysis.
The piecewise SEM approach was chosen over a variance-based approach because it facilitates
the use of mixed-effects models, which integrate information about random variability caused by
repeated measures across multiple measurement units, such as transects and grids. Hummock and
inter-hummock frost table depth were analyzed separately because we hypothesized that hummock
and inter-hummock frost table depth may be influenced by different micro-scale variables, due
to their different soil and hydrological characteristics. We expected explanatory variables which
block incoming solar radiation to the ground to have less of an effect on inter-hummocks due to
the insulative properties of peat, and that inter-hummocks would be more affected by variables
which control their heat conductivity (e.g. soil moisture). Explanatory variables in each of the
mixed effects models included hummock height, sample date, hillslope angle and aspect, snow
depth, snow-free date, and vegetation cover class. The transect or grid where measurements were
made was used as the random effect in the model. Fitted and residual model values were inspected
visually and showed no violations of homoscedasticity or normality, and no transformations were

applied to any variables. Significance for all tests was evaluated at alpha = 0.05 in R.
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Figure 2.4 Results of the structural equation models for hummock and inter-hummock frost table depth. Paths
are labeled with unstandardized path coefficients first, with standardized path coefficients in brackets, and
stars which indicate the p-value of the relationship (* <0.05, ** <0.01, *** <0.001). Black arrows indicate
positive relationships (i.e. deeper frost table depth), red arrows indicate negative relationships (i.e. shallower
frost table depth), and dotted grey lines indicate insignificant relationships (p-value >0.05), with the width
of each line corresponding to the size of the standardized path coefficient. Letters beside the means of each
category represent significant difference between each category. Both models have a Fisher’s C value of
4.944 with a p-value of 0.551 on 6 degrees of freedom.
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2.5 Results

Our results show that hummock and inter-hummock zone frost table depths are influenced by
different micro-scale variables. Overall, the strongest influence on hummock frost table depth after
sampling date was hummock height (Figure 2.4, standardized path coefficient = 0.13), and snow-
free date (standardized path coefficient = -0.11). In turn, snow-free date was largely influenced by
snow depth (standardized path coefficient = 0.44) and vegetation cover (Figure 2.4). Snow depth
had the smallest direct effect of any variable on hummock frost table depth (standardized path
coeflicient = -0.06), despite its ability to delay the snow-free date by 8.14 days per metre of snow.
At points where frost table depth was measured, birch areas became snow-free significantly earlier
than other vegetation types (Figure 2.4, p <0.001). On average, birch areas (group “a”) became
snow-free 6 days earlier than alder or tundra (group “b”’), and 9 days earlier than channel shrub areas
(group “c”). These earlier snow-free dates in birch areas corresponded with significantly deeper
frost table depths compared to tundra areas. Alder areas had average snow depths 56% greater than
tundra areas at points where frost table depth was measured, but the average snow-free date in alder

was similar to that in tundra (Figure 2.4).

The pattern of snow-free dates across vegetation cover types at points where frost table
depth was measured did not match the pattern of snow-free dates observed from watershed-wide
measurements of snow depth and snow-free date from UAS-measured values. When controlling for
hillslope aspect and snow depth using the UAS data, alder areas became snow-free latest, followed
by channel, then tundra, and birch areas became snow-free earliest (Figure 2.5). Areas of deeper
snow became snow-free later, and south-west hillslope aspects became snow-free earlier in each
vegetation class. The average snow-free date of birch shrub areas was earlier than non-birch shrub

areas regardless of the hillslope aspect or snow depth (Table 2.1).

In inter-hummock zones, only sample date, hummock height, hillslope angle, and channel

vegetation had a significant effect on frost table depth. Hummock height had a much stronger,

24



Chapter 2. Tundra shrub expansion may amplify permafrost thaw by advancing snowmelt timing

negative influence (i.e. shallower frost table depth with greater hummock height) on inter-hummock
frost table depth than on hummock frost table depth (unstandardized path coefficients = -0.64 and
0.24, respectively), and had an eight times larger effect on frost table depth than hillslope angle
(standardized path coefficients = -0.39, p <0.001 and 0.05, p = 0.02). The effect of hummock
height on inter-hummock frost table depth was 70% as strong as sample date, while frost table
depth measurements spanned two and a half months (standardized path coefficients = -0.39 and
0.55, respectively). Areas of channel vegetation had significantly deeper inter-hummock frost table
depths, 6 — 9 cm deeper than alder, birch and tundra areas. Alder, birch and tundra areas did not
significantly differ in average inter-hummock frost table depth. Plots of frost table depth across

each micro-scale variable are shown in the appendix (Section 2.8.2).

2.6 Discussion

2.6.1 Effects of snow-shrub interactions on hummock frost table depth

Here we show that differences in hummock frost table depth across alder, birch and tundra vegetation
types are partially explained by shrubs’ influence on snow. Hummock height had the largest effect
on hummock frost table depth after sample date, but snow-free date has a similarly strong influence
on frost table depth based on the standardized path coefficients from the structural equation model
(0.13 and -0.11 respectively). Snow-free date has been shown to control active layer thickness
in large-scale modeling studies (Lawrence and Swenson, 2011; Bonfils et al., 2012; Wang et al.,
2019), however, the direct effect of snow-free date on frost table depth has not been reported at
the plot scale previously. Our results indicate that the effect of shrub shading is not a dominant
control on frost table depth at the Siksik Creek watershed, as areas of birch and channel shrubs
had significantly deeper hummock frost table depths than tundra areas, while alder and tundra frost
table depths did not differ significantly.

In birch areas, deeper frost table depths were partially explained by advanced snowmelt

25



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

alder birch channel tundra
Snow Free
Date
I I May 22+
May 17
| |
May 12

May 7
h 1 I April 28
April 23

05 15 05 15 05 15 05 15
Snow Depth (m)

Figure 2.5 Mean snow-free date across snow depth and aspect from all unmanned aerial system measured
points in the Siksik Creek watershed (n = 894 523). Each bin has a width of 10 cm snow depth and 18° of
aspect, while colour represents the mean snow-free date for each bin.

timing caused by their protrusion through the snowpack (Figure 2.2). While birch shrub areas did
have a significantly lower mean snow depth (which contributed to these points becoming snow-
free earlier on average (Figure 2.4), birch areas became snow-free significantly earlier than other
vegetation cover types regardless of snow depth or hillslope aspect in most cases (Table 2.1). At
points where frost table depth was measured alder became snow free at the same time as tundra areas
despite having 56% deeper snow. However, the 210 points where frost table depth was measured
only represents 0.02% of all UAS snow observations. Utilizing all 894 523 UAS observations shows
alder areas became snow free later across the watershed regardless of snow depth or hillslope aspect
when compared to other vegetation cover classes (Figure 2.5). Historical snow surveys completed
near-yearly in the Siksik Creek watershed from 1991 — 2016 show that tundra and birch shrub areas
have similar mean snow densities (0.226 g cm™3for birch, 0.222 g cm?3 for tundra), while alder areas
have a mean snow density of 0.340 g cm™. Alders tend to grow on steeper slopes within a range of

hillslope aspects where snowdrifts would form without alder shrub presence. Wind packed drifts
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Table 2.1 The average number of days the snow-free date was advanced in birch shrub areas compared to
non-birch shrub areas, as measured by the UAS flights made over the watershed during the snowmelt period
(n = 894 523). Positive numbers represent the average number of days birch shrub areas became snow free
before non-birch shrub areas. A Welch Two Sample t-test, which is robust against unequal variances and
sample sizes, was applied to test for significant differences between alder and birch/tundra areas (italics = p
<0.05, bold = p <0.001). The median number of observations in each bin was 9932.

Hillslope

Aspect (°)

315 - 360 6.1 1.9 5 10.1 3 1.2 0 —
270 - 315 5.2 24 4.3 5.9 — — — —
225-270 6 2.6 4.4 4 — — — —
180 - 225 7.9 3.6 4.4 3.2 — — — —
135 - 180 6.6 3.7 4.4 4.5 — — — —
90 - 135 8.4 33 33 3 1.5 -0.7 — —
45-90 9 3.1 34 3.8 2.8 3.1 4.4 4.8
0-45 6.7 2.6 4.1 4.8 2.4 24 1.8 1.8
Snow <25 25-50  50-75 75-100 100-125 125-150 150-175 175-200
Depth (cm)

have denser snow than other areas and require more energy to melt. Therefore, while alder shrubs
still increase energy input into the snow the same way birch shrubs do, denser snow in alder areas

likely offset this effect and lead to later snow-free dates when compared to birch areas.

Despite growing in snow-drifting areas, snow depth in alder areas was greater than in birch
and tundra areas at almost every given hillslope angle and aspect (Table 2.2). Snow depth was
amplified the greatest in areas where alder tend to appear the most in the basin, at hillslope angles
greater than 10° and aspects from 0 — 135°. Even though snow drifts would form naturally in these
areas without the presence of alder shrubs, snow depth in alder areas was greater in these ranges
by 0.26 — 1.35 m on average (Table 2.2).

Previous work which found that removing Betula nana shrubs could deepen the active
layer (Blok et al., 2010; Nauta et al., 2015) was conducted in areas where shrub heights were
shorter than the relatively shallow, homogenous (25 — 35 cm) snow pack. Shrubs likely did not

protrude through the snow pack at this site, and may not have been able to initiate earlier snowmelt.
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Table 2.2 Mean snow depth (cm) in alder areas minus mean snow depth in birch and tundra areas for given
hillslope angles and aspects (n = 894 523). A Welch Two Sample t-test was applied to test for significant
differences between alder and birch/tundra areas (italics = p <0.05, bold = p <0.001). Channel shrub areas
are excluded as they are also tall and can therefore trap snow, while the purpose of this table is to show that
alder shrub areas do increase snow depth. Alder shrubs increase snow depth the most at greater hillslope
angles in the range of 0 — 135° hillslope aspect. The median number of observations in each bin was 18 466,
and the only bin with a p-value >0.05 had just 28 observations.

Hillslope Aspect (°)

315-360 0.12 -0.28 -0.44 — —
270 - 315 0.2 0.11 — — —
225-270 0.16 0.13 — — —

180 - 225 0.14 0.12 — — —
135-180 0.05 -0.12 -0.09 — —

90 - 135 0.12 0.31 0.54 0.43 —
45-90 0.13 0.13 0.26 0.28 —
0-45 0.08 -0.10 0.57 1.02 1.35
Hillslope Angle (°) 0-5 5-10 10-15 15-20 20-25

Lafleur and Humphreys (2018) found little difference in snow-free date across three sites of varying
shrub height, where mean shrub height and snow depth were closely matched (18.2 — 51.5 cm
shrub height, S1, S2, and G4 vegetation types per Walker et al. (2005), 29.4 cm — 57.1 cm snow
depth). The similarity in snow-free date across different vegetation heights found by Lafleur and
Humphreys (2018) may be caused by a combination of shallower snow depths and minimal shrub
protrusion, as mean snow depth was greater than mean shrub height at each site in their study. The
different pattern of results found by our study and others (Blok et al., 2010; Nauta et al., 2015) at
shrub-tundra sites highlight the need to better understand interactions between shrub height, snow
depth, shrub protrusion, and how they influence snow-free date. The opposing physical effects of
shrubs on frost table depth can lead to either shallower or deeper frost table depths in different
snow and shrub conditions (Figure 2.6). In areas where shrub protrusion does not occur and snow
depth is homogenous (Blok et al., 2010), shrubs decreased frost table depth through shrub shading.
When shrub protrusion does not occur and snow depth is variable (Nauta et al., 2015), deeper

frost table depths occurred in areas of deeper snow. Frost table depth changes in these studies
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may also be influenced by changes in transpiration and interception caused by the removal of the
shrub canopy, which could alter soil moisture. The larger ranges of snow depth and shrub height
in our study found that short protruding shrubs increase frost table depth by advancing snowmelt
timing. Therefore, we suggest that with projected increases in shrub height, density, and areal
extent (Loranty and Goetz, 2012; Bjorkman et al., 2018) and decreases in snowfall (Bintanja and
Andry, 2017), shrub protrusion will increase across the Arctic, leading to earlier snow-free dates

that contribute to deeper active layer depths through thawing at the top of the permafrost.

Shrub Density Shrub Height

Snow Depth

Snowpack Protrusion

!

Shrub Shading - Snow-Free Date

!

—|  Frost Table Depth | «—

Figure 2.6 Conceptual model of the main short-term physical influences of shrubs on frost table depth. Black
arrows represent positive relationships (i.e. larger snow depth — larger frost table depth) and red arrows
represent negative relationships (i.e. earlier snow-free date — larger frost table depth).

2.6.2 Influences on inter-hummock frost table depth, and unmeasured micro-

scale variables

Inter-hummock frost table depth was dominantly controlled by hummock height, an indicator of
overall hummock development. Previous research in this region has also shown inter-hummock frost

table depth is closely tied to hummock height, and that hummock height is an overall indication of
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Table 2.3 Hummock height differences across different vegetation covers. Difference between classes were
tested using the Scheffé multiple comparison test (alpha = 0.05), which is suited for datasets with different
numbers of observations (Scheffé, 1953). Only channel vegetation areas had significantly different hummock
heights. Superscript indicates classes that were significantly different from one another.

Vegetation Cover Class Mean Hummock Height (cm)

Alder 24.82
Birch 25.8¢
Channel 2.0°

Tundra 23.6%

hummock development (Kokelj et al., 2007). Previous work, however, did not consider the influence
of snow or vegetation. Our inclusion of snow and vegetation showed they do not have an impact
on inter-hummock frost table depth. Deeper inter-hummock frost table depths in channel shrub
areas were likely caused by a lack of hummock development as indicated by significantly lower
hummock heights (Table 2.3). Hummock development was likely impeded by the fully saturated
soils in channel shrub areas, and not impeded through any mechanism caused by the presence of
shrubs themselves. Deeper inter-hummock frost table depths were found in flatter areas (Figure 2.4),
which could be due to poorer drainage and more saturated soils that conduct heat more effectively.
Future increases in active layer thickness will likely trigger hummock degradation, which would
amplify active layer increases in the inter-hummock zone as mineral soils from hummocks invade
inter-hummock zones (Kokelj et al., 2007). As inter-hummocks transition to mineral soils, variables
which influence hummock frost table depth may become influential on inter-hummock frost-table
depth. While hummocks are observed widely across the Arctic (Schunke and Zoltai, 1988), their
presence or absence at finer scales is unknown, making it difficult to predict the impact their

degradation will have.

In this analysis we did not measure soil properties (e.g. organic layer thickness, soil moisture,
moss cover), which can potentially influence frost table depth and correlate with measured variables,
namely vegetation cover class. However, at a qualitative level, we expect these unmeasured

properties in shrub-covered areas likely decrease overall heat flux into the ground compared to tundra
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areas, and would not be confounded with areas which became snow-free earlier. As described in
the study site section, birch shrub-covered areas typically experience increased transpiration (Bring
et al., 2016), intercept up to 30% of rainfall (Zwieback et al., 2019a), and experience cooler soil
temperatures as a result of shading (Myers-Smith and Hik, 2013). This set of properties results
in relatively lower soil moisture, which lowers the heat conductivity of the active layer and overall
heat flux into the ground, compared to tundra areas. There were also no significant differences in
hummock height which may explain differences between alder, tundra, and birch shrub hummock

frost table depths (Table 2.3).

2.7 Conclusion

Extensive field measurements of frost table depth were taken over a three-month period across
various shrub cover types (alder, birch, channel shrub, and shrub-free tundra dominated areas)
in a catchment containing mineral earth hummocks. Unmanned aerial system mapping allowed
us to measure snow depth and snow-free date across the 1 km? watershed. Our results quantify
interactions between snow depth, shrub type, and snow-free date and their influence on frost table
depth. Structural equation modeling showed that frost table depth in mineral hummocks and organic
inter-hummock zones are controlled by different micro-scale variables. Hummock areas covered
by low birch shrub vegetation had deeper frost table depths than tundra areas, likely due to the
advancement of snowmelt timing caused by shrubs protruding through the snowpack (Figure 2.5,
Table 2.1). However, across the watershed, tall alder shrub areas were able to trap more snow than
birch and tundra areas (Table 2.2), creating a deeper snowpack which delayed snow-free timing.
This effect is counter-acted by the ability of alder shrubs to amplify snowmelt once the snow has
melted enough to where they protrude through the snowpack. As a result, alder hummock areas
did not have significantly different frost table depths when compared to tundra areas, despite the

two areas experiencing different snow depth conditions. Inter-hummock areas were not affected by

31



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

snow or vegetation and are dominantly controlled by hummock height, an indicator of hummock
development. Importantly, our results show that low (birch) shrubs increased frost table depth
compared to tundra areas at this study site, contradicting previous research which found that shrubs
may preserve permafrost by shading the ground. Given projected increases in shrub height, density
and areal extent, and decreasing snowfall, shrub protrusion through the snowpack would become
more common, and could lead to increases in active layer thickness where shrubs did not protrude
before. Further research is required to fully understand how the counteracting forces of shrubs on
frost table depth (Figure 2.6) will change and affect permafrost into the future at a circum-Arctic

scale.

32



Chapter 2. Tundra shrub expansion may amplify permafrost thaw by advancing snowmelt timing

2.8 Chapter 2 Appendix

2.8.1 Justification of structural equation model

Structural Equation Model paths are specified based on known causal effects between variables
included in the model. Here we provide the justification for each of the paths specified in the SEMs

used in this article.

Measurement date on frost table depth: Throughout the year, the active layer thaws and
increases frost table depth.

Hummock height on frost table depth: Previous work (Kokelj et al., 2007) showed hummock
height is a strong indicator of overall hummock development and influences both hummock and
inter-hummock frost table depth.

Hillslope angle on frost table depth: We expected flat areas may have deeper frost table
depths due to more saturated soils caused by poorer drainage, as saturated soils have greater heat
conductivity (Hinzman et al., 1991).

Hillslope angle on snow depth: In shrub tundra environments, snow is redistributed by wind
and deposited on steeper slopes where snow drifts form, and eroded from flatter areas.

Hillslope angle on snow-free date: Hillslope angle is a control on incoming solar radiation,
which affects the rate of snowmelt.

Hillslope aspect on frost table depth: South-facing hillslopes receive larger amounts of
incoming solar radiation, which could increase frost table depth.

Hillslope aspect on snow depth: Predominant winter wind directions in the Arctic mean

that larger drifts form on leeward slopes, while windward slopes have snow eroded from them.

Hillslope aspect on snow-free date: South-facing hillslopes receive larger amounts of

incoming solar radiation, which could cause earlier snow-free dates by advancing snow melt.

Snow depth on frost table depth: Areas of deeper snow are able to insulate the ground from
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cooler winter air temperatures, potentially keeping the ground warmer and leading to deeper frost

table depths in summer (Sturm et al., 2001).

Snow depth on snow-free date: Areas of deeper snow require more energy, and take longer

to melt entirely.

Vegetation cover class on frost table depth: Vegetation can shade the ground, leading to
shallower frost table depths, and also alter soil moisture regimes, changing the thermal conductivity
of the soil (Blok et al., 2010; Bonfils et al., 2012).

Vegetation cover class on snow depth: Areas of taller shrub vegetation are able to trap
blowing snow, and increase snow depth where their height is taller than the snow would be without
their presence (Essery and Pomeroy, 2004; Marsh et al., 2010).

Vegetation cover class on snow free date: Some vegetation is able to protrude through the

snow pack, lowering the albedo of the snow and increases the rate of snow melt (Endrizzi and

Marsh, 2010).

Snow-free date on frost table depth: Areas which become snow-free earlier are exposed to
warmer spring air temperatures and incoming solar radiation, allowing the active layer to begin

warming at a greater rate than snow-covered areas.

2.8.2 Frost table depth of each micro-scale variable
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Chapter 3

Assessing the influence of lake and
watershed attributes on snowmelt bypass at

thermokarst lakes

3.1 Abstract

Snow represents the largest potential source of water for thermokarst lakes, but the runoff generated
by snowmelt (freshet) can flow beneath lake ice and via the outlet without mixing with and replacing
pre-snowmelt lake water. Although this phenomenon, called “snowmelt bypass”, is common in
ice-covered lakes, it is unknown which lake and watershed properties cause variation in snowmelt
bypass among lakes. Understanding the variability of snowmelt bypass is important because the
amount of freshet that is mixed into a lake affects the hydrological and biogeochemical properties
of the lake. To explore lake and watershed attributes that influence snowmelt bypass, we sampled
17 open-drainage thermokarst lakes for isotope analysis before and after snowmelt. Isotope data
were used to estimate the amount of lake water replaced by freshet and to observe how the water

sources of lakes changed in response to the freshet. Among the lakes, a median of 25.2% of lake
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water was replaced by freshet, with values ranging widely from 5.2 to 52.8%. For every metre that
lake depth increased, the portion of lake water replaced by freshet decreased by an average of 13%,
regardless of the size of the lake’s watershed. The thickness of the freshet layer was not proportional
to maximum lake depth, so that a relatively larger portion of pre-snowmelt lake water remained
isolated in deeper lakes. We expect that a similar relationship between increasing lake depth and
greater snowmelt bypass could be present at all ice-covered open-drainage lakes that are partially
mixed during the freshet. The water source of freshet that was mixed into lakes was not exclusively
snowmelt, but a combination of snowmelt mixed with rain-sourced water that was released as
the soil thawed after snowmelt. As climate warming increases rainfall and shrubification causes
earlier snowmelt timing relative to lake ice melt, snowmelt bypass may become more prevalent
with the water remaining in thermokarst lakes post-freshet becoming increasingly rainfall sourced.
However, if climate change causes lake levels to fall below the outlet level (i.e., lakes become
closed-drainage), more freshet may be retained by thermokarst lakes as snowmelt bypass will not

be able to occur until lakes reach their outlet level.

3.2 Introduction

In the continuous permafrost zone of the Arctic, regions with thermokarst lakes have formed where
ice-rich permafrost has thawed and the ground surface has subsided. Thermokarst lakes typically
range from 1 to 5 m in depth and from 0.01 to 1000 ha in area, can cover over 25% of the land
area (Grosse et al., 2008; Burn and Kokelj, 2009; Turner et al., 2014; Farquharson et al., 2016)
and mostly formed during a brief warm period following the last deglaciation of the Northern
Hemisphere (Brosius et al., 2021). Comparison of aerial photography from the mid-1900s with
more recent satellite imagery has revealed both increases and decreases in thermokarst lake area
and number (Smith et al., 2005; Plug et al., 2008; Marsh et al., 2009; Jones et al., 2011; Finger

Higgens et al., 2019). These changes are partially attributed to shifting thermokarst lake water
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balances: increased air temperatures (Woo et al., 2008), longer ice-free seasons (Surdu et al., 2014;
Arp et al., 2015), permafrost thaw (Walvoord and Kurylyk, 2016), and shrub expansion leading to
increased transpiration (Myers-Smith et al., 2011) and interception (Zwieback et al., 2019a), all
causing less inflow and more water to evaporate from thermokarst lakes. In contrast, increasing
precipitation can lead to more inflow to lakes, offsetting any rise in evaporation, interception and
transpiration (Walsh et al., 2011; Stuefer et al., 2017; Box et al., 2019; MacDonald et al., 2021),
while shrub expansion can also increase snow accumulation in lake watersheds resulting in more
snowmelt runoff to lakes (Turner et al., 2014; MacDonald et al., 2017). Increased rainfall has also
been linked to decreases in lake surface area because lakes are more likely to experience rapid

drainage due to permafrost thaw during wet years (Webb et al., 2022).

Ice stops wind-driven mixing Freshet
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Figure 3.1 A conceptual cross section of a open-drainage lake when freshet has begun. Freshet initially
flows into the lake at the edge where lake ice has melted. A layer of snowmelt runoff mixed with lake water
then remains buoyant on top of the warmer lake water before flowing through the outlet (i.e., ‘snowmelt
bypass’). Limited mixing occurs due to density differences between runoff and deeper lake water and the
lack of wind-driven mixing due to the presence of lake ice.

Runoff generated by snowmelt in lake watersheds represents a large potential water source
for lakes, as snowfall comprises 40 to 80% of total precipitation in the Arctic (Bintanja and Andry,
2017). When snow melts in spring, the volume of snowmelt-driven runoft flowing into lakes

(freshet) generally results in the highest lake levels of the year (Woo, 1980; Roulet and Woo, 1988;
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Hardy, 1996; Pohl et al., 2009). When freshet is low, thermokarst lakes are prone to desiccation
(Marsh and Bigras, 1988; Marsh and Lesack, 1996; Bouchard et al., 2013). It is a reasonable
expectation that lakes which receive more freshet will also contain more freshet by the end of
the snowmelt if they remain below their outlet level (i.e., closed-drainage lakes). However, for
non-bedfast ice-covered lakes at or near their outlet level (i.e., open-drainage lakes), freshet may
flow into and out of a lake without mixing with and replacing the pre-freshet lake water, resulting in
“snowmelt bypass” (Bergmann and Welch, 1985) (Figure 3.1). While lake ice inhibits wind-driven
mixing of lake water, the cooler, less dense freshet (~0 °C) cannot mix with the deeper, warmer and
denser lake waters (<4 °C). As a result, freshet water will flow into and out of an open-drainage
lake without replacing the deeper, pre-snowmelt lake water until vertical mixing within the lake
begins, which is initiated by the warming of lake waters from solar radiation penetrating through
snow-free ice and wind-driven mixing after the lake becomes ice-free (Cortés and MaclIntyre, 2020).
Snowmelt bypass is a common occurrence that has been observed in a wide variety of ice-covered
open-drainage lakes around the world (Henriksen and Wright, 1977; Jeffries et al., 1979; Hendrey
et al., 1980; Bergmann and Welch, 1985; Schiff and English, 1988; Edwards and McAndrews,
1989; Cortés et al., 2017).

Although previous studies have established the mechanisms and conditions that cause
snowmelt bypass, no studies have examined how lake and watershed characteristics affect snowmelt
bypass. Given that snowmelt bypass depends on the mixing conditions under lake ice, we hypoth-
esize that lake and watershed characteristics that impact lake mixing may cause variability in
snowmelt bypass among lakes in a given region. Understanding the factors that influence the
amount of freshet retained by thermokarst lakes is important because of subsequent influence on
lake water balance, pH, nutrient composition, and suspended sediment, among other limnological
variables (Henriksen and Wright, 1977; Marsh and Pomeroy, 1999; Finlay et al., 2006; Turner et al.,

2014; Balasubramaniam et al., 2015).

In this study, we determine factors influencing the magnitude of snowmelt bypass for 17
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open-drainage thermokarst lakes in the lake-rich tundra uplands east of the Mackenzie Delta in
the Northwest Territories, Canada, during the freshet of 2018. This area contains thousands of
thermokarst lakes that constitute up to 25% of the landscape surface area and have changed in area
and number during the past several decades in response to changing precipitation and permafrost
thaw (Plug et al., 2008; Marsh et al., 2009). We used lake water isotope compositions from before
and after snowmelt to estimate the proportion of lake water replaced by freshet during spring
2018 and evaluated relationships with lake and watershed characteristics. We selected lake and
watershed characteristics that had the potential to impact under-ice mixing through their influence
on the water temperature profile (e.g. lake depth) or by displacing pre-snowmelt lake water (e.g.
watershed area). Isotope tracers were also used to assess whether the freshet is sourced solely
from snowmelt, or whether other water sources contributed to freshet. Future assessments of
hydrological and biogeochemical properties of thermokarst lakes can use the lake and watershed
attributes we identify to affect snowmelt bypass and lake water sources to inform their results, given
the distinct biogeochemical properties of freshet runoff (Finlay et al., 2006; Balasubramaniam et al.,

2015) and the influence of snowmelt bypass on the amount of freshet runoff retained by lakes.

3.3 Study area

The 17 study lakes are situated in the taiga—tundra uplands east of the Mackenzie Delta, in the
northwestern region of the Northwest Territories, Canada (Figure 3.2). The landscape is comprised
of rolling hills and is strongly influenced by permafrost thaw, as evidenced by the thousands of
thermokarst lakes which formed between 13 000 and 8000 years ago (Rampton, 1988; Burn and
Kokelj, 2009) that are typically 2 —4 m in depth with a surface area from 10 to 1000 ha (Pienitz et al.,
1997). The study lakes are situated along a ~70 km stretch of the Inuvik-Tuktoyaktuk Highway
north of the town of Inuvik (Figure 3.2). The average area of the lakes is 14.2 ha (0.9 — 90.5

ha) and the average maximum depth is 2.2 m (1.0 — 4.1 m) (Table 3.1). All lakes have a defined
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outlet channel observed to be active during the spring melt, thus classifying them hydrologically as
open-drainage, and many lakes have defined channelized inflows from their watersheds in the form

of small streams or ice-wedge polygon troughs.

Soils in the region have evolved from fine-grained morainal tills, ice-contact sediment,
and lacustrine deposits (Rampton and Wecke, 1987). Subsurface flow is conveyed efficiently by a
network of interconnected peat channels 0.3 — 1.0 m wide that lay between mineral earth hummocks
(Quinton and Marsh, 1998). Lake watersheds contain tall-shrub (>1 m), low-shrub (~0.5 m), and
shrub-free land cover types comprising lichen, moss, and tussocks (Lantz et al., 2010; Griinberg
et al., 2020). Mean annual air temperature in Inuvik is -8.2°C and mean annual precipitation is
241 mm of which 66% is snow, based on 1981-2010 climate normals (Environment and Climate
Change Canada, 2019b). Snowmelt usually begins in mid-May, and lakes typically become ice-free

in June and freeze up in mid-October (Burn and Kokelj, 2009).

The 2018 snowmelt season was typical in comparison to recent decades. End-of-winter
snow surveys conducted in the 58 km? watershed of Trail Valley Creek in 2018 (Figure 3.2) recorded
an average snow water equivalent (SWE) of 141 mm, close to the average SWE of 147+£35 mm
based on surveys from 1991 to 2019 (Marsh et al., 2019). At Trail Valley Creek, snowmelt began
about May 1, with snow-free areas beginning to appear by May 8, while only the remnants of
large snow drifts remained by June 3. Lake ice near Trail Valley Creek became snow-free by May
10, and lakes became completely ice-free on June 14. The mean air temperature at Trail Valley
Creek during the sampling period from April 26 to June 15, 2018 was 0.4 °C, which was cooler
than the average of 1.7 °C during 1999-2019 (Figure 3.3). Air temperatures roughly followed the
average minimum and maximum daily air temperatures, with some temporal variability which can
be expected for any given year. Maximum daily air temperatures were mostly above 0 °C after May
8, which was similar to the average timing of the first above-0 °C day during 1999-2019 (Figure
3.3).
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Figure 3.2 Blue circles indicate lakes that were sampled before and after snowmelt in 2018. Tundra uplands
are in white while the Mackenzie Delta is in grey. In the inset, key locations near the Trail Valley Creek field
station are shown.
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Table 3.1 Lake and watershed properties for sampled lakes. Lake locations are shown on Figure 3.2.

Lake El- Lake Ice Snow Lake Watershed Watershed

evation Depth Thickness Depth Area Area  Area/Lake

Lake Longitude Latitude (masl) (m) (m) (cm) (ha) (ha) Area
7 -133.7614  68.5575 89 2.24 0.81 22 2.81 6.45 2.62
8 -133.7557 68.5588 89 2.30 0.79 15 1.88 15.67 7.55
9 -133.7603  68.5645 86 1.02 0.84 30 59.56 203.56 342
10 -133.7465 68.5760 88 1.65 0.85 54 90.48 168.58 1.86
11 -133.7033 68.6039 83 191 0.97 11 092 21.76 17.32
14 -133.5209 68.7888 52 1.42 0.84 4 10.68 60.64 5.7
15 -133.5289 68.7945 57 1.57 1.14 19 5.66 29.83 4.99
16  -133.5320 68.8055 52 3.18 1.32 7 1.15 19.75 16.02
19  -133.5262 68.8818 39 246 1.24 11 568 38.98 7.09
20 -133.5430 68.8847 37 2.69 1.27 10 230 19.93 9.18
21 -133.5400 68.8872 36 1.78 1.19 11 2.61 10.91 3.96
26  -133.4956 68.9181 38 1.47 1.19 6 484 17.89 3.83
27  -133.4771 68.9210 45 3.10 1.22 10 1.13 8.57 6.7
49  -133.0528 69.1188 9 218 0.91 23 17.50 46.23 2.54
50  -133.0420 69.1233 8 1.65 0.86 19 8.16 3192 3.67
51  -133.0414 69.1422 4 231 0.84 24 224 1201 5.26
52 -133.0473 69.1439 6 4.14 0.86 18 23.52 4992 2.05
Min -133.7615 68.5575 4 1.02 0.79 4 0.92 6.45 1.86
Mean-133.4748 68.8394 48 2.18 1.01 17 14.18 44.86 6.10
Max -133.0414 69.1439 89 4.14 1.32 54 90.48 203.56 17.32
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Figure 3.3 Maximum and minimum daily air temperature in comparison to the average and extreme values
at the Trail Valley Creek field station for the period of 1999-2019.

3.4 Methods

3.4.1 Lake water and precipitation sampling for isotope analysis

Lake water samples for stable isotope analysis were first collected from the 17 study lakes while
they were ice-covered (April 26 — May 1, 2018) and again soon after the lakes became ice-free
(June 15, 2018). Pre-snowmelt water samples were obtained from a hole augured through the ice
near the centre of each lake. These water samples were taken 10 cm below the water surface in the
augured hole. Lake depth, snow depth on the ice, and ice thickness were recorded at the same time
water samples were collected. Snow depth was typically very uniform across the lake ice. Water
samples were then collected post-snowmelt at the shore of each lake shortly after the lakes became
fully ice-free. Isotope data were then used to estimate the portion of lake water that was replaced

by freshet between the two sampling dates.

To estimate the local meteoric water line (LMWL) and the average isotope composition of
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precipitation (Jp) in the study region, which are useful references for the interpretation of lake water
isotope compositions, samples of end-of-winter snow on the ground in April 2018 and rainfall for
the period May to September 2018 were obtained. Snow samples (n = 11) were collected from
the study area by taking a vertical core of snow using a tube, completely melting the snow in
a sealed plastic bag, and then filling a sample bottle with the meltwater. Rainfall (n = 13) was
collected between May and September in Inuvik using a clean high-density polyethylene container,
which was then transferred to a sample bottle shortly after the rain had stopped. The midpoint
between the average isotope composition of snow samples and rain samples was used to define
op. All samples were collected in 30 mL high-density polyethylene bottles and were measured
using an isotope analyzer to determine the ratio of '30/'°0 and ?H/'H in each sample. Isotope
concentrations were measured using a Los Gatos Research (LGR) Liquid Water Isotope Analyser,
model T-LWIA-45-EP at the Environmental Isotope Laboratory at the University of Waterloo.
The instrument was calibrated using Vienna Mean Standard Ocean Water (VSMOW) and Vienna
Standard Light Antarctic Precipitation (VSLAP) standards provided by LGR. Calibration of the
instrument was checked during the analysis using the VSMOW and VSLAP standards. Isotope

compositions are expressed in standard ¢ notation, such that

Rsample

5sample = -1 3.1

Rysmow

where R represents the ratio of '80/'°0 or 2H/'H. Every fifth sample was analyzed a second time to
determine the analytical uncertainties, which were +0.1%o for 5180 and +0.6%o for 62H, calculated
as 2 standard deviations away from the difference between the duplicate samples. All isotope data

from lakes are presented in Table 3.2.
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Table 3.2 Snow and ice thickness, isotope, d1, and lake water replacement (%LWR) values for all lakes. Ice-Corrected o1, values were used to
calculate Ice-Corrected o1 values following Yi et al. (2008).

Pre-Snowmelt Lake Water (01-05-2018)

Post-Snowmelt Lake Water (15-06-2018)

Ice Snow 5130 5’H 6'80; 6%2Hj
Thickness Depth Ice- Ice- Ice- Ice-
Lake (m) (cm) 6'%0 5°H  Corr. Corr.  Corr. Corr. | 6'80 §’H 6'%0; 5’H; %LWR
7 0.81 22 -1541 -131.05 -14.07 -123.16 -22.84 -171.44 | -1548 -129.67 -21.11 -159.22 19.1
8 079 15 -1594 -134.71 -147 -12742 -24.68 -184.42 | -1671 -137.71 -229 -171.81 23.9
9 0.84 30 -17.17 -14098 -12.02 -110.51 -17.94 -136.81 | -1545 -128.25 -19.78 -149.79 44.7
10 0.85 54 -15.68 -132.02 -13.54 -119.35 -20.84 -157.31 | -14.86 -125.77 -20.29 -153.37 19.3
11 097 11 -2056 -156.48 -18.48 -144.48 -20.47 -154.65 -19  -147.33 -20.59 -155.52 25.2
14 0.84 4 -19.85 -15424 -17.23 -139.05 -21.3 -160.52 | -18.66 -146.31 -21.09 -159.04 36.7
15 1.14 19 -18.17 -144.83 -14.35 -122.41 -19.35 -146.76 | -16.03 -132.27 -20.82 -157.11 27.2
16 1.32 7 -20.57 -155.32 -18.99 -146.18 -19.96 -151.05| -19.05 -146.66 -20.05 -151.69 7.2
19 1.24 11 -18.92 -149.63 -16.85 -137.58 -21.86 -164.46 | -18.26 -144.16 -21.05 -158.75 324
20 1.27 10 -19.32 -149.44 -17.44 -138.52 -20.02 -151.49 | -17.86 -140.53 -19.96 -151.07 16.3
21 1.19 11 -19.61 -154.6 -16.33 -135.57 -22.83 -171.31 | -17.72 -141.63 -21.29 -160.47 26.2
26 1.19 6 -17.5 -141.72 -1259  -112.7 -17.47 -133.48 | -16.15 -131.84 -19.87 -150.41 49.9
27 122 10 -17.95 -144.85 -16.48 -136.26 -22.68 -170.25|-17.79 -142.41 -21.65 -162.98 24.2
49 091 23 -1472 -124.46 -13.12 -11491 -17.44 -13322 | -14.75 -1234 -18.51 -140.81 31.6
50 0.86 19 -1499 -127.6 -12.8 -114.59 -18.86 -143.31 | -1543 -12522 -17.7 -135.07 52.8
51 0.84 24 -1628 -133.15 -14.95 -12531 -19.33 -146.63 | -15.8 -129.92 -19.72 -149.36 18.5
52 0.86 18 -13.98 -120.75 -1329 -116.63 -18.51 -140.79 | -13.59 -117.58 -18.03 -137.45 5.5
Min 0.79 4 -20.57 -156.48 -18.99 -146.18 -24.68 -184.42 | -19.05 -147.33 -22.9 -171.81 5.2
Mean 1.01 17 -17.45 -140.93 -15.13 -127.33 -20.38 -154.00 | -16.62 -134.74 -20.26 -153.17 27.1
Max 132 54 -13.98 -120.75 -12.02 -110.51 -17.44 -133.22|-13.59 -117.58 -17.7 -135.07 52.8
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3.4.2 Estimating the replacement of lake water by freshet and lake source

waters

The percentage of a lake’s volume that has been replaced by a given water source can be estimated

as follows:

Or— - 07—
% lake water replaced = LoPost — “L-Pre 4 100 3.2)

51—P0st - 6L—Pre

where 01 pre 1s the lake water isotope composition before snowmelt begins, dr-pog 1S the
lake water isotope composition after snowmelt is complete, and ypog is the isotope composition
of the source water post-snowmelt. Application of this equation assumes minimal to no change in
volume, which is reasonable given the lakes we sampled are all open-drainage. We also assume
that lakes are well mixed as they become ice-free when 01 .pog; Water samples were collected. Water
temperature measurements at Big Bear Lake (Figure 3.2), previous water temperature profiles made
at lakes within 10 km of the Inuvik-Tuktoyaktuk Highway, and lake temperature modelling using
FLake-online (Kirillin et al., 2011) all suggest that lakes were well mixed at the time of y _pog

sampling on 2018-06-15 (Appendix 3.8.1).

We calculated o7 following the coupled isotope tracer approach outlined by Yi et al. (2008),
using an isotope framework based on 2017 air temperature and humidity data for the typical
ice-free period (June 15 — October 15) collected at the Trail Valley Creek meteorological station
located 45 km NNE of Inuvik (Figure 3.2). Data from 2017 were used because it was the most
recent period when lakes were exposed to meteorological conditions for an entire open-water
season. The coupled isotope tracer approach assumes all lakes under the same meteorological
conditions will evolve towards the same isotope composition (§°, the isotope composition of a
lake at the moment of desiccation) as lakes evaporate along lake-specific evaporation lines. These
lake-specific evaporation lines are defined by extrapolating from 6" through & until intersection
with the local meteoric water line, which is used to estimate o1 (Figure 3.4). We calculated 67 for

pre-snowmelt and post-snowmelt lake water isotope compositions to identify whether the isotope
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composition of the source water changed after freshet. The percentage of lake water replaced was
calculated using both ¢'80 and ¢?H using Equation 3.2 and average values are reported. The
difference obtained using the two isotopes in the estimate of the percentage of lake volume replaced

by runoftf was minimal, averaging 1.8% and ranging from 0.6 to 3.7%.

A sensitivity analysis was performed to evaluate uncertainty in the 61 values and subsequent
percentage lake water replaced by runoff. Confidence in the interpretation of 61 values with
respect to rainfall- or snowmelt-sourced waters depends on an accurate estimate of op, which was
determined using the average drain and dsnow values. Also, the calculation of percentage lake water
replaced by runoff is sensitive to changes in 61, which is sensitive to the average or,in value because
this parameter is used to determine da¢ (Equation 3.10), which is subsequently used to determine
5 (Equation 3.6). Since there was some variability in the drain and dspew values from samples we
collected, we tested the sensitivity of our estimates of d; and the percentage of lake water replaced
by runoff to variation in average dRr,in and dspow Values. We calculated the probable upper-bound
and lower-bound limits of dRain and dspow values by adding and subtracting the standard error
from the average of dRr,in and dsnow Values (Appendix 3.8.2). Upper- and lower-bound cases were
propagated through the isotope framework to calculate upper- and lower-bound 61 and percentage
lake water replacement values to evaluate whether the standard error caused enough deviation
to meaningfully change the results. Overall, differences between upper- and lower-bound 67 and
percentage lake water replacement values were minimal (Table 3.6, Figure 3.9). Details of the
equations and variables used in the isotope framework and the sensitivity analysis are given in

Appendix 3.8.2.

As ice forms and preferentially incorporates water containing the heavy isotopes 80 or
H, the lake water beneath the ice becomes increasingly depleted in '#0 and ?H. Consequently,
the water samples we collected pre-snowmelt were systematically isotopically depleted relative to
pre-freeze-up lake water, and the magnitude of depletion depends on the fraction of lake water

that had frozen into ice. We corrected 61 -pre for the fractionation of freezing water into ice using
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Figure 3.4 A hypothetical change in lake isotope composition from pre-snowmelt to post-snowmelt is shown.
A visualization of how ¢y is calculated for an individual lake using a lake-specific evaporation line for both
pre-snowmelt and post-snowmelt is also shown, where each lake’s evaporation line (dashed line) extrapolates
from 6" through &y 4 until intersecting the local meteoric water line to give ;. The local evaporation line
(LEL) is defined by the line between dp and 6 * (not shown).

an equation developed by Gibson and Prowse (2002) that describes the fractionation of isotopes

between water and freezing ice in a closed system

5L—Pre = _faeff(lOOO * fa/eff - f * 5L—Belowlce — 1000 = f) (33)

where 01 Belowlce 18 the isotope composition of the water beneath the lake ice, a.g is the effective
fractionation factor between ice and water, defined as a.g = Rice/Rr, and f is the fraction of unfrozen
water remaining in the lake. a.g is dependent on the thickness of the boundary layer between the
forming ice and freezing water and the downwards freezing velocity of the ice. Since we did not
have measurements of either of these parameters, we relied on previously estimated values of a.g

(Souchez et al., 1987; Bowser and Gat, 1995; Ferrick et al., 2002) and boundary layer thickness
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(Ferrick et al., 1998, 2002; Gibson and Prowse, 2002). Using this information, we estimated values
of a.g that produced o p. values that closely match lake water isotope compositions measured at
the same lakes in August and September of 2018 (Figure 3.10). Additional information about the

determination of @.g values is provided in Appendix 3.8.3.

To estimate fraction of unfrozen water remaining in lakes (f, Equation 3.3), bathymetry
was collected at Big Bear Lake (Figure 3.2), a typical bowl-shaped thermokarst lake near the Trail
Valley Creek meteorological station in June 2017 using a Garmin echoMAP CHIRP 42dv fish
finder. Bathymetry data was used to determine a relationship between lake volume and lake depth.
We fit a quadratic equation to the bathymetric data to estimate the fraction of lake volume relative

to the fraction of lake depth. The best-fit quadratic equation (r> = 0.9997) was
Viake = —0.01 15Diak€ +2.1508D 4k — 0.4857 (3.4)

where Vg is the fraction of total lake volume and Dy, is the fraction of total lake depth. However,
this fitted equation does not reach 100% Viae at 100% Diyke, or 0% Vigre at 0% Diyke, Which is
required to realistically represent the relationship between lake depth and lake volume. The equation
was slightly adjusted to:

Viake = —0.001D% . +2D 1 ake (3.5)

in order to satisfy these requirements, resulting in a mean offset of 1.7% between the measured
bathymetric data and the adjusted equation. Most lakes in this region have a bowl-shaped bathymetry
because they were formed through thermokarst processes (Rampton, 1988; Burn and Kokelj, 2009),
where subsidence caused by the thaw of ice-rich permafrost results in a water body which then
expands outward radially in all directions. Bathymetric data for Big Bear Lake and a comparison

of the equation between lake volume and depth are provided in Appendix 3.8.4.
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3.4.3 Quantifying lake and watershed properties

We quantified multiple lake and watershed properties to explore relations with the amount of lake
water replaced by freshet. These properties included lake depth, lake volume, snow depth on the
lake, ice thickness, lake area and watershed area. Lake depth, snow depth on the lake and ice
thickness were measured at the same time as pre-snowmelt lake samples were collected. Lake
volume was approximated by multiplying the product of lake depth and lake area by 0.7, a relation
derived from the measured lake volume of Big Bear Lake. Watershed area was estimated by
applying the D8 water routing algorithm (O’Callaghan and Mark, 1984) to the 2 metre resolution
ArcticDEM (Porter et al., 2018) using ArcGIS 10.7.1 (ESRI, 2019).

3.5 Results

Correcting for ice fractionation using Equation 3.3 resulted in an increase in estimated Oy ake-pre
values as expected, with the median shifting from -17.50%0 (-19.32%o0 to -15.68%0 IQR, inter-quartile
range) to -14.70%c (-16.85%0 to -13.29%0 IQR) for 5180 (Figure 3.5a, Table 3.2). The corrected
pre-snowmelt lake isotope compositions were distributed across a large range of the predicted local
evaporation line (LEL), spanning from near the LMWL to near 6" (Figure 3.5a), reflecting the
fact that the lake waters were variably influenced by evaporation. Corrected pre-snowmelt lake
isotope compositions also tightly cluster along the LEL, indicating that the predicted LEL 1s well

characterized.

The change in lake isotope composition from pre-snowmelt to post-snowmelt was charac-
terized by a small (~1.5%o in ¢ 180) shift towards 6p, with median pre-snowmelt Oy ske-pre Values
of -14.70%o0 (-16.85%o0 to -13.29%0 IQR) and median o1 ake-post Values of -16.15%o (-17.86%0 to
-15.45%0 IQR) for 6'80 (Figure 3.5b). The small change in lake isotope composition meant that
most lakes retained an evaporated isotope signature post-snowmelt, overlapping with a substantial

portion of Opake-pre and continuing to plot along the LEL (Figure 3.5b). Post-snowmelt, about
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Figure 3.5 Lake water and precipitation isotope data are displayed on 6'80-62H graphs. The local meteoric
water line (LMWL: 6’H = 7.1%#§'80 — 10.0) is indicated by the solid line, while the local evaporation line
(LEL: 6*H = 5.2*%6§'80 — 48.9) is indicated by the dashed line. 5p represents the average value of precipitation
in the region, based on 2018 sampling of end-of-winter snow and rainfall from April to September. (a)
Uncorrected and corrected for ice fractionation pre-snowmelt lake isotope data. (b) Corrected pre-snowmelt
and post-snowmelt data. (c) The shift in 61 from pre-snowmelt to post-snowmelt, as indicated by a circle for
pre-snowmelt 61 values and the end of the arrow for post-snowmelt ¢y values. All ¢y values are offset from
the LMWL for visibility, as all oy values are constrained to the LMWL.
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half of the lakes (9 of 17) also plotted above the LEL, indicating that the J1 of these lakes was
more similar to rainfall than snowfall (Figure 3.5b). The shift in ;1 for lakes from pre-snowmelt
to post-snowmelt shows a convergence of most dy values towards a value near dp and away from
the isotope composition of the end-of-winter snow (dspow) Or rainfall (Orain) (Figure 3.5c). The
convergence of o values towards 0p and away from end-of-winter snow signifies that a non-snow

source of water, with a higher isotope composition than dspew, Was present in freshet.

Replacement of lake water by freshet ranged widely from 5.2 to 52.8%, with a median of
25.2% (19.1% to 32.4% IQR, Figure 3.6). A substantial proportion of this variation was explained
by lake depth: deeper lakes had significantly less of their water replaced by freshet, with a reduction
in lake water replacement of 13% for each additional metre of lake depth (R? = 0.53, p < 0.001,
Figure 3.6, Table 3.3). Lake water replacement was not independently correlated with any other
lake or watershed attribute including watershed area, lake volume, snow depth on the lake ice, lake

ice thickness, lake area, and the ratio of lake area to watershed area (Table 3.3).

Table 3.3 Results for a linear regression between total lake water replacement with multiple lake and watershed
properties. The adjusted R? and p-value are shown for each isotope. Linear regressions were performed
using the ‘Im’ function using R 4.0.2 (R Core Team, 2021)

% Lake Volume Replaced

by Freshet)
Lake Attribute Adjusted R? p-value
Lake depth 0.53 <0.001
Lake area -0.06 0.849
Lake volume -0.03 0.486
Snow depth -0.06 0.771
Ice thickness -0.05 0.654
Watershed area 0.02 0.274
Watershed area/Lake area -0.01 0.361
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Figure 3.6 The relationship between the amount of lake water replaced by freshet and lake depth. The
distribution of lake water replacement by freshet is shown by the boxplot on the right-hand side of the plot.
A linear regression is also displayed on the plot (R> = 0.53, p < 0.001). The shaded grey area represents the
95% confidence interval of the linear regression.

3.6 Discussion

3.6.1 Influence of snowmelt bypass on the replacement of lake water by

freshet

Characterization of the influence of snowmelt bypass on the replacement of pre-snowmelt lake
water required accurate determination of lake water isotope compositions prior to freeze-up. Given
that lake water isotope samples are unavailable from autumn 2017, and 6y _p, values were instead
obtained from drilling through the lake ice before the lakes became ice-free, their isotope composi-
tions required correction for the isotope fractionation caused by ice formation. Our novel approach
to correcting 0y _pre values for the fractionation caused by lake ice formation provides a reasonable
estimate of o, prior to lake ice formation. While our correction of oy _pre involves some uncertainty,
such as having to estimate the relationship between lake depth and lake volume, corrected Op pre

values closely align with the general distribution of water isotope measurements from August and
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September 2018 of the same lakes (Figure 3.10). Corrected 61 _pre values are also situated near or
above the LEL, reasonably indicating a more rainfall-sourced 67 that would be present in lakes at
the time of freeze-up during the previous autumn. Prior to correction, most dr pr. values plotted
below the LEL (Figure 3.5a), indicating lakes had the majority of their inflow sourced from snow,
which would be unlikely at the time when lake ice began forming during the previous autumn. We
considered using o1, values from September 2018 instead of correcting for ice fractionation, but
2018 was a cooler and wetter year than 2017, meaning the lake-specific . values in September

2018 likely differed somewhat from September 2017.

The presence of a somewhat uniformly thick layer of freshet beneath lake ice (Appendix
3.8.5) likely explains the relationship between lake depth and the amount of lake water replaced
by runoff, because the freshet layer represents a relatively smaller portion of lake volume at deeper
lakes (Figure 3.6). We calculated the freshet layer thickness to be an average of 0.28 m, ranging
from 0.12 to 0.52 m with a standard deviation of 0.11 m (Table 3.8). Previous studies have
measured the thickness of the snowmelt bypass layer at the onset of freshet inflow to be ~30 —
200 cm (Henriksen and Wright, 1977; Bergmann and Welch, 1985). Since the mixed layer of pre-
snowmelt lake water and freshet comprised a relatively larger volume in shallower lakes compared
to deeper lakes (Figure 3.7a), a larger portion of lake water was able to be replaced with freshet
in shallower lakes than in deeper lakes. We hypothesized that because shallower lakes likely had
colder lake-bed temperatures during freshet (Burn, 2005), more mixing between pre-snowmelt lake
water and freshet inflow would occur due to the reduction in the water density gradient between
the bottom of the lake and the top of the lake. However, the estimated thickness of the freshet layer
was uniform across lakes, indicating that colder lakebed temperatures may not have contributed
to greater mixing at shallower lakes. To our knowledge, the relationship between lake depth
and freshet retention has not been described in previous literature, although there has been little
possibility of observing this relationship because estimates of freshet recharge in more than one lake

are scarce (Falcone, 2007; Brock et al., 2008). We expect that a similar relationship between lake
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Figure 3.7 (a) A conceptual model showing the relative differences in snowmelt bypass between a shallow
lake and a deep lake. Shallower lakes have a larger portion of their volume replaced by the runoff layer that
flows beneath the ice, while a larger portion of water is isolated from mixing with runoff in deeper lakes.
The estimated freshet layer thickness was somewhat uniform among all the lakes (Appendix 3.8.5). (b) A
conceptual model of how snowmelt bypass occurred over the course of the snowmelt period. Pre-snowmelt
samples were taken from water beneath lake ice which was isotopically depleted in comparison to the lake
ice. As time goes on, the source of freshet shifts from snow-sourced to active layer-sourced, while mixing
increases beneath the lake ice simultaneously.
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depth and snowmelt bypass could be present in other open-drainage lakes that experience snowmelt
bypass, since the relationship between increasing lake depth and greater snowmelt bypass is caused
by the typical water temperature gradient which is present in ice-covered lakes at the onset of
freshet. However, smaller lakes <1 ha, which are common in the Arctic (Pointner et al., 2019),
likely do not experience as strong a snowmelt bypass effect because freshet is able to displace
the pre-snowmelt lake water due to the small volume of the lake (Jansen et al., 2019; Cortés and
Maclntyre, 2020). However, smaller lakes also typically have smaller under-ice chemical gradients
that increase density stratification and limit freshet mixing and retention (Cortés and Maclntyre,
2020). Therefore, a relationship between lake depth and retention of freshet runoff likely does not

exist at smaller Arctic lakes.

3.6.2 Sources of freshet

Following the freshet, the o1 of lakes did not shift towards the isotope composition of snow (dsnow)
as one may expect, but instead shifted towards the average isotope composition of precipitation (dp,
Figure 3.5¢). Other than the 21.3 mm rainfall that fell during the six-week period between the two
isotope sampling dates, the only other potential source of water during this time period is water
stored in the active layer, which likely mixed with snowmelt runoff as the soil thawed throughout
the spring. The high infiltration capacity of the peat channels that convey runoff causes nearly all
snowmelt to flow through subsurface routes, as was observed in the field and reported by Quinton
and Marsh (1998). As water near the surface of the active layer is most likely to be comprised of
rainfall from the previous year, we expect that much of the water stored in the top of the active
layer would have been largely sourced from rainfall from the previous summer and autumn. In
support of this inference, Tetzlaff et al. (2018) reported 6>H values between -140%o and -160%o
from August to September of 2014 in water samples taken at 10 cm soil depth at Siksik Creek, a
watershed directly adjacent to the Trail Valley Creek camp (Figure 3.2). This range of soil water

62H values is more enriched relative to p (62H =-160.1 %o, Figure 3.5¢c), indicating that a mixture
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of snowmelt runoff with this active layer water could result in a water source similar in isotope

composition to dp.

Freshet flowing into lakes later during the snowmelt period likely had a more rainfall-sourced
isotope composition, replacing the more snow-sourced runoff that had entered the lake earlier during
the freshet (Figure 3.7b). A shift from snow-sourced water towards rainfall-sourced water during
the course of the snowmelt period has been observed using water isotope measurements at Siksik
Creek by Tetzlaff et al. (2018). Additionally, the mixing of freshet beneath lake ice increases with
time as the temperature and density gradient lessens between the top and bottom of the lake water
column (Cortés et al., 2017). Based on our results and these previous studies, we conclude that the
ability of the active layer to contribute runoff to lakes appears to be maximized at the same time
that vertical mixing in the lake is stronger, while snowmelt runoff flows into lakes at a time when
little vertical mixing is occurring and is also likely replaced by later runoff (Figure 3.7b). Such
interplay between timing of snowmelt runoff, lake ice melt and hydrological behaviour of the active
layer explains why the source of water to lakes is not solely snow-sourced, and why incorporation
of active layer runoff into lakes is more important than the volume of freshet delivered to lakes for

the open-drainage lakes of this study.

3.6.3 Assumptions and improving the utility of water isotope data from ice-

covered lakes

In our estimation of lake water replacement by freshet we had to make some assumptions (Appendix
3.8.3) when estimating dp__pre using Equation 3.3. Future studies could sample lakes in the previous
autumn before ice formation begins to avoid these assumptions, as there is minimal water flow in
and out of Arctic lakes during the winter months due to frozen soils and ice cover on lakes (Woo,
1980). If lakes cannot be sampled in the previous autumn, another option would be to take a lake ice

core and sample the isotope composition at different points along the lake ice core. These isotope
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measurements could then be used to estimate the a.g value used in Equation 3.3, as has been done
by Souchez et al. (1987) and Bowser and Gat (1995). This approach would avoid the assumptions
we made in estimating @ outlined in Appendix 3.8.3. However with this approach, one still needs
to know the volume of the lake ice relative to the volume of the remaining unfrozen water, and
must rely on lake bathymetry data or a depth—to—volume relationship, such as the one we derived
using bathymetry data from Big Bear Lake (Equation 3.4). Since we only have one survey of lake
bathymetry, we do not know how well our depth—to—volume relationship describes other lakes in
the region, and it could be that this relationship varies as lakes increase in surface area or in areas
of different surficial geology where the intensity of thermokarst processes may have varied during

lake formation.

Since we do not have measurements of the lake temperature profile, we also assume that
our lakes have the typical thermal structure of cryomictic (Yang et al., 2021) ice-covered lakes that
leads to snowmelt bypass. We relied on measurements of water temperature at 1.25 m depth in
Big Bear Lake (Figure 3.2) and lake temperature profiles modelled using FLake-online (Appendix
3.8.1) to conclude that our lakes were likely well-mixed at the time lakes were sampled post-freshet.
Two scenarios were established in FLake-online, one representing a typical lake from the ones we
sampled, and another lake representing a small, deep lake where mixing would be less likely. Even
though FLake-online does not simulate under-ice mixing, which typically occurs in Arctic lakes
(Hille, 2015; Cortés et al., 2017; Kirillin et al., 2011), the ‘typical lake’ became fully mixed 1 day
after becoming ice-free while the small, deep lake was simulated to become fully mixed 3 days
after becoming ice-free. Even though snowmelt bypass is a common phenomenon in many types
of ice-covered lakes around the world (Henriksen and Wright, 1977; Jeffries et al., 1979; Hendrey
et al., 1980; Bergmann and Welch, 1985; Schiff and English, 1988; Edwards and McAndrews,
1989; Cortés et al., 2017), knowledge about how the thermal structure of our study lakes evolved
over time, and varied between lakes of different depth, would have informed interpretation of our

results. Such data could have helped better explain why shallow lakes retain more freshet runoff
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than deeper lakes, and also could have helped confirm our hypothesis that water flowing into lakes

later during the freshet mixes more readily with lake water.

3.6.4 Climate change and snowmelt bypass

Future changes in snowmelt bypass are dependent on whether climate change allows open-drainage
lakes to persist, or causes them to become closed-drainage, given that snowmelt bypass can only
occur when lakes are at or above their outlet level. There are multiple consequences of Arctic
warming that will influence lake water balance: changes in rainfall (Bintanja and Andry, 2017)
and snowfall (Brown and Mote, 2009; Ernakovich et al., 2014), increases in active layer thickness
(Walvoord and Kurylyk, 2016; Tananaev and Lotsari, 2022; Koch et al., 2022), the proliferation of
deciduous shrubs (Loranty et al., 2018), and longer lake ice-free periods (Woolway et al., 2020).
Whether the combination of these changes will result in an increase or decrease in runoff to lakes
is currently unknown (Bloschl et al., 2019), making it difficult to predict whether open-drainage
lakes will persist or if some open-drainage lakes may shift to being closed-drainage under future
climate. Due to this uncertainty, we discuss potential future changes in snowmelt bypass under two
scenarios: a) where lakes remain open-drainage in the future, and b) where some lakes become

closed-drainage in the future.

If open-drainage lakes persist as such in the future, we suspect the freshet that is incorporated
into lakes may shift towards being more rainfall-sourced. Projected rainfall increases (Bintanja and
Andry, 2017) will likely leave the active layer in a more saturated state when the active layer freezes
in autumn, potentially providing more water to lakes during the freshet. Other studies have already
established a strong positive relationship between increased rainfall in the previous summer and a
more efficient conversion of the snowpack into freshet (Bowling et al., 2003; Stuefer et al., 2017),
indicating the presence of a strong connection between snowmelt runoff and water stored in the
thawing active layer. Increasing shrub heights will advance snowmelt timing relative to lake ice

breakup (Marsh et al., 2010; Griinberg et al., 2020, Chapter 2), causing more snowmelt to flow into
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lakes at a time when there is limited below-ice vertical mixing. Combining earlier snowmelt timing
with a more rain-saturated active layer could result in more freshet bypassing open-drainage lakes
early during the freshet, with the active layer thawing deeper and shifting freshet more towards

rainfall-sourced water by the time below-ice mixing begins.

Advancement of snowmelt timing and a shift from snow-sourced to rainfall-sourced freshet
may have limnological implications for lakes. Cation and anion concentrations in snowmelt water
tend to decrease over the course of the snowmelt period (Marsh and Pomeroy, 1999), while the
pH of snowmelt runoff increases with time (Quinton and Pomeroy, 2006). Snowmelt also tends to
have higher dissolved organic carbon (DOC) concentrations than summertime runoff (Finlay et al.,
2006) and typically contributes the largest input of terrestrial organic matter to lakes in organic-rich
landscapes (Townsend-Small et al., 2011; Olefeldt and Roulet, 2012). Balasubramaniam et al.
(2015) observed that thermokarst lakes dominated by snow-sourced water tended to have lower
pH, higher conductivity and higher DOC concentrations than lakes dominated by rain-sourced
water. Based on these observations, as snowmelt occurs earlier in the Arctic, lakes may experience
decreases in DOC and conductivity and increases in pH. Such changes to lake biogeochemistry
caused by shifts in freshet runoff retention could affect the productivity and ultimately the climate
feedbacks of these lakes. Future research could combine estimates of lake water replacement by
freshet with water chemistry measurements to further our understanding of the impact of snowmelt

bypass on lake chemistry and other limnological properties.

In a future where some open-drainage lakes become closed-drainage due to greater evapo-
ration under a longer ice-free season, for example, we expect that such lakes will retain more freshet
runoff than comparable open-drainage lakes, because closed-drainage lakes retain the additional
freshet that is required to recharge the lake to its outlet level. Since snowmelt bypass cannot occur
until a closed-drainage lake is recharged to its outlet level, we expect that freshet retention by closed-
drainage lakes will not be as influenced by lake depth. Lakes with smaller ratios of watershed area

to lake area (WA/LA) are more prone to a more negative water balance (Marsh and Pomeroy, 1996;
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Gibson and Edwards, 2002; Turner et al., 2014; Arp et al., 2015). Therefore, we expect that lakes
with relatively small WA/LA ratios will be more prone to becoming closed-drainage, relying on
freshet to recharge them to their outlet level and retain more freshet as a result. A corollary of this
prediction is that other ice-covered lakes which currently lie below their outlet level at the onset
of the freshet (i.e., closed-drainage lakes) likely retain more freshet than open-drainage lakes of a
similar lake depth. A more saturated active layer at the onset of snowmelt, combined with a greater

amount of snowfall should increase the ability of freshet to recharge any closed-drainage lake.

An additional complication to predicting the future of snowmelt bypass in response to
climate change is caused by the shifting of lake ice regimes from bedfast ice to floating ice. Lakes
that freeze completely to the bed in winter (bedfast ice) melt from the surface downwards in spring
and likely do not develop the thermal stratification necessary for snowmelt bypass to occur. Remote
sensing studies have already observed many bedfast ice lakes shifting to floating ice regimes during
the past few decades in response to climate change (Arp et al., 2012a; Surdu et al., 2014; Engram
et al., 2018). We are unaware of any lake mixing studies on bedfast ice lakes, making it difficult to
hypothesize how shifting from bedfast to floating ice could affect the amount of freshet retained by

a lake.

3.7 Conclusions

A portion of the large volume of freshet that flows into lakes every year can bypass ice-covered,
open-drainage lakes due to limited mixing between lake water beneath the lake ice and freshet. By
estimating the percentage of lake water replaced by freshet at 17 open-drainage lakes, we have been
able to explore which lake and watershed attributes affect snowmelt bypass. Our data show that as
lake depth increases the amount of lake water replaced by freshet decreases, likely because freshet is
unable to mix with deeper lake water when lakes are ice-covered and the water column is stratified;

however, we lack data demonstrating the extent of mixing in the lakes we studied. Additionally,
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the volume of freshet flowing into the lakes seems to have minimal impact on the amount of lake
water replaced by freshet, given that the ratio of watershed area to lake area was not correlated with
the percentage of lake water replaced by freshet. Estimation of the isotopic composition of source
waters showed that the freshet remaining in lakes was not solely snow-sourced — rainwater left in
the active layer from the previous autumn had mixed with snowmelt before entering lakes. Active
layer-sourced water likely flows into lakes later in spring and at a time when freshet can more easily

mix with pre-snowmelt lake water, replacing the earlier more snow-sourced freshet.

Models specialized for northern environments are rapidly improving their ability to represent
the complicated processes present in permafrost regions, such as the effect of shrubs on snow
accumulation, snowmelt and active layer thickness (Krogh and Pomeroy, 2019; Bui et al., 2020),
lake ice formation and decay (MacKay et al., 2017) and the mixing processes that lead to snowmelt
bypass (MacKay et al., 2017). Such models could be used to examine how freshet water sources
may change in the future, which could have significant impacts on limnological properties including
water chemistry (Finlay et al., 2006; Balasubramaniam et al., 2015). Additionally, current physically
based lake models can represent vertical mixing beneath lake ice (MacKay et al., 2017), and could
be used to further evaluate the influence of lake depth, lake ice regime, or climate change on

snowmelt bypass and resulting impacts on limnology.
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3.8 Chapter 3 Appendix

3.8.1 Lake mixing status at ice-off: water temperature data and modelling

The application of Equation 3.2 assumes that lakes are well-mixed at the time that d1._pos Water
samples were corrected. We investigated if the lakes we sampled were likely to have been well-
mixed at ice-off, because some lakes have been observed to be not well-mixed at ice-off (Vachon
et al., 2019; Wiltse et al., 2020; Cortés and Maclntyre, 2020). We rely on water temperature data
from Big Bear Lake and another lake near the Inuvik-Tuktoyaktuk Highway investigated by Hille

(2015), and lake temperature modelling using FLake-online (Kirillin et al., 2011).

Water temperature measurements at Big Bear Lake and a lake nearby the Inuvik-Tuktoyaktuk
Highway suggest that lakes in this region become well-mixed during the ice-off period. At Big
Bear Lake, water temperature at 1.25 m depth reaches 4°C initially by 05-06-2018, followed by
daily fluctuations between 2.3 — 4.1°C, before continuing a warming trend again on 13-06-2018 and
reaching 6.8°C on 15-06-2018 (Figure 3.8). Water temperature between 0 and 4 m was measured
by Hille (2015) at a 10 m deep lake approximately 10 km from the Inuvik-Tuktoyaktuk highway in
2009. Hille (2015)’s measurements show uniform warming of the water column beneath the ice
from 1 to 4 m, with water temperatures reaching ~5°C by the time the lake became ice-free (Hille,
2015, Figure 3.4). Based on these observations, we assume these two lakes were well-mixed at the

time they became ice-free.

We also ran two model scenarios using FLake-online (Kirillin et al., 2011, http://flake.igb-
berlin.de/model/run) to gather further information about the mixing status of lakes in this region at
the time they become ice-free. The first scenario represents a typical lake compared to the lakes
we sampled in size and depth (Table 3.4). In the second scenario, lake depth is increased and
lake area is decreased to represent the "worst-case scenario" for lake mixing after lakes became
ice-free (Table 3.4). Water clarity was set to 2 m, based on an average Secchi depth measurement of

1.88 m based on measurements made by Vucic et al. (2020) at lakes along the Inuvik-Tuktoyaktuk

64



Chapter 3. Assessing the influence of lake and watershed attributes on snowmelt bypass at thermokarst lakes

1 Big Bear Lake water temperature at 1.25m depth
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Figure 3.8 Big Bear Lake water temperature at a depth of 1.25 m, between 2018-05-25 and 2018-06-19.

Highway and Dempster Highway south of Inuvik. Both scenarios were run with ’perpetual year’
meteorological forcing data, whereby meteorological data from 01-11-2015 to 31-10-2016 forces

the model for multiple years until a quasi-steady equilibrium is reached.

In both model scenarios, the mixing depth reached the maximum lake depth rapidly after
ice-off, taking one day in the typical lake scenario and three days in the worst chance of mixing
scenario. Notably, under-ice warming and mixing does not occur in FLake-online, although under-
ice mixing has been observed in other Arctic lakes (Hille, 2015; Cortés et al., 2017; Kirillin et al.,
2011). Given that both models indicate full mixing within a few days of lakes becoming ice-free,
despite the absence of under-ice warming and mixing that was likely present at our study lakes
based on temperature data from Big Bear Lake and Hille (2015), we believe that the lakes we

sampled were very likely fully-mixed when we sampled them on 2018-06-15.
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Table 3.4 Input parameters and results for the two scenarios used to evaluate the mixing conditions of lakes
during the ice-off period.

Parameter/Result Typical Lake Scenario Worst Chance of Mixing Scenario
Coordinates 68.74, -133.53 68.74, -133.53
Mean Lake Depth (m) 2 3.5
Water transparency (m) 2 2
Lake Fetch (m) 250 50
Ice-free Date June 28 June 28
Fully-mixed Date June 29 July 1
Days from Ice-free to Fully-mixed 1 3

3.8.2 Isotope framework and sensitivity analysis

The isotope framework (i.e., establishment of the predicted local evaporation line (LEL)) used for
this study was based on the coupled isotope tracer method developed by Yi et al. (2008), following
other studies that have investigated lake water balances using water isotope tracers (Turner et al.,
2014; Remmer et al., 2020; MacDonald et al., 2021). Below are the parameters and equations
required to calculate §°, the terminal point on the LEL. The equation for §*, which represents the

isotope composition of a lake at the point of desiccation, is as follows (Gonfiantini, 1986)

5= h+da5+&r+ (/")
~ h—sg - (%)

(3.6)

where o™ is the fractionation factor between the liquid and vapour phase of water (Horita and

Wesolowski, 1994), calculated for 5180 as

103 100 109
OZ}E_V -271 8(_7'685+6'7123*7_1 .6664*ﬁ+0.35041*ﬁ)/1000 (37)

and calculated for 62H as

8(1158.8*%—1620.1*%+794.84*%—161.04+2.9992*'Tlf)/looo

o, =271 (3.8)
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Table 3.5 Variables used in isotope framework and sources of their calculation.

Parameter Value Reference

5" (Joo) 580 =-10.77, 6°H =-104.97 (Gonfiantini, 1986)

h (%) 80.5 (Environment and Climate
Change Canada, 2019b)

T (K) 282.32 (Environment and Climate
Change Canada, 2019b)

a;_y 80 =1.0108, 2H = 1.0981 (Horita and ~ Wesolowski,
1994)

e 180 =0.0108, 2H = 0.0981 (Horita and  Wesolowski,
1994)

£k 180 = 0.0028, 2H = 0.0024 (Gonfiantini, 1986)

SRain (Too) 680 =-16.79, 6H = -128.7  This study.

Ssnow (%00) 5180 =-24.61,6’H=-1842  This study.

LMWL Slope, Intercept (%)  7.066, 6*H = -10.0 This study.

LEL Slope , Intercept 5.114,48.9 This study.

The term £* is a separation term where

e=a" -1

(3.9)

The term h represents the relative humidity of the air above the water and da¢ is the isotope

composition of atmospheric moisture during the open water season defined as

5ps -&*

(SAs -

a*

(3.10)

where Jp; is the average isotope composition of precipitation (i.e., rainfall) during the open water

season. The term gy is the kinetic fractionation separation term, defined as

gr=xx(1-nh)

(3.11)

where x = 0.0142 for 6'30 and x = 0.0125 for §2H (Gonfiantini, 1986).

Given that there is some variability in dspow and Orain values from samples collected, we
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conducted a sensitivity analysis to evaluate whether uncertainty in these values could affect 67 and
% lake water replacement sufficently to change our interpretation of the results. To conduct the

sensitivity analysis, we calculated the standard error of the mean (SEM) for dspow and ORrain

SEM =L (3.12)

i

where o is the standard deviation of dgpow OF Orain Values and 7 is the number of dspow OF ORain
samples. The SEM was added to dspow and Orain to calculate an "upper-bound" estimate, and
subtracted to calculate a "lower-bound" estimate. These upper- and lower-bound dspow and Orain
values were then used to calculate upper- and lower-bound dp, dps and & * values (Table 3.6). These
upper- and lower-bound values were then used to calculate upper- and lower-bound o7 (Figure 3.9a)
and % lake water replaced values (Figure 3.9b) were calculated. Overall, 61 and % lake water
replaced values change minimally between the upper- and lower-bound cases (Figure 3.9a, 3.9b),

and do not alter our interpretation of the results.

Table 3.6 Comparison of isotope framework parameters for upper- and lower-bound cases.

Case 5180p 6?Hp 6'%0ps  6%Hp, 680" 5*H"
Lower-Bound -24.55 -181.12 -17.40 -133.46 -11.36 -109.40
Base 2410 -178.00 -16.79 -129.15 -10.78 -104.97
Upper-Bound -23.65 -174.88 -16.18 -124.84 -10.16 -100.54
SEM +0.45 +3.12 +0.61 +431 +0.61  +4.43
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Figure 3.9 Comparison of upper- and lower-bound 61 and % lake water replacement values against the base
case.
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3.8.3 Determination of a.¢ values

In order to determine a.g, two variables must be taken into account: the thickness of the 30
or 2H boundary layer across which heavy isotopes are diffusing from water into ice, and the
downward velocity of the freezing ice (Ferrick et al., 2002). If these two parameters are known,
the fractionation factor can be estimated using a linear resistance model developed by Ferrick et al.
(1998), which is similar in structure to the Craig and Gordon (1965) linear resistance model for

evaporation. Ferrick et al. (1998) define the effective fractionation factor between ice and water as

a*
Qeff = — - — (3.13)
a; ¢+ (1- ozL_S)exp[D—i]

where o  is the equilibrium fractionation factor between ice and water (1.002909 for '30/!0,

L-S
1.02093 for “H/'H (Wang and Meijer, 2018)), z is the 80 or H boundary layer thickness between
the ice and water (mm), v is the velocity of ice growth (cm? day'l), and D; is the self-diffusion

coefficient of 'H,'80 or 'H?H'®0 at 0°C (cm? day™!). As the boundary layer and the velocity of

ice growth increase, e moves from the value of a*L_ g towards a value of 1 (i.e., no fractionation).

As we do not know the boundary layer thickness at the ice-water interface, or the exact ice
growth velocity for the lakes studied here, we relied on multiple other sources of information to
estimate a probable upper- and lower-bound of a.g. We took into account previous estimates of @.g
for ice-water fractionation (Souchez et al., 1987; Bowser and Gat, 1995; Ferrick et al., 2002) and
boundary layer thickness from other studies of lakes (Ferrick et al., 1998, 2002; Gibson and Prowse,
2002). The boundary layer thickness between water and freezing ice in a lake was estimated to be
between 1 mm and 6 mm by Ferrick et al. (1998), however, they revised this estimate with a more
rigorous diffusion model to 1 0.3 mm for '80 and 0.4 + 0.2 mm for 2H (Ferrick et al., 2002). They
also found that the boundary layer thickness remained mostly stable across different ice growth
velocities, although the lowest ice growth velocity of ~0.9 cm day™' had a boundary layer of ~1.8

mm (Ferrick et al., 2002). The mean '80 a.g values for two ice cores taken from the lake studied
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Fall 2018 Lake Isotope Values
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Figure 3.10 Comparison of Pre-Lake Ice Formation and August / September 2018 lake water isotope
compositions. The a.g values (6%H ae = 1.010, 680 aeg = 1.0015) match closely with August and
September 2018 lake water isotope compositions. This suggests that these @, estimates are appropriate to
use for estimating the pre-ice formation lake water isotope compositions.

by Ferrick et al. (2002) were 1.0021 and 1.0020, with respective ice growth velocities of 3.7 and
4.1 cm day’!. A 1 mm boundary layer was also estimated by Gibson and Prowse (2002) beneath
river ice in northern Canada, however they also suggest that the boundary layer thickness can reach

up to 4 mm in quiescent lake water. Therefore, we assume a minimum boundary layer thickness of

1 mm, and a maximum boundary layer thickness of 4 mm.

We estimated the minimum possible freezing velocity of our study lakes using the initial
date of ice formation and the ice thickness we measured in spring. Based on Sentinel imagery
(Sentinel Playground), all studied lakes became ice-covered by October 16th, 2017. Ice thickness
was measured at Big Bear and Little Bear Lake (near Trail Valley Creek camp, Figure 3.1) on
March 21st, 2018, and when ice thickness was remeasured again in late April, it had not become

any thicker. Therefore, assuming ice growth began on October 16, 2017 and ceased on March 21,
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2018, the ice growth velocities for our study lakes range from an average of 0.50 — 0.84 cm day™!
(0.78 — 1.32 m ice thickness). This only provides a lower-bound estimate for ice growth velocity,
as ice growth likely stopped earlier than March 21, 2018, and was more rapid during initial ice

formation.

We further constrained our estimate of a.g by assuming that a.g values that result in
lake water replacement estimates of >100% or <0% were not correct. Using all these sources
of information, we calculated an upper-bound of a.g values based on the minimum possible ice
freezing velocity (2H Qe = 1.0199, 180 o = 1.00286) and lower-bound of a.g values which still
generate lake water replacement estimates that are >0% and <100% (CH ae = 1.010, 130 oo =

1.0015).

Assuming a 2 mm boundary layer, which is within the range of our boundary layer thickness
estimates, a.g values of 1.0015 for 80 and 1.010 for 2H correspond to ice growth rates of 3.62 cm
day™! for 30 and 3.34 cm day! for 2H. Similar ice growth rates have been observed in Arctic lakes
(Woo, 1980); greater ice growth rates were also estimated for a lake in a warmer climate by Ferrick
etal. (2002). These a.g values also compare well with other measured e values in lakes: a range
of @ = 1.013 — 1.015 for ?H was found by Souchez et al. (1987) for a 4.4 cm thick lake ice cover;
. has been found to range from 1.0005 to 1.0027 for 80 in a single 50 cm ice core (Bowser and
Gat, 1995). The Orpr values calculated using a.f = 1.0015 for 180 and 1.010 for 2H also closely
match the distribution of 6, values from August and September of 2018, giving an indication that
these aef values generate realistic lake water isotope compositions (Figure 3.10). Therefore, we
chose aef = 1.0015 for 180 and @ = 1.010 for 2H as our a.g values, as they correspond well with
other estimates a.g, are within a range of probable ice-growth rates and lake water replacement
by freshet and generate pre-ice formation isotope compositions that closely match the following

summer’s lake water isotope compositions.
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3.8.4 Bathymetric data and volume — depth relationship

The modelled relationship between lake depth and volume is

YoLakevolume = (=0.01 O70LakeDeplh)2 +2x O70LakeDeplh (3.14)

where %or_akevolume 18 the cumulative lake volume as a percent of total and %or akeDepth 1S the cumulative

lake depth as a percent of total (Table 3.7).

Table 3.7 Big Bear Lake bathymetric data and fit between modelled relationship between lake volume and
lake depth as a percentage of total lake volume and depth.

Cumulative Cumulative Modelled Offset between data
Depth Depth (%  Cumulative ~ Volume (% Cumulative and modelled
(m) total) Volume (m?) total) Volume (% total) cumulative volume (%)
2.5 100 89326.83 100 100 0.00
2.25 90 88327.68 98.88 99 -0.12
2 80 85881.37 96.14 96 0.14
1.75 70 82441.90 92.29 91 1.29
1.5 60 77491.01 86.75 84 2.75
1.25 50 69384.35 77.67 75 2.67
1 40 58991.30 66.04 64 2.04
0.75 30 46548.63 52.11 51 1.11
0.5 20 32463.34 36.34 36 0.34
0.25 10 16944.40 18.97 19 -0.03
0 0 0 0 0 0.00

3.8.5 Freshet layer thickness

We computed the thickness of the freshet layer using the relationship between lake depth and lake
volume, the % of lake volume replaced by freshet, and lake depth measurements made at each

sample lake. The freshet layer thickness was calculated by rearranging Equation 3.5

lake depth
—10 * 4/100 — Y%lake water replaced — 10

freshet layer thickness (m) = (3.15)
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Lake Freshet Layer Thickness (m)

7 0.23
8 0.29
9 0.26
10 0.17
11 0.26
14 0.29
15 0.23
16 0.12
19 0.44
20 0.23
21 0.25
26 0.43
27 0.40
49 0.38
50 0.52
51 0.22
52 0.12
Min 0.12
Mean 0.28
Max 0.52
St. Dev. 0.11

Table 3.8 Calculated layer thickness for each lake using Equation 3.15

This calculation represents the thickness the freshet layer would be on 2018-06-15 if it had not
mixed with pre-snowmelt lake water. In reality, the unmixed freshet layer during the height of
freshet would likely be thicker, due to rises in lake level caused by freshet that are not accounted
for in this equation. Layer thicknesses averaged 0.28 m, ranging from 0.12 m to 0.52 m with a

standard deviation of 0.11 m (Table 3.8).
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Chapter 4

Hydrological, meteorological and watershed
controls on the water balance of
thermokarst lakes between Inuvik and
Tuktoyaktuk, Northwest Territories,

Canada

4.1 Abstract

Thermokarst lake water balances are becoming increasingly vulnerable to change in the Arctic as air
temperature increases and precipitation patterns shift. In the tundra uplands east of the Mackenzie
Delta in the Northwest Territories, Canada, previous research has found that lakes responded non-
uniformly to year-to-year changes in precipitation, suggesting that lake and watershed properties
mediate the response of lakes to climate change. To investigate how lake and watershed properties

and meteorological conditions influence the water balance of thermokarst lakes in this region, we
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sampled 25 lakes for isotope analysis five times in 2018, beginning before snowmelt on May 1
and sampling throughout the remainder of the ice-free season. Water isotope data were used to
calculate the ratio of evaporation-to-inflow (E/I) and the average isotope composition of lake source
water (61). We identified four distinct water balance phases as lakes responded to seasonal shifts
in meteorological conditions and hydrological processes. During the freshet phase from May 1 to
June 15, the median E/I ratio of lakes decreased from 0.20 to 0.13 in response to freshet runoff and
limited evaporation due to lake ice presence that persisted for the duration of this phase. During
the following warm, dry, and ice-free period from June 15 to July 26, designated the evaporation
phase, the median E/I ratio increased to 0.19. During the brief soil wetting phase, E/I ratios did not
respond to rainfall between July 26 and August 2, likely because watershed soils absorbed most of
the precipitation which resulted in minimal runoff to lakes. The median E/I ratio decreased to 0.11
after a cool and rainy August, identified as the recharge phase. Throughout the sampling period, d1
remained relatively stable and most lakes contained a greater amount of rainfall-sourced water than
snow-sourced water, even after the freshet phase due to snowmelt bypass. The range of average E/I
ratios we observed at lakes (0.00 — 0.43) was relatively narrow and low compared to thermokarst
lakes in other regions, likely owing to the large watershed area to lake area ratio (WA/LA), efficient
preferential flow pathways for runoff, and a shorter ice-free season. Lakes with smaller WA/LA
tended to have higher E/I ratios (R? = 0.74). An empirical relationship between WA/LA and E/I was
derived and used to predict the average E/I ratio of 7340 lakes in the region, which identified that
these lakes are not vulnerable to desiccation, given that E/I ratios were <0.33. If future permafrost
thaw and warming cause less runoff to flow into lakes, we expect that lakes with smaller WA/LA
will be more influenced by increasing evaporation, while lakes with larger WA/LA will be more
resistant to lake-level drawdown. However under wetter conditions, lakes with larger WA/LA will

likely experience greater increases in lake level and could be more susceptible to rapid drainage.
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4.2 Introduction

Thermokarst lakes are common features in ice-rich permafrost terrain, occupying up to 25% of the
land area (Woo, 2012). The water balance of thermokarst lakes are changing as arctic warming
causes precipitation to shift from snowfall to rainfall (Bintanja and Andry, 2017; MacDonald et al.,
2021), permafrost thaw alters the hydrological connectivity of lake watersheds (Wolfe et al., 2011;
Walvoord and Kurylyk, 2016; Tananaev and Lotsari, 2022; Koch et al., 2022), longer ice-free
periods increase evaporation (Prowse et al., 2011; Arp et al., 2015), and increased vegetation
growth changes snow redistribution and snowmelt timing (Sturm et al., 2001; Essery and Pomeroy,
2004; Pomeroy et al., 2006). In many regions, expansion and contraction of thermokarst lakes
has been observed demonstrating that lake water balances are not responding uniformly to climate
change (Smith et al., 2005; Plug et al., 2008; Marsh et al., 2009; Arp et al., 2011; Jones et al., 2011;
Andresen and Lougheed, 2015; Travers-Smith et al., 2021).

Previous studies have demonstrated that knowledge of meteorological conditions and lake
and watershed attributes, and their influence on lake water balance, can explain why thermokarst
lakes react non-uniformly to climate change (Wolfe et al., 2011; Turner et al., 2014; Nitze et al.,
2017; Wan et al., 2020). Key drivers of lake water balances include the relative size of a lake within
its watershed (Watershed Area/Lake Area, WA/LA), rainfall and snowfall patterns, permafrost
dynamics, wildfire, vegetation cover, and ice-free season length (Turner et al., 2014; Arp et al.,
2015; MacDonald et al., 2017; Wan et al., 2020). For example, Turner et al. (2014) found that
thermokarst lakes in Old Crow Flats, Yukon, with higher evaporation-inflow ratios (E/I) tended to
have smaller WA/LA ratios, reflecting the control of watershed area on the amount of inflow a lake
receives. Arp et al. (2015) found that lakes in the Alaskan Coastal Plain with bedfast ice became
ice-free sooner than lakes with floating ice, causing bedfast lakes to lose more water to evaporation

as a result of a longer ice-free season.

In several studies, water isotope (6'80 and ¢°H) analysis has been the primary method used
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to efficiently characterize the water balance of a large number of thermokarst lakes because the
isotope composition provides an integrated measure of influential hydrological processes (Gibson,
2002; Edwards et al., 2004; Turner et al., 2014; Narancic et al., 2017). Two key metrics of lake
water balance modelled using water isotope data include the average isotope composition of lake
source waters (01), which can then be related to the measured isotope composition of different
water sources (Yi et al., 2008) and the ratio of evaporation-to-inflow (E/I) (Gibson et al., 1993).
Sampling lake water for isotope analysis multiple times throughout the year provides data to assess
the response of lake water balances to different hydrological processes, which can be related to
meteorological conditions and compared to lake and watershed attributes. Recently, MacDonald
etal. (2017) compared E/I and 61 of thermokarst lakes from six regions in northern North America
and found a wide range of water balances that were influenced by local meteorological conditions,
permafrost extent and vegetation characteristics. In some locations, such as the Alaskan Coastal
Plain, E/I ratios were mostly below 0.2, whereas lakes in the Hudson Bay Lowlands of northeastern

Manitoba typically possessed E/I ratios >0.5, with some lakes trending towards desiccation.

This study aims to evaluate how meteorological conditions, hydrological processes, and lake
and watershed attributes influence the o1 and E/I of lakes located in the tundra uplands east of the
Mackenzie Delta in the Northwest Territories, Canada (Figure 4.1). A previous study in this region
showed that only 5-53% of pre-snowmelt lake water is replaced by freshet on average, because
snowmelt bypass leads to minimal mixing between freshet and pre-snowmelt lake water (Bergmann
and Welch, 1985; Wilcox et al., 2022b). Snowmelt bypass occurs when less dense (~0°C) freshet
runoff flows underneath lake ice and passes through a lake without mixing with and replacing
the deeper and denser (<4°C) lake water. With this study we explore whether snowmelt bypass
influences summertime lake water balances, given that in other regions thermokarst lakes are prone
to desiccation when they retain little snowmelt (Bouchard et al., 2013). We also investigate how
watershed characteristics that have been identified to influence lake water balance in other regions,

such as WA/LA, influence lake water balances. We then use the relationship found between average
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E/l and watershed characteristics to predict average E/I for lakes in the region and assess their

vulnerability to climate change.

4.3 Study area

The thermokarst lakes in this study are located in the tundra uplands east of the Mackenzie Delta in
the northwest region of the Northwest Territories, Canada (Figure 4.1). The landscape is comprised
of rolling hills and has been shaped by the thaw of ice-rich permafrost, evidenced by the thousands
of thermokarst lakes in the region (Rampton, 1988; Burn and Kokelj, 2009). Hillslopes are well-
drained by the network of peat channels that facilitate subsurface flow between mineral earth
hummocks (Quinton and Marsh, 1998), while flatter areas are typically drained by high-centred
ice-wedge polygons (Burn and Kokelj, 2009). Vegetation consists of tall shrub (>1 m), low shrub
(~0.5 m), and shrub-free landcover types containing lichen, moss, and tussocks (Lantz et al., 2010;

Griinberg et al., 2020).

We selected 25 lakes that span a range of watershed sizes (6.45 to 203.56 ha) and lake
surface areas, among other characteristics, along a ~70 km stretch of the Inuvik - Tuktoyaktuk
Highway (Figure 4.1, Table 4.1). Nineteen of the lakes are headwater lakes and the other six lakes
are downstream of other sampled lakes (Table 4.1). All lakes have a defined outlet channel and
many lakes have defined channelized inflows from their watersheds in the form of small ephemeral

streams or ice-wedge polygon troughs.
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Figure 4.1 Study area showing locations of thermokarst lakes where water samples for isotope analysis were
obtained. The study location relative to northwestern North America is shown in the inset map. Not all lakes
are labeled on the map, but lakes are numbered sequentially from south to north.
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Table 4.1 Lake and watershed attributes and isotope derived hydrological indicators for all lakes.

%o

Latitude Lake Lake El- Poly-  Watershed Lake Watershed Drainage 01 Aver-

(dec Depth evation  gon Slope Area Area Headwater Upstream Density E/I Av- age (%o
Lake deg.) (m) (m asl) Area ®) (ha) (ha) WA/LA Lake? Lake(s) (mha') erage 5180y
7 68557 2.2 89.0 0.00 1.30 294 645 2.62 yes none 0.00 0.278 -19.816
8 68559 23 88.9 0.00 2.63 207 15.67 441 no 7 0.00 0.205 -20.582
9 68.564 1.0 86.4 29.84  1.20 59.56 203.56 3.77 no 7,8,10  22.28 0.398 -18.193
10 68.576 1.7 87.9 5.17 1.42 90.48 168.58 1.86  yes none 7.40 0.352 -18.849
11 68.604 1.9 82.7 2.53 2.10 1.26 21.76 17.32 yes none 12.68 0.039 -19.843
12 68.613 2.6 90.8 0.00 2.45 8.19 23.05 281 no 11 0.51 0.429 -21.838
14 68.789 1.4 51.9 8.07 3.01 10.65 60.64 5.70  yes none 1.24 0.088 -20.348
15 68.795 1.6 57.2 1.62 2.73 598 29.83 499 yes none 0.00 0.170 -18.813
16 68.805 3.2 51.5 12.57 4.04 1.23 19.75 16.02 yes none 4.86 0.043 -19.648
17 68.836 1.1 39.1 8.23 4.38 3.27 39.88 12.20 yes none 11.53 0.083 -20.214
19 68.882 2.5 39.2 491 4.27 5.50 3898 7.09 yes none 5.79 0.096 -19.690
20 68.885 2.7 36.7 2.76 4.69 2.17 1993 9.18 yes none 3.04 0.095 -19.331
21 68.887 1.8 355 1.87 5.33 275 1091 1031 no 20 6.86 0.155 -20.071
22 68.907 3.7 33.6 4.11 5.33 341 23.67 1825 no 23,24 6.12 0.115 -19.751
23 68910 3.0 34.9 1.22 5.35 1.83 22.73 2040 no 24 4.88 0.042 -19.221
24 68911 3.0 38.3 4.49 4.69 0.37 11.10 30.10 yes none 9.69 -0.014  -19.152
26 68918 1.5 384 4.71 4.69 468 17.89 383  yes none 0.00 0.246 -18.449
27 68921 3.1 454 0.00 6.21 1.28 857 6.70  yes none 0.00 0.166 -20.518
28 68.933 2.2 24.1 9.58 4.66 232 92.08 39.69 yes none 22.73 0.014 -19.278
49 69.119 22 8.6 4.06 3.18 18.20 46.23 2.54  yes none 0.79 0.305 -17.451
50 69.123 1.7 8.3 292 3.85 870 3192 3.67 yes none 0.00 0.230 -17.534
51 69.142 23 3.8 0.00 4.90 229 12.01 526 yes none 0.00 0.193 -18.455
52 69.144 4.1 6.3 1.26 3.93 2432 4992 2.05 yes none 0.00 0.322 -17.008
53 69.184 23 4.8 8.71 6.54 046 11.21 2421 yes none 10.05 0.131 -19.380
55 69.215 1.8 23 0.00 2.12 1.61 811 5.03 yes none 0.00 0.175 -17.706
Min 68.557 1.0 23 0.00 1.2 037 645 186 n/a n/a 0.00 -0.014  -21.838
Avg 68.871 2.3 43.4 4.75 3.8 10.43 39.78 10.40 n/a n/a 5.218 0.160  -19.246
Max 69.215 4.1 90.8 29.84  6.54 90.48 203.56 39.69 n/a n/a 22.73 0.429 -17.008
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Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

4.4 Methods

4.4.1 Lake water and precipitation sampling and analysis of isotope data

Water samples from the 25 thermokarst lakes were collected on five days (May 1, June 15, July 26,
August 2, September 3) during 2018 for water isotope analysis. Samples were collected on May 1
through a hole augured through the ice in the centre of each lake to capture the pre-snowmelt lake
water balance conditions. The May 1 samples also represent the hydrological status of lakes during
the freeze-up period of 2017, since virtually no hydrological activity occurs during the winter
months due to the complete freezing of the soil and lake surface. Because May 1 water samples
were influenced by fractionation that occurred during lake ice formation, the isotope compositions
were corrected to represent the isotope composition of the lake before lake ice formation took place
(Wilcox et al., 2022b). Lake water samples were corrected for ice fractionation by estimating the
fraction of lake water that had been frozen and the corresponding amount of isotopic depletion
of lake water that would have occurred assuming the lake was a closed system, following Ferrick
et al. (2002). June 15 was chosen as it marked the first day of the ice-free season for most lakes
and was intended to capture the influence of snowmelt bypass, however the southernmost lakes
(Lakes 7-12) became ice-free on June 7, and some of the northernmost lakes (Lakes 49-55) became
ice-free on June 17 or June 18. More information about ice-correction and the response of lakes
to snowmelt bypass is provided by Wilcox et al. (2022b). Next, samples were obtained on July
26 to capture the effects of evaporation and rainfall in the early open-water season, and before a
large, forecasted rainfall event occurred. Samples were then collected on August 2 to capture the
influence of a week-long rainy period following the sampling date on July 26. Samples were lastly
taken on September 3 to assess lake water balance response to the relatively rainy and cool August
weather prior to freeze-up. The four time periods between the five sampling dates are identified as
“P1” (May 1 to Jun. 15), “P2” (Jun. 15 to Jul. 26), “P3” (Jul. 26 to Aug. 2), and “P4” (Aug. 2 to
Sept. 3).
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Figure 4.2 Air temperature and precipitation during the sampling period and the 1980-2020 mean, as recorded
at Inuvik (WMO ID: 71364) (Figure 4.1). Meteorological data were retrieved from Environment and Climate
Change Canada (2019a). The five days when water samples were taken from lakes are shown by the vertical
dashed lines. The periods between the sampling dates are labeled P1, P2, P3, and P4. Mean daily air
temperature for 2018 and 1980-2020 for each period is indicated by the horizontal dashed lines.

From June 15 onward, water samples were collected at the shoreline of each lake where
water was freely circulating. Samples of end-of-winter snow and open-water season rainfall were
obtained to determine the average isotope composition of rain (6g) and snow (ds). Snow samples
(n = 11) were collected from the region in late April by taking a vertical core of the end-of-winter
snowpack using a tube, completely melting the snow in a sealed plastic bag, and then filling a
sampling bottle with the melted snow. Rainfall (n = 13) was collected between May and September
in Inuvik using a clean high density polyethylene container, which was then transferred into a
sample bottle shortly after precipitation ceased. All samples were stored in 30 mL high-density
polyethylene bottles. A Los Gatos Research (LGR) Liquid Water Isotope Analyser, model T-LWIA-
45-EP was used to measure the ratio of '80/!90 and >H/'H in each sample at the Environmental

Isotope Laboratory at the University of Waterloo. Isotope compositions are expressed in standard
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o-notation, such that:

Rsample

5sample = -1 4.1)

Rysmow

where R represents the ratio of '80/!%0 or 2H/'H, and VSMOW represents Vienna Mean Standard
Ocean Water. Isotope values are normalized for Standard Light Antarctic Precipitation to 6'80 =
-55.5 %0 and 6°H = -428 %o (Coplen, 1996). Each isotope measurement consisted of 8 injections
of roughly 1000nL sample volume, with the first 2 injections being discarded and the remaining 6
injections averaged to produce the measurement value. All samples were pre-filtered to 0.45 micron
into 12x32mm septum vials. Every fifth sample was measured a second time to determine the
analytical uncertainties, which were £0.1%o for ¢ 180 and +0.6%o for 62H, calculated as two standard
deviations from the difference between the duplicate samples. VSMOW and Vienna Standard Light
Antarctic Precipitation (VSLAP) standards provided by LGR were used to calibrate the instrument
initially, and VSMOW and VSLAP standards were analyzed intermittently throughout the sample

run to confirm the accuracy of the instrument.

4.4.2 Isotope framework, o1 and E/I

The isotope data were initially described and interpreted with respect to an ‘isotope framework’ that
consists of two fundamental linear relationships that form when isotope data is plotted with 6'30
on the x-axis and §?H on the y-axis (‘6'30-62H space’). The isotope composition of precipitation
from anywhere in the world tends to plot closely to the Global Meteoric Water Line (GMWL), a
strong linear correlation in 6'80-6?H space which is defined as §2H = 8.0 * 6'80 + 10 (Craig,
1961). However, the slope and intercept of a Meteoric Water Line can vary for precipitation
collected at a single location: the Local Meteoric Water Line (LMWL) represents the expected
isotope composition of precipitation in a region. We estimated the LMWL for Inuvik using a linear
regression through rainfall and snowfall isotope compositions. The average isotope composition

of rainfall (6r) and snowfall (ds) were calculated by averaging the isotope composition of all the
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rainfall and snowfall samples we collected respectively, with 6p representing the average of dg
and 6r. The LMWL equation we derived was §2H = 7.1 % 6'80 — 10.0, which compared closely
to the LMWL derived by Fritz et al. (2022), who used precipitation samples collected between
2015 and 2018 in Inuvik and estimated the Inuvik LMWL to be 6*H = 7.4 % 6'80 - 6.7. Both of
these LMWLs compare closely with the LMWL derived from the Global Network of Isotopes in
Precipitation (GNIP) data set, which is comprised of precipitation samples in Inuvik between 1986
and 1989 and gives an LMWL of 6°H = 7.3 x §'80 — 3.6 (IAEA/WMO, 2023). We considered
using the LMWL, ds, dp and or values produced by Fritz et al. (2022), however we decided to
use the LMWL we developed since it more closely represented the input waters during the study
period, and the ds, dp and Jg values derived by Fritz et al. (2022) were within 0.6%o (§'30) of the

values we obtained.

Evaporated waters tend to plot along a Local Evaporation Line (LEL), which can be
defined independent of measured lake water isotope compositions. Using this approach and for
the case of a lake fed by waters of mean annual isotope composition of precipitation, the LEL was
anchored at dp and at the maximum isotopic enrichment that can be achieved for a given set of
environmental conditions ("), which is dependent on air temperature, relative humidity and the
isotope composition of atmospheric moisture in the region (Gonfiantini, 1986). Along the LEL
exists a useful reference point where the amount of evaporation a water body is experiencing is
equal to the amount of water input, defined as dss1. (steady-state lake water isotope composition
of a terminal basin). When lake water isotope compositions are plotted in §'80-6?H space, they
typically plot near the LEL, with more evaporated lakes plotting closer to 6~ and less evaporated
lakes plotting closer to 0p. Lakes preferentially sourced by rainfall will tend to plot above the LEL,
whereas lakes preferentially influenced by snowmelt will tend to plot below the LEL, owing to the

normally distinctive isotope composition of rainfall and snowmelt.

Isotope compositions of the lakes were used to estimate the average isotope composition of

source water (1, or 6'2O; when referring to just the oxygen isotope compositions). We followed
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the coupled isotope tracer method introduced by Yi et al. (2008) which of has been applied in a
variety of northern locations (Turner et al., 2014; MacDonald et al., 2017; Remmer et al., 2020).
Calculating o7 using the approach of Yi et al. (2008) involves generating a lake-specific evaporation
line for each lake water isotope composition. This approach assumes that all lakes tend towards
6" as they evaporate, and the lake-specific evaporation line is defined as the line that intersects the
lake water isotope composition and ¢" in ¢'80-67H space. 6y is then calculated as the point of

intersection between a lake-specific evaporation line and the LMWL.
We used these o7 values to calculate the ratio of evaporation-to-inflow (E/I):

07— 0L

EJI =
SF — 01

4.2)

where o1, is the isotope composition of the lake water and where o is the isotope composition
of evaporated vapour from the lake (Gonfiantini, 1986). More detailed information about the

calculation of the isotope framework components, ¢y and E/I is provided in Appendix 4.8.1.

4.4.3 Meteorological conditions and lake and watershed attributes

The end of winter snowpack at Trail Valley Creek contained 141 mm of snow water equivalent,
similar to the 1991-2019 mean of 147 mm (Marsh et al., 2019). Air temperature at Inuvik was
within a degree of the long-term mean during P1, P2 and P3, but P4 was 3.8°C cooler than the
long-term mean (Figure 4.2). P1 and P2 experienced a combined 72.9 mm of rainfall, close to the
long-term mean of 66.0 mm for this period, while P3 and P4 experienced 107.3 mm of rainfall,
more than double the long-term mean of 45.0 mm for this period (Figure 4.2).

Multiple lake and watershed attributes for each lake were quantified for comparison with
or and E/I. Lake-specific properties included surface area, depth, latitude, and elevation, while
watershed-specific properties included surface area, mean hillslope angle, drainage density, veg-

etation cover and ice-wedge polygon coverage (Table 4.1). Within each watershed, the areas of
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ice-wedge polygons were identified visually from satellite imagery and digitized manually. Drainage
density was calculated as the length of all flowpaths with a contributing area greater than 5000 m?,
and then divided by the total area of the watershed. A threshold of 5000 m? was chosen as this
was roughly the threshold when water tracks became visible in optical satellite images. Vegetation
height in each watershed was quantified using the remote sensing vegetation height product pro-
duced by Bartsch et al. (2020), which provides vegetation height at 20 metre spatial resolution with
a RMSE of 45 cm in vegetation height. All spatial analysis was carried out using ArcMap 10.7.1

(ESRI, 2019).

To evaluate whether lake and watershed properties were correlated with lake water balance
metrics derived from water isotope data, linear regressions between lake and watershed properties
and E/I and 67 were tested. Only correlations where p <0.01 were considered significant. The
distribution of each variable was plotted on a histogram and data were mathematically transformed
if the distribution was non-uniform. Statistical analysis was performed using R 4.1.0 (R Core Team,

2021).

A correlation was identified between WA/LA and average E/I (R? = 0.82) and we used this
relationship to predict average E/I for lakes in the region with areas >0.25 ha (n = 7454, Figure 4.1).
Watershed area was estimated, including the 25 lakes sampled for isotope composition, by applying
the D8 water routing algorithm (O’Callaghan and Mark, 1984) to the 2 m resolution the digital
elevation model ArcticDEM (Porter et al., 2018). The ratio of WA/LA was calculated for each
lake by dividing the total watershed area by the total area of the lake(s) in the watershed. In rare
cases, watersheds were not delineated accurately and part of the watershed was clipped to the lake
boundary due to slight offsets between the lake layer and ArcticDEM. We rejected all watersheds
where WA/LA <1.5, as all watersheds we inspected that met this criteria were improperly delineated
due to the offset error described. After rejecting all watersheds where WA/LA <1.5, a total of 7340

watersheds remained.
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4.5 Results

4.5.1 Seasonal evolution of lake water balances

Lake water isotope compositions span from near the LMWL to exceeding dss1, reflecting a range
of lake water balance conditions (Figure 4.3). Lake water isotope compositions plot close to the
LEL, indicating that the isotope framework has been well estimated using the Trail Valley Creek
meteorological data. Only two lakes plot beyond dsgs1,, but they lie above the LEL and possess
E/I ratios less than 1 (see below) because their 61 values are higher than 6p. As expected, rain
and snow isotope compositions plot in two distinct clusters along the isotopically-enriched and
depleted segments of the LMWL, respectively, permitting rain-influenced and snow-influenced oy
to be distinguished. Most lakes plot slightly above the LEL, signifying that the 61 of most lakes is

more reflective of rain than snow.

In general, we observed distinct shifts in lake water isotope composition, §'80; and E/I
between sampling dates. Shifts in E/I between sampling dates were often more pronounced than
shifts in ¢'80y. During P1 (May 1 to June 15), 6'80 decreased from a median of -15.04%o (-17.53%0
to -13.81%o inter-quartile range [IQR]) to -16.15%o0 (-17.89%0 to -15.43%c IQR) and 5%H values
decreased from -130.35%c (-139.08%o0 to -120.88%0 IQR) to -132.27%0 (-142.41%o0 to -125.77%o
IQR) (Figure 4.3). At the same time, the range of §'80y values decreased and the median decreased
slightly from -19.36%0 (-20.33%o to -18.34%0 IQR) to -19.59%0 (-20.34%o to -18.81%o IQR) (Figure
4.4a). The median (and range) of E/I values also decreased during P1 from 0.20 (0.07 to 0.38 IQR)
to 0.13 (0.07 to 0.18 IQR) (Figure 4.4b). The median change in E/I was -0.08 (Figure 4.4c). The
reduction in E/I values that occurred during P1 was larger than in any other phase (Figure 4.4c).

During P2 (June 15 to July 26), lake water isotope values increased slightly. The median
6180 increased from -16.15% (-17.89%o to -15.43%) to -15.63%o (-17.33%o to -14.22%0 IQR) and
the median 62H increased from -132.27%c (-142.41%o to -125.77%o IQR) to -129.50%c (-137.90%0
to -124.99%0 IQR) (Figure 4.3). During P2, 6'®0y increased slightly from -19.59%c (-20.34%0
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Lake and Precipitation Isotope Composition
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Figure 4.3 Isotope values for all lake and precipitation samples, with their respective ranges along each
axis illustrated by boxplots, plotted in 5'80-62H space, as deviations per mil from Vienna Standard Mean
Ocean Water (VSMOW). Local Meteoric Water Line (LMWL, black solid line, 6°H = 7.1 « §'30 — 10.0)
is calculated as a regression through snow samples collected throughout the study region and rain samples
collected from Inuvik in 2018 (n = 24). The average isotope composition of end-of-winter snow samples
(0s), rainfall samples (6r), and the average of ds and Sr (dp) are labelled along the LMWL. The Local
Evaporation Line (LEL, dark grey dashed line), the Global Meteoric Water Line (GMWL, light solid grey
line), the maximum isotopic enrichment possible for a waterbody ("), and the point at which evaporation is
equal to inflow (E/I = 1, §ss1) are added for reference.
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Figure 4.4 (a) The distribution of §'80j for each sampling date with rain and snow isotope compositions for
reference. (b) The distribution of E/I values at all lakes across the five sampling dates. (c) The lake-specific
change in E/I between the sampling dates was calculated as A[E/I] = [E /I],I;” - [E/I] tLl", where Ln
represents a specific lake, and ¢ represents a sampling date.

to -18.81%o0 IQR) to -19.35%0 (-20.34%0 to -18.55%c IQR) (Figure 4.4a). The median E/I ratio
increased from 0.13 (0.07 to 0.18 IQR) to 0.19 (0.09 to 0.31 IQR) (Figure 4.4b). The median
increase in E/I was 0.06 (0.03 to 0.12 IQR) although three lakes experienced a decrease in E/I

(Figure 4.4c).

Lake water isotope values decreased marginally during P3 (July 26 to Aug 2). Median §'30
decreased from -15.63%o (-17.33%o to -14.22%o0 IQR) to -15.94%o0 (-17.16%o to -14.24%0 IQR) and
median §2H decreased from -129.50%c (-137.90%o to -124.99%0 IQR) to -132.60%o (-137.51%o to
-122.68%¢ IQR) (Figure 4.3). E/I and §'30y values also shifted minimally during P3. Median
6180y decreased from -19.35%¢ (-20.33%0 to -18.55%0 IQR) to -19.47%oc (-20.10%o to -18.45%0
IQR) (Figure 4.4b). The median change in E/I was -0.01 (-0.06 to 0.02 IQR) with a near equal
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number of lakes experiencing an increase or decrease in E/I (Figure 4.4c).

During P4 (August 2 to September 3), median 6'30 values decreased from -15.94%o (-
17.16%o to -14.24%o0 IQR) to -16.55%0 (-18.65%0 to -15.00%0 IQR) and 62H values decreased
from -132.60%o0 (-137.51%o0 to -122.68%0 IQR) to -133.49%o (-140.94%0 to -123.94%0 IQR) (Figure
4.3). On September 3, some lakes plotted close to the LMWL, indicating that their waters had
experienced negligible amounts of evaporation (Figure 4.3). The median ¢'80y values increased
from -19.47%o0 (-20.10%o to -18.45%0 IQR) to -18.94%0 (-19.18%0 to -18.14%c IQR) and the range
of values narrowed and became more similar to rain (Figure 4.4a). Median E/I values also returned
towards June 15 values by the end of P4, decreasing to a median of 0.11 (0.00 to 0.21 IQR) (Figure
4.4b). Two thirds of the lakes experienced a decrease in E/I and the median change in E/I was -0.03

(-0.09 to 0.01 IQR) (Figure 4.4c).

4.5.2 Correlation between lake and watershed attributes and lake water

balance metrics

Variability among lakes in average E/I and §'80; was partially explained by statistically significant
relationships with lake and watershed properties. Average E/I was negatively correlated with
WA/LA (p < 0.0001, Table 4.2, Figure 4.5a) and average watershed slope (p = 0.0085, Table 2)
and was positively correlated with the log of lake surface area (p < 0.0001, Table 4.2). Thus,
lakes that had higher E/I values tended to have relatively smaller watershed size, have a flatter
watershed, and be larger in surface area. When these three variables are combined into a linear
model, only WA/LA remained a significant predictor of average E/I (p = 0.0002) while lake area
(p = 0.1949) and average watershed slope (p = 0.8472) became insignificant effects (Table 4.2).
Both lake surface area and average watershed slope were correlated with WA/LA (Table 4.2). For
the relationship between average E/I and WA/LA, the majority of downstream lakes were outliers,

having higher than typical E/I ratios for a given WA/LA as they inherited evaporated waters from
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Table 4.2 Significant correlations between §'80y, E/I, and explanatory variables. In cases where there are
multiple explanatory variables, the p-values for each explanatory variable are listed respectively. Adjusted
R? was used in order to control for the tendency of R? to increase as explanatory variables are added to a
model (Yin and Fan, 2001). Adjusted R? was calculated as Ridj =1-(1-R)*((n-1)/(n-m-=1)),
where n is the sample size and m is the number of explanatory variables. p-values >0.05 are italicized.

Response Variable Explanatory Variable(s) p-value(s) Adjusted
R2
Average E/1 log(WA/LA) <0.0001  0.7361
Average E/I log(Lake Area) <0.0001  0.5092
Average E/I Average Watershed Slope 0.0085  0.2332
Average E/I log(WA/LA) + log(Lake Area) + 0.0002, 0.1949, 0.8472  0.7339
Average Watershed Slope
Average Watershed log(Lake Area) 0.0040  0.2771
Slope
log(WA/LA) log(Lake Area) <0.0001  0.5150
log(WA/LA) Average Watershed Slope 0.0022  0.3128
Average 6'80; (%0)  Lake Latitude 0.0027  0.3010
Average 680y (%0) ~ Lake Elevation 0.0029  0.2954
Lake Elevation Lake Latitude <0.0001  0.9695

upstream waterbodies (Figure 4.5a).

Average §'80; was only correlated with two attributes: lake elevation (p = 0.0029) and
latitude (p = 0.0027) (Table 2). Lakes at lower elevations and higher latitudes tended to have higher
680y values (Figure 4.5b). Lake elevation and latitude are also nearly perfectly correlated (R? =

0.97, Table 2), with lake elevation decreasing as latitude increases.
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Figure 4.5 (a) Relationship between average evaporation-to-inflow ratio and watershed area/lake area for
sampled lakes. The grey line represents a line of best fit between watershed area/lake area and the average
evaporation-to-inflow ratio, such that y = log(x), with the 95% confidence interval shown in grey shading
(R? =0.74, p <0.0001). Note the logarithmic x-axis. (b) The relationship between latitude and ;. The grey
line represents a linear line of best fit between 61 and latitude, with the 95% confidence interval shown in
grey shading (R% = 0.30, p = 0.0027).

4.6 Discussion

4.6.1 Influence of meteorological conditions on lake water balances

Water isotope measurements from five discrete time points provide context for characterizing
the seasonal evolution of thermokarst lake water balances as a series of phases in relation to
meteorological conditions and influential hydrological processes (Figure 4.6). A previous study
at many of the same lakes by Wilcox et al. (2022b) observed the presence of snowmelt bypass
(Henriksen and Wright, 1977; Hendrey et al., 1980; Bergmann and Welch, 1985) during the

Freshet Phase (P1; Figure 4.6). Initial snowmelt runoff flowing into lakes did not mix with water
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underneath lake ice because the ~0°C snowmelt runoff was less dense than the deeper, warmer
waters beneath the lake ice, causing it to flow into and out of lakes without mixing with lake water.
This resulted in a much smaller reduction in E/I than would have occurred if freshet runoff was able
to mix with the entire lake water column. While snowmelt bypass does limit the recharge of lake
waters during the Freshet Phase, the sheer volume of snowmelt runoff and lack of evaporation due
to lake ice cover appears to compensate for the impact of snowmelt bypass and results in a greater

reduction in E/I than any other period (Figure 4.4c).

During the Freshet Phase, 6 180y shifted towards the value of §p and not towards &g even
though minimal rainfall fell during the period (Figure 4.2) and snowmelt runoftf was flowing into
lakes. Wilcox et al. (2022b) determined that by the time snowmelt runoff could mix with lake
waters, the soil had begun to thaw and allowed snowmelt runoff to mix with soil water from the
previous year before flowing into lakes. This resulted in a post-snowmelt 6'80y that was a mixture
of snow-sourced and rain-sourced water (Figure 4.4a). Since only a small amount of snow-sourced
water was incorporated into lakes during the Freshet Phase, the 5'30y of lakes remained primarily

rain-sourced throughout the entire study period (Figure 4.4a).

The Evaporation Phase (P2; Figure 4.6) was characterized by minimal change in 6'30;
(Figure 4.4a) and rising E/I ratios at nearly all lakes (Figure 4.4c), caused by the relatively dry and
warm conditions that are typical for this region. Previous water balance studies conducted in this
region also found that lake evaporation rates were higher as a result of substantial incoming solar
radiation in June and July compared to August and September, and when inflow is minimal due to
low precipitation (Marsh and Bigras, 1988; Pohl et al., 2009).

During the brief Soil Wetting Phase (P3; Figure 4.6), there was minimal change in ¢ 180,
(Figure 4.4a) and E/I (Figure 4.4b) despite the 41.2 mm of rainfall, which represented 25% of
the rainfall during the study period. This evidence suggests little runoff was generated by this
event and that rainfall that fell directly on lakes had only a minor effect on lake water balances.

We hypothesize that dry conditions preceding the rainfall event allowed soils to absorb the rainfall
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Figure 4.6 A simplified conceptual diagram showing the connections between meteorological conditions and
the response of ¢'80; and E/I used to designate water balance phases. Air temperature and precipitation
data represent average values from 1980-2020. Shaded areas around the §'80; and E/I lines represent the
potential variability caused by lake and watershed attributes or meteorological conditions.
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without becoming saturated sufficiently to generate much lateral flow. The lack of runoff in response
to this rainfall event is expected given that antecedent soil moisture conditions have been observed
to greatly influence the efficiency of runoft generation from rainfall events in areas underlain by
continuous permafrost (Roulet and Woo, 1988; Kane et al., 1998; Favaro and Lamoureux, 2014;
Stuefer et al., 2017). Since the first half of the summer is typically drier than the second half (Figure
4.6), soils generally experience drying throughout the first half of the summer before becoming

rewetted.

The Recharge Phase (P4; Figure 4.6) was defined by the §'80j of lakes becoming more
similar to rainfall (Figure 4.4a) and E/I ratios decreasing to values similar to the beginning of the
Freshet Phase (Figure 4.4b). The Recharge Phase of 2018 was 3.8°C cooler than average and
experienced 66.1 mm of precipitation, exceeding the long-term mean of 37.2 mm (Figure 4.2).
Given the cooler air temperatures, it is likely that evaporation rates also decreased and contributed
to the decrease in E/I. Since the meteorological conditions were wetter and cooler than the long-term
means, we expect the water balance conditions of the Recharge Phase captured in 2018 to be more
representative of a later sampling date during a more normal climate year (e.g., late September).
E/l ratios on May 1 were greater than September 3, suggesting that lakes received less inflow during

the Recharge Phase during 2017 than during 2018 (Figure 4.4b).

Findings from previous studies of thermokarst lakes in this region imply that the four phases
of lake water balance we observed are typical for this region. The four phases of seasonal water
balance evolution we identified (Freshet, Evaporation, Soil Wetting, Recharge) roughly follow the
pattern of seasonal changes in lake surface area observed by Cooley et al. (2019) who analyzed near-
weekly satellite imagery of a large region which encompassed the lakes we studied. Cooley et al.
(2019) observed initial decreases in total lake surface area during the Evaporation Phase, followed
by stabilizing or increasing trends in lake surface area by the end of August. Additionally, Pohl
et al. (2009) modeled the water balance for a single lake in our study region across a 30-year period,

and identified that maximum lake level was most likely to occur in early June or late August/early
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September, corresponding with the start of the Evaporation Phase and end of the Recharge Phase.

In comparison to the five thermokarst lake regions examined in a synthesis of isotope data
by MacDonald et al. (2017), the relatively low E/I ratios and rainfall-like §'80y values found at our
study lakes compare most closely to lakes in the Alaskan Coastal Plain (ACP), where the majority of
lakes also have an E/I < 0.25 and §'80y similar to rain. This region is cooler during the summer and
has a shorter ice-free season (Arp et al., 2015) than our study region, but receives less precipitation
and is more lake rich (MacDonald et al., 2017), suggesting lakes likely have smaller watersheds
than in our study region. The cooler and shorter summers in ACP, which decrease evaporation, may
be offset by smaller watersheds and less precipitation, which decrease inflow, leading to similar
E/I values as our study region. Our lakes differed from the more nearby OCF, where most lakes
have an E/I between 0.25 and 0.75 but have a smaller WA/LA of ~3, whereas the average WA/LA
of lakes we sampled was 9.5 (Table 4.1). OCF differs from our study region in that it is situated
in a post-glacial lake bed underlain by fine-grained glaciolacustrine sediments (Hughes, 1972),
resulting in a relatively flat landscape with poorer ability to convey runoff in comparison to our
study region, where rolling hills are well drained by networks of peat channels with high hydraulic
conductivity (Quinton and Marsh, 1998). These differences between OCF and our study region
may explain the greater E/I values at the former, however our study year was cooler and wetter than

average, which may also have contributed to the comparatively low E/I ratios.

4.6.2 Effects of lake and watershed attributes on E/I

While shifts in E/I over time can be attributed to changing meteorological conditions and hydro-
logical processes, differences in E/I among lakes can be further explained by lake and watershed
attributes. Most of the variability in average E/I among lakes can be explained by WA/LA (R? =
0.74, Figure 4.5a), as lakes with smaller WA/LA likely receive less inflow and have greater E/I
ratios as a result. A similar inverse relationship between E/I ratios and WA/LA has also been

observed in OCF (Turner et al., 2014), and the taiga-shield of the Northwest Territories (Gibson

97



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

and Edwards, 2002). Four of the six downstream lakes we sampled had anomalously high E/I ratios
compared to their WA/LA (Figure 4.5a). Downstream lakes receive evaporated inflow from their
upstream lakes, which is then evaporated further in the downstream lake, producing an enhanced
E/l ratio. When downstream lakes are removed from the regression between E/I and WA/LA, the

R? improves from 0.74 to 0.82.

We estimated E/I for lakes in the study area using the strong relationship between average
E/l and WA/LA. This was done by delineating the watersheds of lakes larger than 0.25 ha in the
study area (Figure 4.1) and applying the fitted regression between log(WA/LA) and average E/I for

the headwater lakes we sampled:

AverageE /I = —0.10867 = log(WA/LA) + 0.37007 (4.3)

The resulting histogram of average E/I (Figure 4.7b) is primarily skewed towards larger
values, because WA/LA is skewed towards smaller values (Figure 4.7a). An average E/I between
0.2 and 0.225 1s most common for lakes indicating the lakes are dominated by inflow. At WA/LA
>30, the estimated E/I becomes 0, and as a result 7% of lakes are predicted to have an average E/I

of O (Figure 4.7b). None of the lakes appear to be approaching desiccation.

We note that this distribution of E/I values is dependent on the timing of our water sampling,
the meteorological conditions present during the study period, and on the properties of the lakes
that we selected. For example, the median lake depth of 34 lakes sampled in this region by Pienitz
etal. (1997) was 3.0 m, similar to the lakes we measured (Table 4.1), however some lakes sampled
by Pienitz et al. (1997) were up to 18.5 m in depth. The relationship we derived between WA/LA
and E/I would likely weaken if deeper lakes had been sampled in our study, since lake surface area
becomes less representative of lake volume when a wider range of lake depths are included. In that

case, calculating the ratio of lake volume to watershed area could be a better predictor of E/I ratios.

We hypothesize that the hydrological response of lakes in this region to climate change will
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Figure 4.7 Distribution of (a) watershed area/lake area and (b) evaporation-to-inflow for 7340 lakes and
their watersheds in the study area. Average evaporation-to-inflow is estimated using the relationship with
watershed area/lake area of headwater lakes. Note that the leftmost bin in panel (a) is only half the width of
other bins, reflecting the rejection of all WA/LA <1.5 that we applied when filtering the data.

be strongly influenced by their WA/LA. Recent predictions of future Arctic precipitation indicate
greater rainfall, snowfall and more annual precipitation overall (Brown and Mote, 2009; Bintanja
and Andry, 2017; Bintanja et al., 2020) and in OCF increased rainfall is already reducing lake E/I
ratios (MacDonald et al., 2021). We would expect that under wetter conditions E/I ratios would
decrease for all lakes, and the threshold where average E/I = 0 would also decrease. The logarithmic
nature of the relationship between WA/LA and E/I indicates that average E/I is more sensitive to
changes in inflow as WA/LA decreases. Therefore, we expect that lakes with smaller WA/LA would
experience greater reductions in average E/I under a wetter future climate. We also hypothesize
that lakes with larger WA/LA could be more vulnerable to rapid lake drainage because they receive

more inflow and likely experience greater fluctuations in lake level as a result; rapid drainage is
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typically triggered when extremely high water levels lead to the rapid thermo-mechanical erosion

of a new lake outlet (Mackay, 1988; Brewer et al., 1993; Turner et al., 2010).

Alternatively, climate change may lead to a drier future for lakes, as ice-free periods
lengthen, warmer air temperatures increase evaporation and permafrost thaw leads to landscape
drying (Walvoord and Kurylyk, 2016; Koch et al., 2022; Webb and Liljedahl, 2023). A combination
of such conditions has already caused lake contraction in western Greenland (Finger Higgens et al.,
2019). If drier conditions prevail, given the logarithmic nature of the relationship between WA/LA
and average E/I, we expect lakes with smaller WA/LA will experience greater increases in average
E/I. If future climate change causes sufficiently dry conditions to cause lake desiccation, a large
number of lakes in the study area could potentially be affected, given that the distribution of WA/LA
in the region is skewed towards smaller values of WA/LA, with many lakes possessing a WA/LA
<4 (Figure 4.7a). The ’drier future’ scenario may seem less likely to result in lake desiccation given
that lakes are currently dominated by inflow, however the portion of precipitation converted into
runoff can be halved during dry periods when compared to wetter periods (Stuefer et al., 2017),

further reducing runoff to lakes.

Future studies could build on our hypothesis that WA/LA will mediate the response of
lakes to climate change by comparing past changes in lake surface area, via remote sensing and
paleohydrological analyses, with WA/LA. We would expect that during drier periods, lakes with
smaller WA/LA experienced greater reductions in lake surface area than lakes with larger WA/LA.
Previous studies from this region have already found that lakes change in surface area in response
to seasonal (Cooley et al., 2019) and multi-year (Plug et al., 2008) shifts in precipitation, indicating

that changes to lake water balances can be observed by tracking changes in water surface area.
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4.7 Conclusions

Water isotope-derived metrics were used to derive distinct seasonal phases of lake water balances
for 25 thermokarst lakes in the tundra uplands east of the Mackenzie Delta (Northwest Territories,
Canada). The Freshet Phase saw lakes experience a reduction in E/I and a shift of 67 values towards
op, as a mixture of soil water and snowmelt-sourced freshet entered lakes and evaporation was
minimal due to lake ice cover. Following this period was the Evaporation Phase, where minimal
precipitation and warm and sunny conditions led to increasing E/I ratios and no change in 1. Then,
a brief and intense period of rainfall led to minimal response in E/I and d; at lakes, as dry soils
absorbed most of the precipitation during the Soil Wetting Phase. In the final stages of summer
during the Recharge Phase, air temperatures declined and precipitation was unseasonably high,
causing reductions in E/I and a shift of 61 towards or as lakes received increased runoff from their

watersheds and evaporation rates were reduced.

Comparison of water isotope-derived lake water balance components with lake and water-
shed attributes shows that WA/LA explains the majority of variability in E/I among lakes. The
strong relationship between average E/I and WA/LA allowed us to predict the average E/I for 7340
lakes in the study region. Predicted average E/I values were low compared to other regions of
thermokarst lakes, only reaching 0.33, indicating that lakes are not currently near risk of desicca-
tion. We hypothesize that lakes with larger WA/LA will be more prone to rapid drainage if future

conditions are wetter.

Few studies have directly investigated the influence of WA/LA on E/I (Gibson and Edwards,
2002; Turner et al., 2014), but given the strong relationship we found, WA/LA could serve as a
useful metric in other permafrost environments for characterizing thermokarst lake water balances
and predicting the vulnerability of lakes to climate change. The non-uniform response of lake
surface area to past climate change (Smith et al., 2005; Plug et al., 2008; Arp et al., 2011; Jones

etal., 2011; Andresen and Lougheed, 2015) may also be explained by WA/LA; future studies could
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investigate whether lakes with smaller WA/LA are more likely to decrease in surface area than
lakes with larger WA/LA. Further associations between WA/LA and biogeochemical properties of
lakes may also exist, as E/I has been linked to the biogeochemistry of a wide range of lakes, from

tropical to tundra environments (Kosten et al., 2009).

4.8 Chapter 4 Appendix

4.8.1 Isotope framework

The calculation of the point of maximum evaporative isotopic enrichment, or the isotope composi-

tion of lake at the point of desiccation (& "), Gonfiantini (1986):

s hxoas+er+ (e /a¥)
~ h—sgp - (e/a¥)

4.4)

where a* is the fractionation factor between the liquid and vapour phase of water, €* and & are the
equilibrium and kinetic separation terms, with £* serving as a convenient expression of @* , where
g* = a" — 1. The term h represents the relative humidity for the open water season (see below).

Equilibrium fractionation (a*) was calculated following equations from Horita and Wesolowski

(1994):
103 10° 10°
1000[n * a* = —7.685 + 6.7123 107 _ 1.6664 102 +0.35041 = 107 4.5)
T T2 T3
for 5180 and
T3 T? T 10°
1000/n * a* = 1158.8 * — — 1620.1 % — + 794.84 %+ — — 161.04 +2.9992 « —  (4.6)
109 106 103 T3

for 62H, where T represents the temperature of the interface (K) (see below). The kinetic separation
term g was calculated as:

exr=xx*(1=nh) 4.7)
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where x = 0.0142 for 6'80 and x = 0.0125 for 6°H (Gonfiantini, 1986). &as represents the
isotope composition of atmospheric vapour, which we assume is in equilibrium with the isotope
composition of summertime precipitation (dps, Gibson and Edwards, 2002). We can therefore

estimate 0 ag as:

Oas = (6Ps - 8*/0'*) (4.8)

The reference point of when E/I =1 (6gs1,) was calculated using:
Ossp = (@ «6px(1—h+ep))+a" «h=Sp,+a” xg +&° 4.9

where dps represents average precipitation (Gonfiantini, 1986).

Data for air temperature and relative humidity were collected at Trail Valley Creek near the
centre of the study area. The time period used for the average air temperature and relative humidity
spans from when lakes became ice-free (June 15, 2018) until the last day of sampling (September
3, 2018) to match the time span between the first and last sampling dates. For a few dates, air
temperature was not recorded by the TVC meteorological station maintained by the Meteorological
Service of Canada, and air temperature from another meteorological station at TVC was used

instead.

The isotope composition of the lake-specific input water (67) was calculated following Yi
et al. (2008), where 7 is estimated as the intersection of the LMWL and the lake-specific LEL,
defined as the line between the measured isotope composition of the lake (61 ) and dg, which is the
isotope composition of vapour evaporating from the lake. 0 was calculated following Gonfiantini

(1986):
_ Br=eN/(@" — b — )

)
E 1—h—8k

(4.10)

01, 0 and o, were then used to calculate the ratio of evaporation to inflow (E/I) as described by Yi
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et al. (2008) and others as:

E_odr=o 4.11)
I 65-06; '

assuming that lakes are well mixed and in hydrological and isotopic steady state.
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Table 4.3 List of variables used in isotope framework and their values.

Variable (unit)  Description Source Value(s)
Measured
T (K) Average air temperature from June 15 to Trail Valley Creek 281.95
September 3, 2018 (WMO ID: 71683)
h (%) Average relative humidity from June 15 to Trail Valley Creek 78.3
September 3, 2018 (WMO ID: 71683)
5s (180, °H) Average isotope composition of snowpack Samples from -24.61,
(%o0) samples. study region -184.19
sr (120, ?H) Average isotope composition of rainfall Samples from -17.03,
(%o0) samples. study region -129.54
sp (120, 2H) Average of ds and OR. Samples from -21.24,
(%o0) study region -160.1
Sps (120, 2H) Average isotope composition of precipitation Samples from -16.79,
(%o0) during the ice-free period. study region -129.15
5. (180, ?H) Isotope composition of lake water. Samples from Many
(%o0) study region
LMWL (slope, Local meteoric water line, calculated usinga Samples from 7.1,
intercept (%o0))  linear regression through ds and or samples. study region -10.0
Computed
o (180, %H) Fractionation factor between the liquid and ~ Equation 4.5, 4.6 1.0109,
vapour phase of water. 1.0986
" (180, °H) Equal to o —1 Equation 4.5, 4.6 0.0109,
0.0986
g (180, ?H) Kinetic separation factor between liquid and  Equation 4.7 3.08,
vapour phases of water. 2.71
5as (120, 2H) Isotope composition of atmospheric water Equation 4.8 -27.58,
(%00) vapour. -207.7
sg (180, 2H) Isotope composition of water vapour Equation 4.10 Many
(%o0) evaporating from a lake.
5 (180, 2H) Theoretical isotope composition of a water Equation 4.4 -9.88,
(%o0) body at the point of total desiccation. -101.1
LEL (slope, Local evaporation line, representing a Equation 4.4 5.2,
intercept (%0))  theoretical lake evaporation line where -48.9
o1 = Op.
61 (20, 2H) Estimated average isotope composition of 61,  Equation 4.10 Many
(%o0) source water.
E/I Evaporation-to-inflow ratio. Equation 4.11 Many
dsst. (180, 2H)  Isotope composition of a lake where E/I =1 Equation 4.9 -12.59,
(%oo) and o1 = Op. -115.70

105



Chapter 5

Snowmelt speed, antecedent rainfall and
lake ice cover duration drive year-to-year

changes in thermokarst lake water balances

5.1 Abstract

During the past several decades, thermokarst lakes in the Inuvik-Tuktoyaktuk region have been
observed to fluctuate in surface area in response to changing precipitation amounts and air tem-
perature. This region is one of the fastest warming in the world, which is lengthening the time
lakes are ice-free and exposed to evaporation, while precipitation amounts are also expected to
increase with climate change. To understand how thermokarst lake water balances in this region
vary in response to changing meteorological conditions, three years of direct water balance mea-
surements were made at Big Bear Lake near the Trail Valley Creek research station, which is a
hydroligcally-typical lake for the region (Chapter 4). Lake level (LL) was recorded with a pressure
transducer, outflow (Qoy) was estimated with a stage-discharge relationship derived from manual

discharge measurements made in the lake outlet, precipitation (P) was measured using a shielded
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weighing gauge, evaporation (E) was estimated using the Priestley-Taylor model, and inflow (Qjy)
was calculated as the unknown of the lake water balance equation: ALL = Qj, - Qout + P - E.
Results showed that when snowmelt occurred rapidly, both the maximum lake level reached before
the snow dam in the lake outlet failed, and the conversion efficiency of the snowpack into inflow
(runoff ratio), were greater. During the summertime, the runoff ratio increased with precipitation
and when the previous year’s precipitation was greater than average, as the soil moisture conditions
of the previous year are frozen into the active layer, until the active layer thaws. Evaporation losses
from the lake varied between 226 to 296 mm and was predominantly affected by the length of time
that the lake was ice-free. Prior to the lake becoming ice-free, the high solar radiation conditions
created a high potential for evaporation (4 to 6 mm day'), suggesting that earlier ice-free dates
in the future may have a disproportionate impact on evaporation losses when compared to later
ice-on timing. Future responses of lake water balance to climate change will depend on the balance
between increasing precipitation that could drive more runoff to lakes versus shrub expansion,
permafrost thaw and hummock collapse that will reduce the ability of watersheds to convey runoft,

and the lengthening ice-free period that will increase evaporative losses from lakes.

5.2 Introduction

Thermokarst lakes are common features in areas of continuous permafrost and regulate the flow of
water throughout the landscape (Woo, 2012). Rapid warming in the Arctic is causing non-uniform
changes to lake water balances: in some areas lake evaporation has increased enough to cause
lakes to shrink or desiccate (Smol and Douglas, 2007; Finger Higgens et al., 2019), while in other
areas rainfall has increased alongside air temperatures and lead to greater increases in inflow than
evaporation (MacDonald et al., 2021). The rate of rapid lake drainage, which can be triggered by
extremely high lake levels that lead to run-away thermomechanical erosion of a lake outlet (Brewer

et al., 1993; Marsh and Neumann, 2001), is also changing throughout the Arctic as lake water

107



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

balances respond to climate change (Nitze et al., 2020; Webb et al., 2022). Many remote sensing
studies have quantified changes in lake surface area and drainage around the Arctic (Smith et al.,
2005; Smol and Douglas, 2007; Plug et al., 2008; Marsh et al., 2009; Arp et al., 2011; Jones et al.,
2011; Anderson et al., 2013; Andresen and Lougheed, 2015; Nitze et al., 2017; Finger Higgens
et al., 2019; Travers-Smith et al., 2021), but fewer studies have investigated how changes in lake
water balance components, such as evaporation and inflow, may have contributed to changes in lake

surface area and rapid lake drainage.

Most previous studies of lake water balance in the Arctic can be divided into two ap-
proaches. One approach involves taking direct measurements of lake water balance components
using measuring devices such as water level recorders, typically in combination with a lake evapo-
ration model (e.g. Woo et al., 1981; Roulet and Woo, 1988; Pohl et al., 2009). Another approach
uses water isotope composition to estimate the ratio of evaporation-to-inflow (E/I) for many lakes
using water samples taken a few times per year (e.g. Chapter 4; Turner et al., 2014; MacDonald
et al., 2017). Unlike water isotope approaches, direct measurements capture changes in lake level
and can be used to quantify individual components of lake water balances volumetrically at a fine
temporal scale (hours, days). Also, the limited mixing between freshet and pre-freshet lake water
in ice-covered lakes means water isotope methods may not capture the volumetric contributions
of freshet runoff to lake inflow (Chapter 3), which is typically the largest potential water source
for thermokarst lakes (Woo, 1980). Direct measurements of lake water balance components in the
Arctic have been made in the past (Woo, 1980; Marsh and Bigras, 1988; Hardy, 1996; Pohl et al.,
2009), but measurements longer than a year or two are rare, leaving a gap in our knowledge of how
years with different meteorological conditions cause variability in individual lake water balance

components.

The western Canadian Arctic contains thousands of thermokarst lakes that fluctuate in area
in response to precipitation and are vulnerable to rapid drainage (Mackay, 1988; Plug et al., 2008).

The rate of rapid lake drainage has increased during the past 15 years in the western Canadian
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Arctic, likely in response to warmer air temperatures which have promoted permafrost thaw (Burn
and Kokelj, 2009; Bush and Lemmen, 2019; Kariyawasam, 2022). Previous research by Pohl
et al. (2009) modelled summertime lake levels in the region to evaluate when extremely high lake
levels occurred, to better understand when lakes are vulnerable to rapid drainage. However, this
study did not include the freshet period, during which the highest yearly lake levels occur as snow
dams trap water in lakes until the snow dam fails (Heginbottom, 1984; Marsh and Hey, 1989;
Braun et al., 2000). The high lake levels caused by snow damming can initiate rapid lake drainage
(Mackay, 1988; Jones and Arp, 2015), making it important to understand the interplay between
snow dams and lake level. While snow dams have been observed to increase lake levels to their
yearly maximum, no research has evaluated how the maximum lake levels caused by snow damming

varies from year to year.

We measured lake water balance at a thermokarst lake in the western Canadian Arctic for

three years with the aim to:

1. Compare year-to-year differences in lake evaporation, inflow, and lake level to varying

meteorological conditions, such as air temperature, rainfall and snowfall.

2. Evaluate the drivers of inter-annual variability in lake evaporation, inflow and lake level

extremes.

3. Explore the influences on runoff ratios during the freshet and the snow-free period.

By quantifying the drivers of lake water balance components we can evaluate the sensitivity of
lakes in this region to predicted increases in air temperature and precipitation (Lee et al., 2021).
This study will also provide valuable data for developing and testing hydrological models needed

for predicting how lakes will change into the future.
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5.3 Study Area

Water balance measurements were made at Big Bear Lake, located in the Trail Valley Creek
research watershed 45 km north of Inuvik and 80 km south of Tuktoyaktuk in the Northwest
Territories, Canada at 68.74°N, 133.52°W (Figure 5.1). Big Bear Lake has a surface area of 6.4
ha, a watershed area of 42.9 ha, and a maximum depth of 2.75 m (Table 5.1). The vegetation cover
of the watershed, based on a vegetation map generated by Griinberg and Boike (2019), comprises
roughly one quarter each of tall shrubs (> 1 m height), dwarf shrubs (< 1 m height), and grass
tussocks, with the remaining quarter of the watershed covered by areas of riparian shrubs (14.9%)
and lichen (9.1%, Figure 5.1, Table 5.1). Based on analysis in Chapter 4, the ratio of watershed
area to lake area (WA/LA = 6.7, Table 5.1) is near the median of lakes in this region (WA/LA =
5.5, Figure 4.7). The ratio of evaporation-to-inflow, based on isotope-mass balance modelling, is
predominantly controlled by WA/LA (Chapter 4, Figure 4.5), meaning that Big Bear Lake likely

represents a typical lake for this region.

Table 5.1 Attributes of Big Bear Lake and its watershed. Percentages refer to the % coverage of vegetation
types for the watershed.

Attribute Value
Lake Surface Area (ha) 6.4
Maximum Depth (m) 2.75
Watershed Area (ha) 42.9
Watershed Area/LLake Area 6.7
Average Watershed Slope (°) 4.9
% Tall Shrub 27.4
% Riparian Shrub 14.9
% Dwarf Shrub 22.0
% Tussock 26.5
% Lichen 9.1

Between 1991-2020, the mean annual air temperature in Inuvik was -8.0°C, while during
the same period rainfall averaged 114 mm and snowfall averaged 127 mm (water equivalent). The

end-of-winter snow water equivalent measured in the 58 km? Trail Valley Creek watershed, of

110



Chapter 5. Drivers of year-to-year changes in thermokarst lake water balances

which Big Bear Lake is a part of, was 147 mm (Marsh et al., 2019). The region between Inuvik and
Tuktoyaktuk comprises of mostly tundra uplands containing lichen, tussock, and shrub vegetation
cover types. Thousands of thermokarst lakes inhabit this region, most ranging in area from 1 - 1000
ha and 2 - 4 m depth (Pienitz et al., 1997). The area is underlain by continuous permafrost 200 -
700 m thick and taliks (areas of permafrost-free sediment) exist beneath lakes that are deep enough
to not freeze to their bed. Snowmelt runoff typically begins in mid-May and lakes usually become
ice-free by mid-June before becoming ice-covered in mid-October (Burn and Kokelj, 2009). The
Big Bear Lake watershed is covered by mineral earth-hummocks 0.5 to 1.0 m wide of extremely
low hydraulic conductivity, with a porous peat matrix forming a network between the hummocks

that facilitate subsurface runoff through the watershed (Quinton et al., 2000).

The climate is changing rapidly in this region. Mean annual air temperature has warmed
by over 2.5°C degrees between 1970 and 2009, causing permafrost temperature warming by an
even greater amount (Bush and Lemmen, 2019), while deciduous shrubs have been expanding
their coverage by encroaching into shrub-free tundra during the past several decades (Lantz et al.,
2013). Consequently, permafrost thaw has been observed in the region, leading to the degradation
of mineral-earth hummocks in forested and fire-affected areas (Kokelj et al., 2007), increases in
thaw slumping and rapid lake drainage (Lantz and Kokelj, 2008; Kariyawasam, 2022), and ground
subsidence (O’Neill et al., 2019a).
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Figure 5.1 Location of Big Bear Lake and instrumentation, including meteorological stations, water level

record and discharge measurement locations. Vegetation cover map sourced from Griinberg and Boike
(2019).

5.4 Methods

5.4.1 Lake water balance measurements and calculation

Instrumentation installed at the Big Bear Lake watershed was used to calculate the lake water

balance, following the equation:

ALL =Qiy —Qous +P-FE 5.1
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where ALL is change in lake level, Qj, is inflow to the lake via incoming streams or subsurface
flow, Qo is outflow from the outlet of the lake, P is precipitation falling directly into the lake
when it is ice-free, and E is evaporation from the lake. The units of all variables in the equation
are represented as changes in lake level over time (mm day!). A water balance was calculated
from May 1 until October 31 of 2017, 2018 and 2020 to encompass the snowmelt period through
lake and soil freeze up. The water balance in 2020 ends on October 4 as the water level recorder
stopped logging data on that day. Each water balance component is calculated at a daily timescale
using data that were collected hourly or half-hourly. The storage capacity of the lake (i.e., the
relationship between lake level and the volume of water stored in the lake) is assumed to remain
constant during the study period. The quantities of LL, Qy, P and E are measured or calculated,

and Qjj, is calculated as the unknown variable in Equation 5.1, such that:

Qin=0out —P+E+ALL (5.2)

LL was measured using a pressure transducer-type water level recorder, with water pressure
corrected for changes in air pressure using data from the nearby meteorological station northeast of
the lake (Figure 5.1, WMO ID = 71683). Lake level was offset at the start of every year such that
LL = 0 at the start of the freshet period before any snowmelt runoft had flowed into the lake, as the
lake would drain down to its sill level every autumn. Precipitation was measured using a shielded
weighing gauge at the same meteorological station where air pressure was measured (Figure 5.1).
On July 9, 2020 the precipitation gauge at the meteorological station stopped functioning, and
precipitation data collected in Inuvik, 45 km south of Big Bear Lake, was used instead. Snow water
equivalent on the ground at the end of winter was measured in the Trail Valley Creek watershed at
several long-term monitoring transects representing different landscape and vegetation cover types
(Marsh et al., 2019). Snow surveys were not completed at Trail Valley Creek in 2020, and data

from Caribou Creek, 76 km south of Inuvik, were used to estimate snow water equivalent for 2020
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(Appendix 5.8.1).
Evaporation was estimated following the Priestley-Taylor (PT) method (Priestley and Taylor,

1972) as:

E=a'(s/(s+7)Q"/Lvp (5.3)

where @’ is an empirical constant that converts actual evaporation to equilibrium evaporation, s
is the slope of the temperature-saturated vapour pressure curve, y is the psychrometric constant,
net radiation is Q*, L, is the latent heat of vapourization of water, and p is the density of water.
An o’ value of 1.26, the average found by Priestley and Taylor (1972) for saturated surfaces, was
used. The value s was calculated using the equations developed by Buck (1981). The data used to
calculate E with Equation 5.3 were obtained from a meteorological station at the shore of the lake
that measured incoming and outgoing short and longwave radiation, air temperature, air pressure,
humidity and wind speed (Figure 5.1). The radiometer was placed on an arm that overhung the
lake so that the instrument measured outgoing radiation from the water surface. While PT can be
inaccurate over short periods of time (hours to days), the accuracy of this method for lakes in this
region was found to be within 15% over periods of one to two months (Marsh and Bigras, 1988).
When the lake was ice-covered, evaporation was set to 0. Heat flux into the lake bed was not
accounted for in the calculation of PT evaporation, as previous studies have found that heat flux
into the lake bed typically accounts for only 2-3% of the lake energy balance in this region (Marsh
and Bigras, 1988). During 2020, the radiometer was not functioning at the lake meteorological
station, and radiation data from a radiometer located at the meteorological station northeast of Big
Bear Lake were used to calculate evaporation. A regression between daily evaporation rates from
2017 and 2018 calculated using the Priestley-Taylor method and average incoming shortwave and

longwave radiation was used to estimate evaporation for the year 2020 (R? = 0.97).

Outflow (Qoyt) Was initially estimated using a v-notch weir and accompanying water level
recorder installed in the outlet of Big Bear Lake (Figure 5.1), however the weir was breached by

strong outflows during the freshet of 2017. The weir was removed shortly after it was damaged,
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after which Qo was estimated using a stage-discharge relationship generated in 2017 and 2018.
Discharge was measured in 2017 and 2018 using an acoustic Doppler velocimeter downstream of
the lake outlet at a place where channel geometry was most suitable for Q.. measurements. Lake
level data were then correlated with Q,,; measurements and weir discharge measurements prior to

weir failure to generate the stage-discharge relationship:

Qour = 2527.4 % LL* — 125.59  LL + 1.5602 (5.4

Discharge measurements of Qo taken during low-flow periods were less reliable because the
limited water depth (<10 cm) in the outlet channel makes it more difficult for the velocimeter to
measure the speed of water flow accurately, however some amount of flow from the outlet was
always observed when Q,,; measurements were made. To account for the reduced measurement
quality of Qqy¢ at low-flow conditions, and reflect observations of continual outflow from the lake,
Equation 5.4 was only used if Qg was >1.5 litres per second, but if Qqywas <1.5 litres per second,
outflow was set to equal one litre per second. On days where Q¢ and evaporation did not fully
account for losses in lake level even if Q;, was 0, Qj, was set to 0 and Q. was defined as the

minimum Q,y required to account for the loss in lake level.

In 2017 when there was a weir and water level recorder installed in the lake outlet, only a
minimal amount of Q¢ was observed (37 mm) before snowdam failure. During the lead up to snow
dam failure in 2018 and 2020, we assume that Q,y is equal to 0, as Equation 5.4 cannot be applied
because the snow dam modifies the relationship between stage and discharge. The lack of weir
Qout measurements in 2018 and 2020 also meant a special approach was applied to estimate Q¢
between snowdam failure and the outlet returning to a state where the stage - discharge relationship
was valid. First, the rate of Qj, the day before snowdam failure was assumed to be equal to the rise
in lake level that day, since there is little to no outflow before snowdam failure. It was then assumed

that on the day after snow dam failure that Q;, is equal to the day before, and that Qqy is equal
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to the Qj, from the day before plus the decline in lake level on the first day of snow dam failure.
Then the day when the rapid decline in lake level ended due to the erosion of the snow dam was
identified, and the stage-discharge relationship to estimate Q¢ on that day was used. For the days
in between snowdam failure and complete snowdam erosion, a linear weighted average to estimate
Qout between the the day of snowdam failure and the day when the snowdam was fully eroded was

used.

Given some of the compromises made in our water balance equation (e.g. Qg set to 1.5
litres per second in low flow scenarios, Qj, cannot be < 0), our water balance calculations do
not fully conserve mass. To evaluate the amount of error in the water balance, we also calculate
the residual (e.g. whether extra water was added or subtracted from the water balance during
calculation) as:

Residual = Qi+ P — ALL — E — Qpus (5.5
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Figure 5.2 Air temperature and cumulative precipitation for the period of April 20 to October 15 for 2016-
2020. Climate normals from 1991-2020 were calculated from data collected in Inuvik, 45 km south of the
study site (WMO ID: 71364). The standard deviation of air temperature is lowered by one degree because
Inuvik is warmer on average than Trail Valley Creek by roughly that amount, and climate normals for Trail
Valley Creek are not available.
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5.5 Results

5.5.1 Freshet Period

The pre-freshet snowpack stored a similar amount of water in all three years, ranging between 131
to 144 mm SWE (Table 5.2). Consistent above-zero temperatures came earlier in 2017 than in 2018
and 2020 (Figure 5.2), consequently causing Big Bear Lake to become ice-free on June 8, whereas
in 2018 and 2020 the lake became ice-free on June 16 and June 17, respectively (Table 5.3). In all
three freshet periods the amount of precipitation was low to average, ranging from 10 to 31 mm

(Table 5.2), while the average from 1991-2020 was 29 mm (Figure 5.2).

Lake level behaviour during the freshet varied between the three years. In 2017, freshet
lake level rose 0.47 m above the pre-freshet lake level before snow dam failure, whereas in 2018
and 2020 lake level maxed out at 0.27 m above pre-freshet lake levels before snowdam failure
(Figure 5.3). The rise in lake level up until snow dam failure was rapid in 2017, with lake level
rising several centimetres per day coinciding with abnormally warm air temperatures that were
> 5°C (Figure 5.2). In 2018, lake level rose comparatively more slowly than in 2017 and 2020,
taking roughly two weeks to rise 0.12 m before a sharp rise in lake level occurred on June 1, which
triggered snow dam failure. Data are missing for part of 2020, but the rise in lake level when data
begins is also rapid, similar to 2017. All three snow dam failures are marked by a rapid decline in
lake level, however the snowdam failure in 2020 appears to have occurred more slowly, leading to
a smoother transition between rapid increases and decreases in lake level. Maximum lake levels
reached during the freshet were more than double the maximum lake levels reached post-freshet in

all three years (Figure 5.4).

In all three years the majority of Q;, flowed into the lake during the freshet period, repre-
senting 53%, 62% and 58% of total yearly Q;, for 2017, 2018 and 2020 respectively (Table 5.2).
Qjn was similar in 2017 (764 mm) and 2018 (718 mm), but comparably lower in 2020 (560 mm,

Table 5.2). The efficiency at which the snowpack and freshet precipitation was converted into Qj,

118



Chapter 5. Drivers of year-to-year changes in thermokarst lake water balances

Table 5.2 Yearly summary of lake water balance components for Big Bear Lake. Freshet is defined as May 1
until June 15, and June 15 until October 31 is classified as summer. Summer runoff ratios are calculated by
dividing the inflow by the ratio between the lake area and watershed area, and then dividing by precipitation.
Freshet runoff ratios are calculated the same as the summer, using the total of the snowpack water equivalent
and freshet precipitation.! Snow surveys were not completed at Trail Valley Creek in 2020, and instead values
from Environment and Natural Resources Northwest Territories scaled using the offset from the average at
Caribou Creek, measured 76 km south of Inuvik (Appendix 5.8.1). Precipitation - Evaporation is calculated
by adding freshet and summer precipitation and then subtracting by evaporation.

Precipitation (mm)  Inflow (mm) Runoff Ratio  Evaporation Metrics
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2017131 11 197 208 | 764 669 1433 | 0.80 0.51 0.63 | 296 2.3 0.21 -88 53
2018 141 31 135 166 | 718 445 1163 | 0.62 0.49 0.57 | 226 2.1 0.19 -60 62
2020 '144 10 142 152 | 560 402 962 | 0.58 0.42 0.49 | 272 2.3 0.28 -120 58

was variable: the runoff ratio during the freshet was 0.80, 0.62 and 0.57 for 2017, 2018 and 2020

respectively (Table 5.2).

5.5.2 Summertime Period

Each ice-free period encapsulates a unique set of meteorological conditions. The year 2017 received
by far the most summertime precipitation, totaling 197 mm between June 15 and October 31, while
2018 received an average amount of precipitation of 135 mm and 2020 received a similar amount
of precipitation (142 mm, Figure 5.2, Table 5.2). Mean air temperature during the summer period
was warmest in 2017 at 7.5°C, coldest in 2018 at 4.7°C, while 2020 had an average air temperature
of 5.3°C. In 2018 the lake became ice-covered on September 30, earlier than in 2017 (October 13)
and 2020 (October 12) (Table 5.3).

Comparison of lake levels post-freshet reveals divergence between the three years. Lake

levels remain above pre-freshet lake level for the entirety of 2017, the wettest of the three summers,
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Table 5.3 Summary of yearly meteorological conditions and lake ice cover. Freshet is defined as May 1 to
June 15, with summer defined as June 16 until October 31. Mean air temperature and precipitation from
1991-2020 is calculated using data from Inuvik, which is further south and typically warmer than Trail Valley
Creek.

Ice-off Ice-on Ice-free Freshet Mean Summer Mean Summer Total

Year Date Date Days Air Temp. (°C) Air Temp. (°C)  Precip. (mm)
2017 08-Jun 13-Oct 127 2.1 7.5 197
2018 16-Jun  30-Sep 106 0.3 4.7 135
2020 17-Jun  12-Oct 117 1.6 53 142
1991-2020

Mean, Inuvik N/A N/A N/A 4.0 6.3 135

while lake levels fall below pre-freshet lake levels in 2020, the driest of the three summers (Figure
5.4). Large rainfall events >15 mm drive sharp increases in lake level from 30 to 70 mm, with one
or two large rainfall events visible during the first six weeks of summer in all three years (Figure

5.4).

Evaporation at the lake varied between the three summers: the wettest summer (2017) also
experienced the greatest amount of total evaporation loss from the lake (296 mm) and the highest
average evaporation rate (2.3 mm day’!) (Table 5.2). In 2018 evaporative losses from the lake
were 226 mm, 24% lower than in 2017, however the average evaporation rate in 2018 was only 9%
lower (2.1 mm day™!). In 2020, the average evaporation rate was the same as 2017 (2.3 mm day!),
however a shorter ice-free period meant that 2020 had less evaporation (272 mm) than in 2017
(Table 5.2). The ratio of evaporation to inflow was highest in 2020 (0.28), lowest in 2018 (0.19) and
slightly higher in 2017 (0.21, Table 5.2). The evaporation deficit (Freshet + summer precipitation -
evaporation) was also highest in 2020 (-120 mm), lowest in 2018 (-60 mm), and slightly higher in
2017 (-88 mm, Table 5.2). Evaporation rates were highest for the first couple months after the lake

became ice-free, while evaporation rates became minimal after September 1 (Figure 5.4).
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Figure 5.3 Cumulative water balance of Big Bear Lake for 2017, 2018 and 2020 during the freshet period.
Snow dam failure points and subsequent declines in lake level are indicated for each year. Water flux is
displayed as cumulative changes of water flux in millimetres of lake level (i.e. 1000 mm Qj, = 1000 mm
increase in lake level).
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Figure 5.4 Cumulative water balance of Big Bear Lake for 2017, 2018 and 2020. Snow dam failure points
and subsequent declines in lake level are indicated for each year. Water flux is displayed as cumulative
changes of water flux in millimetres of lake level (i.e. 1000 mm Qj, = 1000 mm increase in lake level).
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5.6 Discussion

5.6.1 Snow dam dynamics

Snow dam failure occurred at 270 mm above pre-freshet lake levels in 2018 and 2020, however in
2017 snow dam failure occurred at 470 mm above pre-freshet lake levels. In 2017, air temperatures
rose to >10°C for two days on May 15-16 after a week of near-zero temperatures (Figure 5.2),
causing a large amount of freshet runoff to flow into lakes rapidly. Snow dam failure occurred later
in the snowmelt period in 2018 and 2020, making it likely that the snow dams had more time to
melt before lake levels rose enough to cause failure. The snowpack in 2017 was the lowest of the
three years at 131 mm, suggesting that larger snowpacks do not lead to higher lake levels at snow
dam failure. These results imply that a fast snowmelt earlier in the snowmelt period may cause

greater lake level maximums when snow dams are present.

The increase in lake level caused by snow dams at Big Bear Lake was at the smaller end of
the range when compared to other lakes where snow dams have been studied. Heginbottom (1984)
measured an 80 cm decline in lake level following snow dam failure at a lake in the Canadian High
Arctic, while Woo (1980) observed declines in lake level of 40 to 120 cm following snow dam
failure at a different Canadian High Arctic lake. Arp et al. (2020a) has observed smaller declines
in lake level of 30 to 80 cm caused by snow dam failure in drained thaw lake basins in the northern
Alaskan coast, where snow dams cause former lakes to temporarily refill until snow dam failure.
Snow dams at High Arctic lakes form as a result of snow accumulation in the incised topography of
the lake outlet channels (Woo, 1980; Heginbottom, 1984), while at Big Bear Lake we observed that
the tall riparian vegetation (1 - 2 m) growing in lake outlet channels traps blowing snow to form
the snow dam. Increased shrub growth (Lantz et al., 2013) combined with increases in snowfall in
the future (Lee et al., 2021) could lead to increases in snow dam height in the future, potentially

raising the lake levels required to cause snow dam failure.

Understanding the timing of snow dam failure, and the magnitude of the resulting outflow

123



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

from the lake, is important for modelling freshet runoff in lake-rich arctic watersheds, given the
large amount of outflow in a short period of time after snow dam failure. Our field observations
note that the initiation of streamflow in Trail Valley Creek involves substantial discharge through the
snow-choked stream channel, indicative of a large release of water upstream, possibly from a lake
where snow dam failure has occurred. In multi-lake watersheds, snowdam failure of an upstream
lake could trigger snowdam failures at lakes downstream. Future studies could investigate such

dynamics by instrumenting a chain of lakes in a watershed with water level recorders.

5.6.2 Variability of Q;, and runoff ratios

The runoff ratio during the freshet of 2018 was 0.69, lower than the 2017 freshet runoff ratio of
0.80 (Table 5.2). This was surprising, given that the SWE of the snowpack in 2017 and 2018
are similar (131 vs. 141 mm, respectively), and the very wet autumn of 2017 (Figure 5.2) would
have left the active layer wetter than average before freezing, which typically leads to high runoft
ratios during freshet in the following year (Stuefer et al., 2017). Previous isotope studies in this
region have found that the water flowing through streams and remaining in lakes post-freshet is
an equal mixture of snow-sourced and soil-sourced water, indicating that soil water makes a large
contribution to freshet runoff (Tetzlaff et al., 2018, Chapter 3). One difference between 2017 and
2018 that may explain the lower runoff ratio in 2018 was the pace of the snowmelt. Snowmelt
occurred more quickly in 2017 than in 2018, as evidenced by the much sharper rise in lake level,
and shorter time period between the onset of freshet inflow and snow dam failure (Figure 5.4). The
slow snowmelt of 2018 may have allowed a larger portion of the snowmelt to evaporate from the
soil before being able to melt and contribute to freshet runoff; the wetter autumn of 2017 may have
caused the soil surface to be more saturated and vulnerable to evaporation. Additionally, more
snowmelt may have remained in the soil instead of flowing into the lake due to greater storage
capacity of the soil, since the slower snowmelt would have allowed the soil in snow-free areas to

thaw deeper (Chapter 2), increasing soil storage. If snow-free areas do act as a sink for snowmelt
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from other areas of the watershed, it indicates that accurately representing the spatial and temporal
heterogeneity of snowmelt, and subsequently active layer thawing, is important to accurately model

snowmelt runoff for this region.

The year 2020 had a slightly smaller freshet runoff ratio than 2018 (0.58 vs. 0.62, Table
5.2). While 2020 also experienced a later snowmelt than 2017, the preceding year was drier than
average (Figure 5.2), which likely lead to a lower runoff ratio as a result of a drier soil which

required more snowmelt input before generating runoff (Stuefer et al., 2017).

The majority of Qj, occurred during the freshet in all three years, ranging between 53 to
62% of total Qj, (Table 5.2). These values match closely with the long-term averages for Trail
Valley Creek, which experienced 50% of all runoff by June 15 on average between 1985 and 2011
(Shi et al., 2015). The variability in runoff ratios during the freshet controlled the volume of freshet
runoff the lake received, as the variability in the the snowpack volume was comparatively small

(131 - 144 mm, Table 5.2).

Runoff ratios during the summertime are markedly lower than during the freshet, ranging
from 0.51 to 0.42 among the three years (Table 5.2), as the active layer thaws and slows the transit
time of runoff, more soil water is lost through evapotranspiration, and rainfall is intercepted by
shrubs when they have leaves and evaporates (Zwieback et al., 2019a). While the runoff ratio
during the wettest summer (2017) was the highest of the three years, the lowest runoff ratio of the
three years occurred in 2020, which was a slightly wetter summer than 2018 (Table 5.2). Again, we
speculate that the impact of the previous year’s precipitation had a strong impact on summertime
runoff ratios, as observed by Stuefer et al. (2017) who found that the previous year’s rainfall was
as strong a predictor of runoff ratio as the current years precipitation. The year 2018 may have
been drier than 2020, but 2018 followed what was an exceptionally wet year, especially prior to
soil freeze-up in September (Figure 5.2). Contrarily, 2019 was a drier year than average, with little

precipitation in September.

Compared to other regions, the summertime runoff ratios we observed (0.42 to 0.51) were
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high. Kane et al. (1998) observed an average summertime runoff ratio of 0.36 at a 2.2 km?
watershed in the continuous permafrost region of Alaska, while yearly runoff ratios observed by
Stuefer et al. (2017) for a 0.025 km? watershed that is also in northern Alaska ranged from 0.34 to
0.37. The higher runoff ratios we observed may be caused by the presence of inter-hummocks in the
watershed. Inter-hummock zones form a network of peat-filled channels throughout the watershed
that can efficiently convey runoft due to their high hydraulic conductivity (Quinton and Marsh,
1998) and relatively shallow frost table depth (Chapter 2). In other Arctic watersheds runoff ratios
for individual rainfall events typically decline to below 0.1 if the preceding days or weeks were dry
(Kane et al., 1998; Favaro and Lamoureux, 2014). Inter-hummock zones are resilient to drying out
because the water stored in the mineral earth hummocks is fed into inter-hummock zones during
dry periods (Quinton and Marsh, 1998). This relationship between hummocks and inter-hummock
zones may make the soils in our study region less susceptible to drying out, allowing runoff ratios
to remain higher than other Arctic regions. The relatively high runoff ratios observed for this area
may also explain why lakes in this region have relatively lower evaporation-to-inflow ratios when
compared to other regions of thermokarst lakes (Chapter 4). Future runoff ratios may decrease
in this region given that shrub expansion is enhancing permafrost thaw (Chapter 2), which causes
hummocks to collapse and mineral soil to intrude into into inter-hummock zones (Kokelj et al.,

2007), likely lowering the hydraulic conductivity of inter-hummock zones.

5.6.3 Variability in lake evaporation compared to Q;,

The length of the ice-free period for lakes had a strong control on the total evaporation losses -
between the three years the evaporation rate was relatively stable (2.1 to 2.3 mm day™!), however
seasonal evaporative losses ranged from 226 to 296 mm as the length of the ice-free season varied
(Table 5.3). Evaporation is expected to increase into the future as air temperatures rise and the
ice-free period extends (Woolway et al., 2020). Results demonstrate that evaporation rates at ice-off

are much higher than at ice-on (Figure 5.4) because incoming solar radiation is much higher at
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ice-off than during ice-on. Therefore, we suggest that earlier ice-off timing may have a greater
impact on increasing lake evaporation than later ice-on timing. We can estimate the impact of
earlier ice-free timing on lake evaporation by using the regression between incoming radiation and
evaporation developed to estimate lake evaporation in 2020. If Big Bear Lake had become ice-free
10 days earlier than it did in each year, then it would have experienced 49, 39 and 54 mm more
evaporation loss in 2017, 2018 and 2020, respectively. These potential increases in evaporation
represent 17 - 20% increases above the measured evaporation in those years. Global projections of
future lake ice phenology predict a trend of earlier ice-off timing by two days per decade for this
region (Huang et al., 2022), suggesting significant impacts on lake hydrology.

A study of evaporation-to-inflow ratios (E/I) for lakes in this region in Chapter 4 showed
that variability in the ratio among lakes was driven by variability in inflow: lakes that had larger
watersheds received more inflow and had lower E/I as a result. Based on our results, year-to-year
variability in E/I at Big Bear Lake is affected by variability in evaporation and inflow. Even though
2018 experienced less inflow than 2017 (1163 mm vs. 1433 mm), the E/I ratio in 2018 was slightly
lower than in 2017 (0.19 vs. 0.21), however this small difference may not be significant given the
errors and uncertainties in calculating lake water balance. The year 2018 had a lower E/I ratio
because it experienced much less evaporation than 2017 (226 mm vs. 296 mm). The range in E/I
ratios between the three years at this lake (0.19 to 0.28) was much narrower than the range of E/I

among the 25 lakes sampled in Chapter 4 in this region in 2018, which ranged from 0.01 to 0.43.

5.6.4 Uncertainties in water balance calculations

The residual is consistently positive in all three years, indicating that either inputs to the lake have
been over-estimated, outputs have been under-estimated, or a combination of both. Of all the water
balance components we have the most confidence in summer precipitation measurements, given
they were taken nearby the lake using a shielded weighing gauge. Lake level is also likely well

estimated given that air and water pressure were measured near each other with loggers that had
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sub-millimetre accuracy. There may be some error in our estimate of daily evaporation rates, as PT
has been show to be less accurate at smaller timescales (Granger and Hedstrom, 2011), however
over the course of a water year PT tends to be quite accurate method in northern environments,
usually within 15% of true evaporation (Marsh and Bigras, 1988). Evaporation rates measured by
Marsh and Bigras (1988) at lakes in the nearby Mackenzie Delta compare closely to the evaporation
rates we calculated. From mid-June until early September, Marsh and Bigras (1988) measured
evaporation rates of 2.5 to 2.9 mm day™' at one lake, and evaporation rates of 3.9 to 4.6 mm day™' at
another smaller lake which likely had higher evaporation rates due to advection. From June 17 to
August 31, we estimated evaporation rates of 3.1, 2.7 and 3.1 mm day"! in the years 2017, 2018 and
2020 respectively. Additionally, Pohl et al. (2009) estimated total yearly evaporation to be 317 mm
from another lake in the Trail Valley Creek watershed that became ice-free on June 6, comparable

to the evaporation we measured in 2017 (296 mm).

The only remaining lake water balance component that we estimated was Qqy, Which we
suspect has the greatest amount of error and is responsible for the positive residual. The residual of
the water balance appears to increase during low Q;,/Qoy periods (Figure 5.4), suggesting that Qo
is being under-estimated by the rating curve low-flow conditions. This is unsurprising, given the
challenges in accurately measuring low-flow streams with discharge measurement devices. There
may also be some subsurface discharge from the lake, as we noted in the field that the lake water

level was often above the frost table depth by the end of the summer.

5.7 Conclusion

Thermokarst lakes in the Arctic are responding variably to climate change, with both lake expansion,
contraction, and drainage being observed. Few studies have tracked lake water balances over
multiple years and measured the contribution of individual water balance components, making

it difficult to attribute observed changes in thermokarst lakes to changes in different lake water
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balance components. We measured lake water balance components at a thermokarst lake between
Inuvik and Tuktoyaktuk, Canada for three years, finding that (a) rapid snowmelt leads to higher
lake levels at snow dam failure, and higher runoff ratios during freshet, (b) runoff ratios during
snowmelt appear to be driven by the speed of snowmelt, with lower runoff ratios occurring in years
with slower snowmelt, (c) the runoff ratio during summertime is influenced by the wetness of the
previous year, with wetter previous years causing higher runoff ratios in the following year, and (d)
evaporation losses from the lake were mostly controlled by the ice-free period length, as the average
evaporation rate varied minimally between the three years. Lake evaporation losses are likely more
sensitive to the timing of lake-ice off rather than lake ice-on, as the greater incoming solar radiation
present during the ice-off period causes higher potential evaporation rates than during during the
ice-on period.

The climate in this region is predicted to become warmer, with greater snowfall and rainfall,
and longer ice free seasons (Bush and Lemmen, 2019; Lee et al., 2021; Huang et al., 2022). It
is difficult to know whether wetter summers in the future will lead to increased runoff ratios, as
shrubification causes greater rainfall interception and evapotranspiration (Zwieback et al., 2019b;
Black et al., 2021) and permafrost thaw causes hummocks to collapse into inter-hummock zones
(Kokelj et al., 2007). Certainly, it seems that evaporation losses from lakes will increase as the
ice-off dates advance earlier into the spring. Predicting whether these forces which are competing
against each other to either wet or dry lakes will require modeling that can represent the complicated

interaction between permafrost thaw, soil properties, vegetation expansion, and snow.

5.8 Chapter 5 Appendix

5.8.1 Estimating snow water equivalent for 2020

Snow surveys were unable to be completed at Trail Valley Creek in 2020, so we had to rely on

the nearest snow surveys completed at Caribou Creek by Environment and National Resources

129



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

Northwest Territories to estimate what the snow water equivalent (SWE) was at Trail Valley Creek
in 2020. The mean SWE over 26 years at Caribou Creek was 124 mm, while the mean SWE during
the same time period at Trail Valley Creek was 148 mm (Marsh et al., 2019). The mean SWE at
Trail Valley Creek was 1.19 times greater than at Caribou Creek. We multiplied the 2020 SWE
value of Caribou Creek (121 mm) by this value (1.19) to estiate SWE at Trail Valley Creek for 2020

(144 mm).
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Table 5.4 Comparison of Trail Valley Creek and Caribou Creek snow survey data for all years where data
was collected at both sites (n = 26). On average, the SWE measured at Trail Valley Creek was 1.19 times
greater than at Caribou Creek; this number was multiplied by the 2020 snow water equivalent of Caribou
Creek (121 mm) to estimate Trail Valley Creek snow water equivalent in 2020.

Year Caribou Creek (mm) Trail Valley Creek (mm)

2020 121 N/A
2019 121 187
2018 79 141
2017 124 131
2016 95 114
2015 123 122
2014 86 155
2013 158 195
2012 103 167
2011 123 208
2010 93 177
2009 136 162
2008 106 158
2007 114 108
2006 183 193
2005 136 118
2001 180 179
2000 130 169
1999 98 137
1998 109 111
1997 140 143
1996 119 95
1995 136 133
1994 128 124
1993 153 116
1992 130 199
1991 130 107
Mean 124 148
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Chapter 6

Conclusions and Recommendations for

Future Research

Thermokarst lakes are common features in ice-rich permafrost areas that regulate the flow of water
throughout the landscape, influence permafrost thaw and aggradation, and affect greenhouse gas
fluxes (Karlsson et al., 2012; Langer et al., 2016; in 't Zandt et al., 2020). Climate change is altering
lake water balances, as evidenced by changes in lake expansion, contraction and drainage during
recent decades (Smith et al., 2005; Jones et al., 2011; Andresen and Lougheed, 2015; Finger Higgens
et al., 2019). Research conducted within this thesis improves the ability to understand how lake
water balances are being affected by climate change by (1) enhancing knowledge of snow-shrub-
permafrost interactions and how they impact snowmelt and permafrost thaw, (2) documenting
the controls on key freshet processes, including snow damming and snowmelt bypass, and 3)
identifying the meteorological, watershed and lake characteristics that explain observed variability
in lake water balances. This knowledge was generated using a variety of different methods,
including direct measurements of lake water balance components and watershed characteristics,
isotope analysis of lake water samples to estimate lake water balances and lake water sources, and

spatial analysis of remote sensing data to quantify lake and watershed characteristics. This research
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was a part of a larger research program in the Inuvik-Tuktoyaktuk region conducted by the Arctic
Hydrology Research Group in coordination with partners from Wilfrid Laurier University, other
universities, the Government of the Northwest Territories, and residents of the Inuvik-Tuktoyaktuk
region. The main aim of this research is to better understand the impacts of climate change on
the hydrology of continuous permafrost systems. This chapter details how Chapters 2, 3, 4 and 5
contribute to better understanding thermokarst lake water balances and outlines future research to

address remaining knowledge gaps.

6.1 Synthesis of Thesis Contributions

6.1.1 Establishing connections between lake and watershed characteristics

and lake water balance behaviour

The hypothesis that lake water balance behaviour is associated with lake and watershed character-
istics is fundamental to the approach of this thesis, with Chapters 2, 3, 4 and 5 aiming to further our
knowledge in specific areas of this concept. Based on water balance measurements at many lakes,
using multiple methods during both the freshet and the summertime over multiple years, results
demonstrate linkages between multiple components of lake water balances and lake and watershed
characteristics. Chapter 2 explores how key watershed elements that influence runoff, namely
snow, shrubs, and soil, interact with one another, to better understand how runoff may change as
shrubs expand into shrub-free tundra, and changes occur to snowmelt and snow redistribution.
Results from Chapter 2 suggest that birch shrub expansion will enhance permafrost thaw because
the landscape will be snow-free earlier, thus exposing the ground to thaw earlier in the spring. As
birch shrub expansion continues, the deeper frost table could cause hummocks to collapse into
inter-hummock zones, reducing the ability of lake watersheds to convey runoff (Quinton, 1997;

Kokelj et al., 2007). Chapter 3 concludes that deeper lakes retain less freshet runoft than shallower
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lakes. The limited vertical mixing present in ice-covered open-drainage lakes causes freshet to flow
into and out of lakes while only mixing with pre-snowmelt lake water in a thin layer below lake
ice, a process known as "snowmelt bypass". This mixed layer of freshet runoff and pre-snowmelt
lake water comprises a relatively smaller volume at deeper lakes, leading to less freshet runoff
incorporated into deeper lakes. In Chapter 4, the ratio of evaporation-to-inflow (E/I) is found to
be strongly related to the ratio of watershed area to lake area (WA/LA). Results show that lakes
with larger WA/LA have lower E/I ratios because they receive more inflow than lakes with smaller

WA/LA.

New empirical knowledge of how lake and watershed characteristics affect lake water
balances allows lake and watershed characteristics to be used to predict which lakes are vulnerable
to evaporative drawdown or lake drainage in response to climate change. Recent advances in
remote sensing and modelling have generated many high resolution spatial datasets for the Arctic,
including digital elevation models (Porter et al., 2018), waterbodies (Muster et al., 2017), vegetation
height (Bartsch et al., 2020), permafrost temperature (Obu et al., 2019), and ground ice (O’Neill
etal., 2019b). Such datasets can be used to correlate lake and watershed properties with lake water
balance components, which can then be used to predict, or upscale, lake water balance properties
for all lakes in a study region. An initial foray into statistical upscaling is applied in Chapter 4,
where the empirical relationship determined for WA/LA and average E/I is used to predict the

average E/I for thousands of lakes in the study region.

These upscaling approaches provide a better understanding of the total variability in lake
water balances for a region, as data from sampling campaigns can be skewed depending on how
randomly different lakes and their properties are sampled. For example, a statistical upscaling
approach to carbon fluxes concluded that the Arctic has been a carbon sink during the last 25
years, contradicting previous literature and revealing that field-based sampling had been biased
towards locations which were more likely to be carbon sources (Virkkala et al., 2021). With

greater sampling of a wider range of lakes than was conducted in Chapter 4, effects of other
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watershed properties, such as vegetation cover, hillslope angle, etc., may be detectable with more
powerful statistical techniques, such as mixed effects models or random forest models. Statistical
upscaling may simplify complicated hydrological processes into empirically-derived relationships,
however other traditional modeling approaches that cover larger areas at a fine spatial scale are
computationally intensive (e.g., Marsh et al., 2020b) and often require much more input data to run
(e.g., soil thermal conductivity, hydraulic conductivity, energy balance), which is often spatially
variable and difficult to collect in arctic environments. Therefore, there is a substantial potential
to evaluate the hydrology of northern regions using statistical upscaling, given the ability to derive
water balance data from large numbers of lakes using water isotope tracers, combined with recent

advances in remote sensing datasets and statistical upscaling techniques.

6.1.2 A comprehensive understanding of the influence of freshet on lake

water balances

This thesis has furthered understanding of various aspects of lake water balances during the freshet
period, a typically underrepresented part of the year in Arctic lake water balance studies compared
to the summertime. A clear description of lake water balance dynamics during the freshet can be
assembled using knowledge generated in Chapters 2, 3, 4, and 5. Snowmelt is initiated in areas
of birch shrubs before shrub-free areas, while areas of alder shrubs that trap snow and cause deep
snow drifts are likely sources of continued snowmelt that drive runoff later in the freshet period
(Chapter 2). The freshet runoff delivered to lakes is comprised of snow and soil-sourced water, with
freshet becoming increasingly soil-sourced as the freshet progresses (Chapter 3). The interaction
of snowmelt with soil water concurs with previous studies that observed heavy rainfalls in the
previous year can increase the runoff ratio of a watershed during snowmelt by providing additional
soil water that is entrained in snowmelt runoff (Stuefer et al., 2017). Concurrently, vertical mixing

within the lakes is also increasing during the freshet, allowing the more soil-sourced freshet water
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to be more easily mixed into lakes later during the freshet, resulting in a mixture of soil-sourced and
snowmelt-sourced freshet remaining in lakes (Chapter 3). Freshet runoff represents the majority of
the water delivered to lakes during the year, measuring between 52-63% of total runoff at Big Bear
Lake for three years (Chapter 5). This large amount of inflow delivered in a relatively short period
of time, combined with the presence of snow dams in lake outlets, cause lake levels to spike two
to three times higher than during large summer rainfall events (Chapter 5). Although snowmelt
bypass reduces the ability of freshet runoff to replace pre-snowmelt lake water (Chapter 3), freshet
runoff still causes the greatest reduction in evaporation/inflow (E/I) ratios during the year, even

when compared to unseasonably wet summers (Chapter 4).

The expansion of shrubs into shrub-free areas and the vertical growth of shrubs will impact
lake water balances during the freshet. The expansion of birch shrubs will likely cause earlier
snowmelt, while the expansion of alder shrubs could result in increased snow trapping and prolong
the snowmelt period. The expansion of birch shrubs will advance the timing of freshet inflow to
lakes, potentially leading to greater snowmelt bypass because freshet will flow into lakes at a time
when mixing within the lake is more limited (Chapter 3). Such a shift could cause more soil-sourced
water to be mixed into lakes during freshet, which may cause decreases in dissolved organic carbon
and conductivity, and increases in pH (Marsh and Pomeroy, 1999; Finlay et al., 2006; Quinton and
Pomeroy, 2006; Balasubramaniam et al., 2015). Additionally, the earlier snowmelt caused by birch
shrubs could also cause snow dam failure (Chapter 5) to occur earlier during the freshet. The more
rapid snowmelt caused by birch shrubs combined with the observation that rapid snowmelt causes
higher lake levels when lakes are snow-dammed (Chapter 5) also implies that freshet lake levels
may reach higher extremes in the future, potentially triggering more rapid lake drainage events

(Mackay, 1988; Jones and Arp, 2015).
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6.1.3 Direct and isotope measurements: Capturing both dimensions of lake

water balances

This thesis uses a multi-method approach to characterizing lake water balances, incorporating
both "direct" measurements of lake water balance components and lake water isotope derived
information on lake water sources, lake water replacement, and evaporation-to-inflow ratios. The
multi-method approach adds confidence to the accuracy of lake water balance measurements for
either method. For example, in Chapter 4 a lake with a WA/LA of 6.7 is expected to have an E/I of
0.16, while the E/I of Big Bear Lake (which has a WA/LA of 6.7) measured using direct methods
in Chapter 5 is 0.19 in 2018, giving us confidence that we have accurately measured the volumetric
water balance of Big Bear Lake. However, each method also provides unique pieces of information

about lake water balance, providing a wider breadth of information about lakes.

Chapters 3 and 5 illustrate the different pieces of information each method can provide,
and how combining both methods can give a more complete picture of lake water balances. Direct
measurements (Chapter 5) show that freshet runoff constitutes two thirds of yearly inflow, causing
lake levels to reach their yearly maximum. Lake level recorders also observe that lake level
maximums are enhanced by the presence of a snow dam in the lake outlet. Contrastingly, isotope
measurements (Chapter 3) provide information that cannot be gathered using direct measurements.
Isotope data showed that only a quarter of lake water is replaced during freshet on average, with
deeper lakes retaining less freshet runoff, and the source of freshet was an equal mixture of snow
and rain-sourced water. Combining the knowledge of these data reveal a more complete picture of
lake water balance: i.e. snowmelt bypass causes freshet to flow in and out of lakes without mixing
with pre-snowmelt lake water, causing freshet runoff to leave a disproportionately small imprint on
lake water isotope composition (depending on lake depth) when compared to the relatively large
volume of freshet inflow. Had only lake water isotope data been collected, information about snow

dam failure would have been missed, while only direct water balance measurements could not have

137



Controls on Thermokarst Lake Water Balances in the Inuvik - Tuktoyaktuk Region

captured the mixture of water sources present in freshet and the occurrence of snowmelt bypass. In
short, direct measurements give information about how much water goes in and out of lakes, while
isotope measurements give information about different water sources that have entered and exited

lakes.

Despite the different kinds of hydrological information volume and isotope measurements
generate, water balance studies including a combination of volume and isotope measurements are
rare (Haig et al., 2020). Direct measurements of water balance components have lead to inaccurate
hypotheses about hydrological behaviour leading researchers to call for the combination of tracers
(i.e. isotopes) and direct measurements in order to better understand the behaviour of watersheds
(McDonnell and Beven, 2014). The multi-method approach applied in this thesis illustrates the
benefit of using both direct and isotope methods. Future studies at ice-covered lakes or other lake
systems where limited mixing may occur should employ both direct and isotope measurements to

fully understand lake water balances.

6.1.4 Complementary research in the Inuvik-Tuktoyaktuk Region

The studies in this thesis were completed alongside other related research that shared similar goals in
better understanding the effects of climate change on the tundra-dominated permafrost environment.
Further research to enhance our understanding of the interaction between snow, shrubs and soil
temperature at the Siksik Creek watershed was carried out by Griinberg et al. (2020), whose findings
were congruent with the results of Chapter 2. Griinberg et al. (2020) found that later snow-free
dates strongly correlated with shallower active layer depth and that the timing of topsoil thawing
was advanced by earlier snow-free date and shallower snow depths. The study also observed that
summertime topsoil temperatures differed minimally (<1 °C) between vegetation cover types, while
differences in winter topsoil temperatures varied by >5 °C, driven by variation in snow depth and
density caused by shrub-affected snow redistribution. These results further exemplify the necessity

for winter and springtime measurements in the Arctic.
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Some of the research executed in this thesis also aided in the development of new measure-
ment methods and protocols. The methods developed to derive snow depth from drone photos that
were used in Chapter 2 and Griinberg et al. (2020) continued to be developed and were published as
a methods paper (Walker et al., 2021). These drone snow depth mapping methods were then used
by Meloche et al. (2022) to calibrate remote sensing data. The knowledge gained from Chapter
2 also helped inform the development of an open-source permafrost monitoring protocol (Boike
etal., 2022). Specifically, Chapter 2 helped illustrate the value of making all measurements of frost
table depth, vegetation, soil properties, snow, etc. in the exact same location, as the high degree
of spatial heterogeneity in these variables makes it difficult to use data that are not collected in
the same location. One of the principles of the protocol developed by Boike et al. (2022) is the
collection of associated measurements of snow, vegetation, etc. in the exact same location where

frost table depth is measured.

6.2 Predictions and future research

6.2.1 A wetter or drier future for lakes?

Most recent projections for the western Canadian Arctic predict air temperature to rise by 2-3 °C
above pre-industrial levels by 2041-2060, with likely (but not certain) increases in summertime
and wintertime precipitation of 10-30% by 2080-2100 (Lee et al., 2021). There is confidence that
evaporation will increase for non-bedfast ice lakes in the Arctic (Arp et al., 2015; Woolway et al.,
2020), as warmer air temperatures lead to longer ice-free seasons and higher evaporation rates.
Whether a lake will have a wetter (increasing ratio of water input to output) or drier (decreasing
ratio of water input to output) future depends on if increases in precipitation and inflow can offset
expected increases in evaporation.

Future changes in lake evaporation, inflow and other water balance components will be

affected by many intertwined, highly spatially variable processes and landscape elements (Figure
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Figure 6.1 Conceptual model of the interactions between landscape elements and lake water balance com-
ponents in their response to climate change at an annual to inter-annual time scale. Dominant pathways of
interaction that were identified in this thesis are outlined with grey transparent arrows. Synthesized using
results from Chapter 2, 3, 4 and 5, Turner et al. (2014); Heijmans et al. (2022).
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6.1). Some of the resulting impacts from climate change could increase the amount of inflow for
lakes, while other impacts can decrease the amount of inflow. For example, rising air temperatures
cause earlier snowmelt, enhancing permafrost thaw and reducing runoff from hillslopes (Kokelj
et al., 2007; Koch et al., 2022), while increases in shrub extent could lead to drier soils due to
greater transpiration losses (Black et al., 2021) and rainfall interception (Zwieback et al., 2019a).
Countering these drying forces include increases in precipitation, which could lead to wetter soils
that convert a larger percentage of snowmelt and rainfall into runoff (i.e., greater runoff ratios,
Stuefer et al., 2017), however greater rainfall enhances permafrost thaw and increases in runoff can
also lead to more rapid lake drainage (Webb et al., 2022). The impact of snow-shrub-permafrost
interactions on inflow are particularly difficult to predict, as shrub expansion has been observed to
both inhibit (e.g. Blok et al., 2010) and advance (e.g. Chapter 2) permafrost thaw, depending on
the difference between shrub height and snow depth, and resulting impacts on shrub protrusion,

snow free date and soil shading (Figure 6.1).

While this thesis contributes to our understanding of how snow shrub interactions affect
permafrost thaw (Chapter 2), and the conditions controlling lake inflow (Chapter 4, 5) and lake
evaporation (Chapter 5), there are still many knowledge gaps in our understanding of the ultimate
impact of climate change on thermokarst lake water balances. Within this thesis, predictions about
how climate change will impact lake water balances are posed based on our current understanding
of how landscape elements and processes influence lake water balance components (Figure 6.1).

These predictions include:

1. Birch shrub expansion may amplify permafrost thaw (Chapter 2), leading to reduced runoff

relative to precipitation (i.e., lower runoff ratios, Chapter 5).

2. Shrub expansion leads to earlier snowmelt timing relative to lake ice-off, causing earlier snow

dam failure and more snow sourced water to bypass lakes (Chapter 2, 3, 5).

3. Lakes with smaller WA/LA ratios become disproportionately influenced by evaporation
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and more vulnerable to lake-level drawdown and possibly desiccation under drier future

conditions (Chapter 4).

4. Lakes with larger WA/LA ratios are more likely to experience rapid drainage because they
experience greater increases in lake level in response to inflow, both during snow dam failure

and summertime inflow (Chapter 4).

Below I describe some how these predictions can be tested, including ongoing work that has

occurred congruently with this thesis.

Work has already begun on testing Prediction 1 using historical streamflow data. The
team of researchers, including myself, are evaluating whether the Trail Valley Creek watershed
is generating less runoff as the amount of shrubs in the watershed has increased over time. The
data used in this study spans from 1977-2019, while 63% of the Trail Valley Creek watershed has
experienced increases in shrub growth since 2000. Preliminary analyses show no clear impact of
shrubification on runoff, as summertime runoff ratios have increased over time along with rainfall,
whereas we hypothesized increased shrub cover may reduce runoff ratios by drying soils as a
result of increasing transpiration (conference poster, Wallace et al., 2022). Even when controlling
for antecedent moisture conditions, there is no clear pattern of reducing runoff ratios over time.

However, this analysis is still in progress and incomplete.

Prediction 2 is more difficult to test using historical data because it requires long term
measurements of lake water isotope composition, which are rare in the Arctic. When no long-
term records exist, paleohydrological methods (e.g. paleolimnological records) can be used to
evaluate how lake water isotope composition has evolved during past decades or centuries (e.g.
Bouchard et al., 2013). One could expect that the paleohydrological data would show d; becoming
more rainfall-like during the past several decades as shrubs have proliferated in the Arctic, if
shrubs are advancing snowmelt timing and increasing snowmelt bypass. However, increases in tall,

snow-trapping shrubs may supply more snowmelt to lakes later on during the freshet, potentially
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offsetting increases in snowmelt bypass caused by shorter shrubs. Accurately interpreting the data
obtained from a lake sediment core requires an understanding of how hydrological processes affect
water isotope compositions at the lakes being studied. For example, without knowledge of the
presence of snowmelt bypass at the lakes studied in this thesis (Chapter 3), one may interpret a shift
to more rain-like oy (isotope composition of lake source water) to mean that lakes are receiving
less freshet inflow relative to rainfall-sourced runoff. However, from Chapter 3, we know that
freshet has an isotope composition more similar to dp than ds (Figure 3.5¢), and that the volume
of snowmelt inflow does not impact the replacement of lake water (Table 3.3). This exemplifies
why paleohydrological data can be more confidently interpreted at locations where isotope-based
hydrological investigations have already characterized the isotope hydrology of the lakes (Wolfe
et al., 2005, 2008; Zabel et al., 2022). Having now described the isotope hydrology in some detail
for in Chapters 3 and 4, one could now interpret isotope data from lake sediment cores the Inuvik-
Tuktoyaktuk region with some confidence. However, studies deriving both 62H and §'30 from lake
sediments are rare, making it difficult to reconstruct 67. One would also need to make assumptions
about past climate conditions during the open-water season and other isotope parameters when
estimating Jr.

Both Predictions 3 and 4 are candidates for testing with long time series of remote sensing
data. Several studies have evaluated temporal changes in water surface area in the Arctic (e.g.,
Smith et al., 2005; Plug et al., 2008; Jones et al., 2011; Lantz and Turner, 2015; Finger Higgens
et al., 2019; Nitze et al., 2020; Webb et al., 2022), however no studies have incorporated WA/LA
into their analysis. Prediction 3 poses that lakes with smaller WA/LA would expand less in wetter
years, and shrink more in drier years, while Prediction 4 poses that drained lakes are more likely to
have a larger than average WA/LA. A Master’s thesis by Kariyawasam (2022) has recently quantified
changes in lake drainage during a 69-year period in the Inuvik-Tuktoyaktuk region, results of which
identified that lake drainage has increased since the year 2000 following 50 years of decreasing rates

of lake drainage. Testing whether the WA/LA of drained lakes identified by Kariyawasam (2022)
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were larger than average would allow Prediction 4 to be tested. High resolution (3 metre), high
flyover frequency (1-3 days) satellite constellations now make it possible to attribute reductions in

lake surface area to either evaporative drawdown or rapid drainage.

In addition to the suggested approaches above, all predictions are candidates for testing
with hydrological models. Multiple models are capable of representing high spatial resolution
variability in snow, vegetation, hydrology, and permafrost conditions (e.g., Endrizzi et al., 2013;
Westermann et al., 2016; Marsh et al., 2020a; Jan et al., 2020), which are necessary to accurately
predict the co-evolution of the permafrost landscape in response to climate change. While models
may simplify the complexity of the real world, the assumptions made using historical data are that
the observed hydrological response to past changes will continue on a similar trajectory into the
future. However, it becomes more difficult to rely on past observations to predict future changes
as the Arctic continues to warm more rapidly and the environment reaches tipping points not
previously observed (e.g., widespread talik formation, Farquharson et al., 2022), which alter the
course of change. Carrying out modelling studies requires we the necessary data to drive, calibrate
and validate the model, which can be a challenge to in the Arctic. Understanding the future of lake
water balances will require integrating the knowledge from the multiple approaches outlined above

while considering the strengths and limitations of each approach appropriately.
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