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INTRODUCTION

Under unprecedented climate change (IPCC, 2014; 2019), the cryosphere (frozen portion of
Earth’s water) is the fastest part of climate system to respond (Xiao, Wang, & Qin, 2015). In
mountainous regions, the components of the cryosphere such as glaciers, snow cover, and
permafrost regulate flow and thus affect both water quantity and quality for ecosystems and
the population situated downstream (Barnett, Adam, & Lettenmaier, 2005; Immerzeel et al.,
2019; Huss et al., 2017; Viviroli, Diirr, Messerli, Meybeck, & Weingartner, 2007). In addition
to supply and regulation functions, the cryosphere provides habitat and cultural services (Huss
et al., 2017; Wang, Liu, & Zhang, 2019; Xiao, Wang, & Qin, 2015). Understanding and
mimicking a cryospheric response to climate change is thus crucial for water resources

management, as well as for various ecosystem services.

The greatest warming during the upcoming century is projected to happen over northern
latitudes (Meehl et al., 2007; Larsen et al., 2014). In these regions, the subarctic glacierized
watersheds are among the most complex hydrological systems because they possess
hydrological features of both cold and temperate regions (Brown, Ferrians, Heginbottom, &
Melnikov, 2002) and often preserve legacy hydrological features from antecedent climates and
glaciations such as rock glaciers, ice-cored moraines and buried ice formations (e.g., Johnson,
1986). In a context of extreme vulnerability of subarctic populations and ecosystems to climate
change (Hinzman etal., 2005; Jacobsen, Milner, Brown, & Dangles, 2012; Larsen et al., 2014),
improving the knowledge necessary to accurately project the impact of environmental changes

on the subarctic glacierized watersheds is of primary importance.

The estimated impact of climate changes on glacierized watershed hydrology is commonly
modelled under the assumption that the evolution of glacier extent is the dominating factor that
should be accounted for (Hood et al., 2006). In numerical models, glacier- and snowmelt are
often the only considered cryospheric components affecting a watershed outflow (e.g., Gascoin
etal., 2011; Huss, 2011; Kaser, Grosshauser, & Marzeion, 2010). In addition, the hydrological

systems from portions of watersheds not covered by glaciers are represented by groundwater



routing (e.g., Farinotti, Usselmann, Huss, Bauder, & Funk, 2012; Koboltschnig, Schoner,
Zappa, & Holzmann, 2007; Naz, Frans, Clarke, Burns, & Lettenmaier, 2014; Ragettli, Cortés,
McPhee, & Pellicciotti, 2014; Pomeroy et al., 2007), where groundwater component is often
modelled based on calibration (Hood et al., 2006). However, glaciers are only one of the
climate-sensitive hydrological features of the subarctic glacierized catchments. At a watershed
scale, this underrepresentation of the non-glacierized part of alpine watersheds potentially
leads to biases in runoff predictions, as changes affecting other water sources are neglected.
The risk of biased predictions is even more pronounced in Nordic environments, where

numerous cryospheric components play an important role in the hydrological balance.

Cold-region-specific hydrological components, such as small scale slope processes in
permafrost underlain terrains have been intensively studied in the subarctic (Carey & Quinton,
2004; Carey & Woo, 1998, 2001a, 2001b; Quinton & Marsh, 1999) and their hydrological role
is now well identified (Woo, 2012). Regrettably, this is not the case for the hydrological role
of proglacial fields including their groundwater systems, buried ice, ice-cored moraines and
icings. The relative importance of the hydrological processes associated with such feature in
glacierized watersheds has not yet been estimated (Vincent, Violette, & Adalgeirsdottir,

2019).

Several conceptual models, which describe proglacial field hydrology, exist for glacierized
watersheds in the tropical Andes (e.g., Baraer et al., 2014; Gordon et al., 2015; Somers et al.,
2016), temperate glacierized watersheds in the Alps (e. g., Kobierska, Jonas, Kirchner, &
Bernasconi, 2014; Penna, Engel, Bertoldi, & Comiti, 2017; Ward, Malard, Tockner, &
Uehlinger, 1999), in the Rockies (e.g., Langston, Bentley, Hayashi, Mcclymont, & Pidlisecky,
2011; McClymont et al., 2011; Muir, Hayashi, & Mcclymont, 2011), and in the Himalayas
(e.g., Ma et al., 2017). Those studies often focused either on one or several hydrological
features, or on watershed groundwater component. The only examples of attempts to establish
subarctic conceptual models are found in Iceland (e.g., Dochartaigh et al., 2019; Levy,
Robinson, Krause, Waller, & Weatherill, 2015). Thus, most of the existing conceptual models

of glacierized watershed describe in detail only one or several hydrological components such



as rock glaciers, talus slopes, and moraines (e.g. Langston, Bentley, Hayashi, Mcclymont, &
Pidlisecky, 2011; McClymont et al., 2011; Muir, Hayashi, & Mcclymont, 2011; Williams,
Knauf, Caine, Liu, & Verplanck, 2006). Subarctic glacierized watershed hydrological
processes, related to the presence of such features as ice-cored moraines and buried ice, are not
represented in these conceptual models. These features, however, are known to have high
storage capacity and complex groundwater distribution systems (Langston et al., 2011;
McClymont et al., 2011; Roy & Hayashi, 2009) and thus are known to affect significantly
watershed hydrology. In addition, groundwater systems within proglacial fields are highly
interconnected with surface water systems, and respond fast to changes in glacier geometry
and water supply (Kobierska et al., 2014; Levy et al., 2015; Magnusson et al., 2014; Ward et
al., 1999). Climate change projections on the watershed scale are limited by process
understanding in mountainous glacierized catchments (Mimeau et al., 2019; Salzmann,
Huggel, Rohrer, & Stoffel, 2014). To accurately project the response of these systems to
environmental changes it is necessary to better understand and quantify the role of hydrological

components other than glacier meltwater in runoff production.

Based on this contextual background, I hypothesize that subarctic proglacial areas play an
important role in the hydrology of glacierized valleys, and that glacier retreat is not the only
driver of their hydrological response to climate change. The main objective of this project is
thus to improve the knowledge necessary to project the impacts of environmental changes on

the hydrology of subarctic regions, and to achieve it I specify several research questions:

1. What is the role of shrinking glaciers in recent (last 3-7 decades) hydrological changes in
the southwestern Yukon and what are future hydrological changes in the region?

2. Which hydrological components play an important role in summer runoff production in
headwater of a subarctic watershed?

3. Which hydrological components are responsible for generation of winter baseflow in the

headwaters of subarctic watersheds of different complexity?

In order to answer these research questions, St. Elias Mountains, situated in the Canadian

subarctic, were chosen as a study region. This area is a remote region of the southwestern



Yukon, which can be seen as a natural laboratory for understanding the impact of
environmental changes on the subarctic glacierized watersheds, yet it has only been studied
occasionally so far. The study region is situated on the southern edge of the subarctic area,
which is especially sensitive to changes in climatic forcing (Nilsson, Polvi, & Lind, 2015).
Among the world’s glacierized regions, this particular one has been the second after the
Canadian Arctic in contribution to global sea level rise during the period 1961-2000 (Radi¢ &
Hock, 2010). The St. Elias Mountains are projected to lose 70+£10% of glacier volume by the
end of the century (Clarke, Jarosch, Anslow, Radi¢, & Menounos, 2015) which will lead to a

substantial decrease in glacier melt contribution to runoff (Bliss, Hock, & Radi¢, 2014).

This project is based on 3 summer field campaigns in the glacierized watershed in the St. Elias
Mountains, laboratory analysis, statistical analyses, and remote sensing techniques and
products. A multi-technique approach is used to better understand the hydrological processes
of the proglacial area. This choice is made due to the high hydrological complexity met in such
environments. Among others, the high number of potential water sources, the limited length of
the field campaigns, and the difficulties to equip the valley with long-lasting monitoring
equipment have motivated this choice. Among the techniques used for the project, those based
on natural tracers, hydro-meteorological monitoring and time lapse imagery are the most

important.

Answering of the first research question provides new insights into hydrological changes in
the southwestern Yukon and helps isolating and quantifying the role of glacier retreat in those
changes. The role of glacier retreat in the region was previously estimated only qualitatively
based on watersheds’ hydrological regimes (Fleming, 2004) or their current glacier cover
(Fleming & Clarke, 2003). In the present project I use two approaches in parallel - one based
on statistical hydro-climatology, and another based on hydro-glaciological numerical
modelling. The results of this part of the project allow linking the hydrological response of
different watersheds to glacier retreat parameters, positioning of watersheds in terms of peak
water, and providing estimates of the magnitude of change in discharge during/after peak

water. The repercussions of that work are global: mountain glaciers are the core of the world's



"water towers" like the Himalayas, Andes, Alps, and Northern Rockies (Immerzeel et al.,

2019).

Answering the second and the third research question results in a more comprehensive
description of the hydrological role of different components within subarctic proglacial fields
during both summer and winter seasons. Moreover, it helps quantifying the importance of the
proglacial field in watershed hydrology in a context of environmental changes. By better
characterizing the hydrological systems specific to the proglacial field, the present research
will help the development of a new generation of hydrological models, which in turn can

provide more objective projections for water resources management.

In addition, selecting proglacial fields as key areas of investigation has potential to impact the
scientific community. Proglacial fields exhibit high dynamics and vulnerability under current
climatic conditions (Johnson, 1971, 1992; Schomacker, 2008). They are expanding as glaciers
are retreating, and subsequently evolve due to the presence of climate-sensitive hydrological
features. In their recent paper, Heckmann, Mccoll, and Morche (2016) highlight the increasing
interest in proglacial areas and the lack of knowledge in this field. In many contexts, such as
hydrology, sediment transport and extreme outbursts, proglacial field investigation is
important. In the context of water resources in glacierized watersheds under changing climatic
conditions, the proglacial field can play an important role in water storage (Langston et al.,

2011; McClymont et al., 2011; Roy & Hayashi, 2009).






CHAPTER 1

HYDROLOGY OF GLACIERIZED SUBARCTIC WATERSHEDS

This chapter is dedicated to presenting hydrological systems of subarctic glacierized
watershed, their related hydrological processes and their evolution under changing climate
based on the recent and still relevant literature. In order to avoid overlaps with Chapters 3, 4
and 5, I here prioritize descriptions that allow the understanding of those systems in an
integrated way and provide fewer details on what the aforementioned three chapters are
focusing on, namely regional hydrological changes, the contribution from non-glacierized
parts of highly glacierized catchments, and icing formations and winter specific hydrological

Processces.

Subarctic glacierized watersheds are complex systems due to unique co-habitat of temperate-
climate-specific hydrological components with cold-region-specific ones, which results in
phenomena such as discontinuous permafrost, polythermal glaciers and the presence of both
colluvial landforms and moraines containing buried ice. Therefore, one can say that the runoff
from these hydrological systems arises from combined effects of energy exchanges, mass
exchanges within and between hydrological components and their hydraulics. As a result,
hydrological processes are described hereafter for different periods of the year, namely winter,
snowmelt, and summer. The winter period is characterized by negative temperatures, solid
precipitation and snow and ice accumulation. The snowmelt period starts when air temperature
rises above 0°C during the day, and is characterized by the depletion of snow cover. The
summer period is characterized by the absence of snowpack on slopes and valley floor, and

positive mean daily temperatures.

Conceptually, I will divide subarctic glacierized watershed into three zones: main glacier,
proglacial field (i.e. transitional landscape from glacierized to non-glacierized, Heckmann,
Mccoll, & Morche, 2016) and alpine meadow (i.e. grassland in lower parts of the watershed,
Hayashi, 2019). Even though those three parts interact with one another, for readability, they

are presented separately hereunder. The first two sections describe hydrological processes



related to glaciers and the evolution of these processes under changing climate. Section 3 and
4 are dedicated to hydrological processes within the proglacial field and their response to
increasing temperatures respectively. Finally, Sections 5 and 6 are focused on the lower part
of the watershed that coincides with the alpine meadow and describe related hydrological

processes and their projected changes.

1.1 Glaciers hydrology

Since there exists a large body of literature about glaciers hydrology in all regions, this section
is mostly based on the reviews and “classic” works in glaciology and glacier hydrology. Also,
as this project is based in a watershed where no debris-covered glaciers are observed, the

review on their hydrology is not presented.

The runoff generated by glaciers is controlled by meltwater production resulting from ablation
processes, water storage through accumulation, and routing of meltwater above and within the
glacier system. Ablation processes, which provide water input into the system, take place at
the glacier surface (supraglacial melting), within the glacier (englacial melting) and at the
glacier bed (subglacial melting) (Walder & Fountain, 1998). In addition, water can be supplied
to the system by external sources such as precipitation and snowmelt (Irvine-Fynn & Hodson,
2011). These different sources contribute to the total glacier runoff in different ways,
supraglacial melting being a major source of water for most glacierized areas (Hock, 2005).
Supraglacial melt occurs when the surface energy balance is positive and the surface is at
melting point. Pronounced diurnal cyclicity of energy components, especially the radiative
ones, imposes a marked diurnal variability in supraglacial melt (Jansson, Hock, & Schneider,
2003). Meltwater production reaches its peak during the day, following shortwave radiation
and air temperature maxima. It reaches its minimum during the night when there is no or little
energy available for melting (e.g., Klok, Nolan, & Van den Broeke, 2005). In the subarctic at
the seasonal scale, most of the annual runoff is concentrated within the ablation season, when
temperature and radiation are higher, and it is small during the accumulation season, when

most of the precipitation is stored as snow (e.g., Huss, Bauder, & Funk, 2009; Moore &



Demuth, 2001). Water can also be stored during the ablation season and it depends on the
spatial distribution of the seasonal snowpack and firn layers. By storing water, snow and firn
layers delay water delivery to the englacial and subglacial conduits and cavities, and tend to
smooth the diurnal variations in meltwater input (Walder & Fountain, 1998). Delay times can
range between several days to weeks for the firn area, and are of the order of few hours for ice-
covered areas (Jansson et al., 2003). Once released, water undergoes routing processes. The
routing system of a clean-ice glacier can be divided into supraglacial, englacial and subglacial

(Irvine-Fynn & Hodson, 2011) (Figure 1.1).

accumulation zone ablation zone
« P <t >

>~ unsaturated snow

supraglacial channels
and ponds

Figure 1.1 Hydrological system of a temperate glacier
Adapted from Jansson et al. (2003)

Supraglacial channels develop on the glacier surface and drain meltwater via crevasses and
moulins into the englacial and subglacial drainage system (Nienow, Sharp, & Willis, 1998). In
there, water can be transported by percolation through ice (distributed or "slow" drainage
system) or more efficiently by means of englacial passages (channelized or "fast" drainage
system). The increasing amount of water during the ablation season augments the water
pressure within the glacier and leads to widening of channels, headward channel growth as
snowline retreats up-glacier, and enhanced hydro-fracturing leading to the evolution of the

drainage system in the course of the melt season (Nienow et al., 1998). As a result of water
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routing, on a watershed scale glacier cover has a buffering effect on runoff (Fleming & Clarke,
2005; Fountain & Tangborn, 1985) with the lowest variability observed for watersheds where
40% of the area is glacierized (Walder & Fountain, 1998).

Based on the ice temperature distribution, glaciers can be classified as cold (ice temperature is
below melting point), temperate (ice is at melting point) and polythermal (mixture of two). The
thermal structure of a glacier depends on climate, meltwater refreezing, heat production
associated with glacier dynamic processes, and geothermal heat sources (Irvine-Fynn &
Hodson, 2011). The thermal structure has important implications on glacier hydrology since
unlike for temperate ice, water cannot percolate though the cold ice (Irvine-Fynn & Hodson,
2011). As a result, the presence of cold ice will restrict water percolation to the en- and
subglacial systems and thus water routing will be mainly performed via supraglacial channels
(Hodgkins, Tranter, & Dowdeswell, 1997). However, for certain cold glaciers icing formation
due to winter subglacial drainage was observed and explained by water stored in channels
underneath the glacier (Ba&lum & Benn, 2011; Naegeli, Lovell, Zemp, & Benn, 2014;
Wainstein, Moorman, & Whitehead, 2014), which sometimes extend to moraine complex
(Moorman, 2003). In the study area glaciers are most likely polythermal (Flowers, Copland, &
Schoof, 2014; Wilson, Flowers, & Mingo, 2013). Thermal regimes of two middle-size glaciers
in the region were investigated and it was shown that temperate ice is located in most of the
accumulation zone (Figure 1.1), and ice thickness decreases towards ablation zone (Wilson &
Flowers, 2013). Temperate ice in the accumulation zone can be explained by heat production
via meltwater percolation and refreezing in accumulation zones. The produced heat can
eliminate cold wave close to the surface (Wilson et al., 2013). This hypothesis was supported
by observations of supraglacial runoff in the ablation area (Wilson et al., 2013). Observations
of subglacial streams discharging from glacier tongues suggested that glaciers are temperate

in parts of the terminus area.

In cold permafrost-underlined regions, glaciers insulate the ground underneath, influencing the
distribution of taliks (year-long unfrozen ground). During winter, taliks allow releasing of

water stored in glaciers to the surface, which in turn can result in icing formations in an
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immediate proglacial field (e.g., Sobota, 2016; Woo, 2012; Yde et al., 2012). Perfect conditions
for icing formation imply that water flows for some distance before it freezes and, thus, these
conditions are characterized either by slightly negative temperatures or by constant high rates
of discharge during winter (Moorman & Michel, 2000). Icings are defined as a mass of surface
ice formed during the winter by a successive freezing of sheets of water (Carey, 1973) and are
generated when water floods onto existing ice (Moorman & Michel, 2000), snow surfaces
(Hodgkins, Tranter, & Dowdeswell, 2004; Moorman & Michel, 2000; Stachnik, Yde,
Kondracka, Ignatiuk, & Grzesik, 2016), or flows in between existing icing layers and freeze
(Moorman & Michel, 2000). Thus, icing can grow both from the bottom due to ice accretion,
and from the top due to water freezing and incorporation of snow (Stachnik et al., 2016). When
water freezes quickly (i.e. flow rate is equal or smaller than freezing rate), a white bubbly ice
layer is formed, and when the freezing is slow - it results in a clear ice layer (Moorman &
Michel, 2000). When unfrozen water gets trapped between ice layers or when there is
groundwater discharge underneath the existing ice layer, blister or icing mound can be formed
due to increased hydrostatic pressure resulting from the freezing of trapped water (Carey, 1973;

Michel, 1986).

1.2 Glacier response to climate change

In response to the current changing climate, glaciers are declining and retreating all over the
world (Bliss, Hock, & Radi¢, 2014; Oerlemans, 2005; Zemp et al., 2015) with the exception
of the Kunlun Shan region, where positive mass balances are reported, making the so-called
“Karakoram anomaly” (Brun, Berthier, Wagnon, K&ib, & Treichler, 2017; Farinotti,
Immerzeel, Kok, Quincey, & Dehecq, 2020; Hewitt, 2005; de Kok, Tuinenburg, Bonekamp,
& Immerzeel, 2018). Otherwise, the primary response of glaciers to rising temperatures is the
increase in glacier runoff as a result of higher melt rates. During this first stage, enhanced melt
per unit area balances out the reduction in glacier volume. When the glacier volume decreases
significantly and becomes too small to provide enough meltwater, runoff starts decreasing
(Jansson et al., 2003). The turning point is commonly referred to as peak water (Carey et al.,

2014; Huss & Hock, 2018; Mark, Mckenzie, & Gomez, 2005; Milner, Brown, & Hannah,
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2009; Moore et al., 2009). Some studies have shown that the switch between increasing and
decreasing streamflow coincides with a glacier cover decrease below 10% of the watershed
area (Birsan, Molnar, Burlando, & Pfaundler, 2005; Fleming & Clarke, 2003; Hodgkins, 2009;
Pellicciotti, Bauder, & Parola, 2010). In terms of runoff variability, meltwater routing becomes
more efficient as glacier loses its thickness, which leads to increased diurnal amplitudes in
runoff (Walder & Fountain, 1998; Hock, Jansson, & Braun, 2005). Seasonal and year-to-year
runoff variability of a glacierized watershed also increases, as the glacier cover continues
losing its buffering capacity (Fleming & Clarke, 2005; van Tiel, Kohn, Van Loon, & Stahl,
2019; Walder & Fountain, 1998). In addition, peak discharge timing shifts towards earlier in
the season, closer to snowmelt peak (Beniston et al., 2018). A recent global study by Huss and
Hock (2018) used the Global Glacier Evolution Model to calculate changes in glacier mass
and subsequent changes in river runoff, and showed that most glacierized catchments south
from the subarctic area, with an exception of Himalaya region, have passed peak water. The
same study shows that, in the subarctic St. Elias Mountains (Yukon, Canada), large glacierized
watersheds have not yet reached peak water, and that a continuous increase in glacier runoff
contribution to main stream runoff during an ablation season (i.e. July — October) for the period
2000-2090 is projected (Huss & Hock, 2018). In the same region, Fleming and Clarke (2003)
also report an increase in annual runoff volumes for all glacierized watersheds and detect no
changes for non-glacierized watersheds, suggesting that glacier cover is a primary control over
magnitude and direction of watershed’s response to changes in climatic forcing. Brabets and
Walvoord (2009) detected an increase in annual discharge for some glacier-fed streams in the
Yukon River Basin, which they also attributed to increased glacier melt contribution. In
neighbouring subarctic Alaska, an increased flow variability and intensive flow reduction is
projected for the ablation season and during the recession period for the end of the century

(Van Tiel et al., 2018).

Glacier retreat is known to affect the geomorphology of the immediate proglacial field and, as
a result, will change the distribution of moraine-dammed lakes (Johnson, 1986), which in some
cases can lead to river piracy and thus have implications for downstream runoff (Shugar et al.,

2017). Another geomorphological consequence of glacier retreat is stagnant glacier ice



13

deposition within the immediate proglacial field. This ice gradually gets buried by glacier
moraines and slope colluvial material, thus forming buried ice features (Everest & Bradwell,

2003; Johnson, 1986; Schomacker, 2008).

Climate change and consequent glacier shrinkage will also affect glaciers thermal regime.
Simulations show that, under negative mass balance conditions, mid-sized glaciers in the study
region exhibit general cooling and will become entirely cold before disappearing (Wilson &
Flowers, 2013; Wilson et al., 2013). This can be explained by the thinning of firn layers and
retreating accumulation zone (Wilson & Flowers, 2013). A potential decrease in icing extent
next to glacier terminus can be expected due to changes in glacier thermal regimes from
polythermal to cold (Sobota, 2016). However, a potential increase in icing extent can result
from an increase in average winter temperatures, occurrence of melt events and increase in

winter discharge (Sobota, 2016).

1.3 Proglacial field hydrology

Studies addressing hydrology within subarctic proglacial field are limited (e.g.,Vincent,
Violette, & Adalgeirsdottir, 2019), and thus its conceptual hydrological model is summarized
based on studies in tropical mountains (Peru and Chile), temperate mountains (Alps and
Rockies), and a few studies from mountainous catchments in arctic and subarctic areas (Alaska

and Iceland).

Proglacial fields are transitional landscapes “from glacial to non-glacial conditions”
(Heckmann et al., 2016). They are characterized by the presence of features such as talus
slopes, moraines, and they are regularly flooded by glacier meltwater (Cooper, Wadham,
Tranter, Hodgkins, & Peters, 2002). In glacierized watersheds in temperate-climate mountains,
the groundwater stored in moraines and talus buffers a watershed response to both melt and
precipitation events (Cochand, Christe, Ornstein, & Hunkeler, 2019; Langston, Bentley,
Hayashi, Mcclymont, & Pidlisecky, 2011; McClymont et al., 2011) and maintains summer

baseflow (Muir et al., 2011). The mechanism by which they contribute to the runoff is similar
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to fill-and-spill mechanism where water accumulates in small bedrock depressions at the
bottom of the moraine/talus (Langston et al., 2011; Muir et al., 2011). The runoff from these
colluvial features is also important during winter season, in particular during years with
reduced snowmelt (Stoelzle, Schuetz, Weiler, Stahl, & Tallaksen, 2019). In some regions
groundwater discharge from a talus can be the dominant component of the winter baseflow

(Cochand et al., 2019; Clow et al., 2003; Muir et al., 2011).

As a result of glacier dynamics (glacier advance, surging, and retreat), specific features, such
as buried ice and ice-cored moraines, form in the subarctic proglacial field (Johnson, 1971). A
debris cover above buried ice or ice core shields it from direct radiation, and thus the energy
for melting is delivered to the ice surface by means of heat transfer through the debris cover.
Ice-cored moraine ablation can be enhanced by the removal of the debris and bare ice exposure.
The removal of the debris layer can happen as a result of its saturation by meteoric water and
consequent sliding due to gravitational processes. Moreover, glacier meltwater can erode
moraine sediments and, in addition to producing thermal erosion of the ice, it can destabilize

the debris layer and trigger its further removal (Johnson, 1971).

Within proglacial areas, two groundwater systems are often distinguished: the shallow (or fast)
and the deep (or slow) groundwater (Crossman, Bradley, Boomer, & Milner, 2011; Hood, Roy,
& Hayashi, 2006; McClymont et al., 2011; Roy & Hayashi, 2009). A shallow system comprises
upper layers of glacier sediments, where the infiltration into deeper layers can be abstracted by
impermeable boundaries such as buried ice (Langston et al., 2011; McClymont et al., 2011;
Roy & Hayashi, 2009) or shallow bedrock (Roy & Hayashi, 2009). In deep groundwater
systems, water either flows through the network of fractures within the bedrock (Ajami, Troch,
Maddock, Meixner, & Eastoe, 2011) or on the top of the bedrock (McClymont et al., 2011). In
permafrost underlined regions, these systems evolve as the thaw season progresses and thawed

layer thickness changes (Cooper et al., 2002).

Proglacial field groundwater aquifers are recharged by glacier melt (Liljedahl, Gaedeke,
O’Neel, Gatesman., & Douglas, 2016; Roy & Hayashi, 2009), snowmelt (Brown et al., 2006;
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Cochand et al., 2019; Muir et al., 2011; Penna et al., 2014; Roy & Hayashi, 2009), rain
(Dochartaigh et al., 2019; Roy & Hayashi, 2009), possibly buried (or stagnant) ice melt
(Cooper et al., 2002; Levy, Robinson, Krause, Waller, & Weatherill, 2015; Roy & Hayashi,
2009) as well as water discharging from moraines and taluses (Dochartaigh et al., 2019). In
general, at the beginning of the ablation season, snowmelt is the principal source of
groundwater recharge and, as the season progresses, its role diminishes and the recharge from
both ice melt and rain increases (Crossman et al., 2011). Due to its limited storage capacity, at
the beginning of the ablation season, an aquifer within the proglacial field is mostly recharged.
Later in the ablation season, when the level in the stream subsides following the melt rates
decrease, the groundwater stored in this aquifer is discharged into the stream (Cooper et al.,
2002). As stored water discharges, the water table gradually lowers (Cochand et al., 2019;
Dochartaigh et al., 2019).

The contribution of these different hydrological components to the subsurface flow is complex
and it both depends on the season and varies in space: within the parts that are closer to the
glacier and the main stream, the groundwater aquifer is mostly recharged by glacier meltwater
(Dochartaigh et al., 2019; Levy et al., 2015), whereas further from the stream its recharge is
dominated by precipitation and/or water from moraines and taluses (Dochartaigh et al., 2019).
Moreover, when moving downstream from the glacier outlet, groundwater discharge into main
stream is observed, whereas at the upper reaches the groundwater aquifer is mainly recharged

by the stream (Dochartaigh et al., 2019).

1.4 Proglacial field evolution under changing climate

There are not many observations yet about the evolution of subarctic proglacial field hydrology
in a context of climate change, and most of the relevant studies focus on the evolution of
groundwater systems within the non-glacierized part of the watershed. Thus, this sub-section
will describe the hydrogeological changes within a proglacial field in response to climatic-

change-driven hydrological changes.
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In response to climate change, a decline of groundwater levels was observed in glacierized
watersheds in British Columbia, Canada (Moore, Allen, & Stahl, 2007) and in Skeidararsandur,
Iceland (Levy et al., 2015). The most pronounced changes are observed close to glacier
margins, and the less pronounced are in the area of groundwater seeps (i.e. slow groundwater
discharge through the voids and cracks in unconsolidated materials,Woo, 2012) (Levy et al.,
2015). A pronounced lowering of water table next to glacier terminus is possibly a consequence
of a decrease in aquifer recharge by glacier meltwater as glacier retreats (Levy et al., 2015).
This hypothesis is confirmed by previous observations of a decline in groundwater levels in
autumn and early spring when glacier ablation seizes (Robinson, Fairchild, & Russell, 2008),
and by an observed direct link between meltwater production and groundwater levels close to
glacier terminus (e. g. Cooper et al., 2002; Magnusson et al., 2014). In addition, glacier retreat
will lead to a decrease in overburden pressure, which in turn will lower the hydraulic gradient
within the proglacial field aquifer (Levy et al., 2015). In response to climate change, meltwater
channels within the proglacial field will likely alter their positions following the change in
glacier tongue position and its geometry, and due to ice-cored features formation (Johnson,
1986). This meltwater channles adjustement will affect surface-groundwater exchange. In
addition, the hydrogeological system within the proglacial field is affected by changes in
moraine lakes: in Skeidararsandur, groundwater levels measured close to moraine lakes
declined following the decrease of lake area (Levy et al., 2015). Here, buried ice ablation can

enhance the evolution and disappearance of moraine lakes (Levy et al., 2015).

Changes in water balance components such as precipitation and evaporation can affect shallow
groundwater systems either directly, by changing water input to the system, or indirectly, by
affecting meltwater production (Levy et al., 2015). In particular, precipitation events can
enhance the melt of glaciers (Oltmanns, Straneo, & Tedesco, 2019) or that of buried ice by
eroding the debris cover (Johnson, 1971; Levy et al., 2015). Indeed, buried ice degradation by
backwasting seems to be more efficient in temperate humid climatic conditions, and minimal

in cold dry climates (Schomacker, 2008).
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On a larger scale, several modelling-based studies have attempted to predict
groundwater/baseflow evolution in upper glacierized watersheds over the next century. In the
Nepalese Himalaya, the baseflow is projected to increase, and together with increasing
precipitation, it will maintain an increase in total runoff regardless the decreasing glacier runoff
(Immerzeel, van Beek, Konz, Shrestha, & Bierkens, 2012). In the Peruvian Andes, relatively
constant projected groundwater discharge will also buffer decreasing glacier runoff (Somers
et al., 2019). In this region, glacier meltwater does not contribute significantly to groundwater
storage, and an eventual decrease in groundwater discharge is attributed to increasing
evaporation (Somers et al., 2019). Finally, in the Canadian Rockies modelling results for
glacierized watershed show an increase in groundwater contribution to the total runoff
throughout the year apart from July and August, when it is projected to decrease (Loukas,
Vasiliades, & Dalezios, 2002). The groundwater input is projected to become more uniformly
distributed throughout the year as a result of its increase during spring, summer and autumn,

and its decrease during winter (Loukas et al., 2002).

1.5 Subarctic alpine meadow hydrology

In the alpine meadows of subarctic glacierized watersheds, hydrology is characterized by the
presence of permafrost and seasonally frozen ground. Thus, to illustrate potential effects of
permafrost on watershed hydrology, this section is based on studies from areas underlined by

discontinuous permafrost.

The frozen ground is usually considered impermeable to groundwater flow (Woo, 2012).
Groundwater circulation within permafrost underlain slopes can be suprapermafrost (above
permafrost), intrapermafrost (in taliks, faults, and conduits within permafrost) and
subpermafrost (below permafrost) (Woo, 2012). Because of the low hydraulic conductivity of
frozen soil, the infiltration and storage capacity of subarctic aquifers are in general
temperature-dependent (Hayashi, 2013; Woo, 1986). As a result, there is a spatial dependence
of soils’ hydrological properties. For example, processes on South-facing (S-slope) and North-

facing (N-slope) slopes of watershed differ due to differences in the incoming solar radiations.
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Conceptually, the common effects of these differentiations are higher snow water equivalent
(SWE) for N-slopes prior to melt, presence of permafrost and of an organic top layer (Carey
& Woo, 1998; 2001Db). It is important to note, that the subdivision into S- and N-facing slopes

is mainly conceptual and that the hydrological systems of the watershed can be more complex.

With lower SWE, S-slope becomes snow free earlier in the snowmelt season. In the absence
of permafrost, as the seasonal frost table lowers, water produced by snowmelt infiltrates into
the mineral soil layer, thus, producing limited surface runoff and supplying the unfrozen
groundwater reservoir. Once snow free, liquid precipitation infiltrates the S-slope and delays

their contribution to the main stream (Carey & Quinton, 2004).

On N-facing slopes, infiltration is restricted due to underlying permafrost and, therefore,
surface runoff plays a greater role in the contribution to main streams. At the beginning of the
thawing season, the surface runoff from the N-facing slope is delayed because water produced
by snowmelt can be stored in a thicker snowpack (Carey & Woo, 1998), and because infiltrated
water is used for organic layer pre-wetting (Carey & Woo, 2001a). Once the snowpack has
melted, the runoff production and the response time to liquid precipitation events from the N-
facing slope will depend on the unfrozen layer thickness. Only once the upper organic layer
has thawed, the flow can be enhanced by the presence of preferential paths within the organic
layer (Woo, 2012). Once the flow is shifted to the mineral soil layers that start thawing, runoff
rate decreases due to the lower permeability of mineral soils. The switch between these two
horizons can also happen due to water table rise as a result of precipitation events. N-facing
slopes are conceptually divided into two zones: the slope base with a thicker organic layer and
the upslope area with a thinner organic layer (Quinton & Marsh, 1999). When water table rises,
both zones deliver water through the saturated organic layer to the main stream (Carey & Woo,
2001a). Once the water table lowers, the upslope area becomes hydrologically disconnected
from the stream, and only the slope base keeps on contributing to the stream (Quinton & Marsh,

1999).
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Taliks in areas underlain by permafrost can affect hillslope hydrology. Their spatial
distribution will affect the recharge of the groundwater system, the contribution to streams,
and the occurrence of springs. Large icings (aufeis) are common features of permafrost
underlined terrains (Yoshikawa, Hinzman, & Kane, 2007). In some regions, icings can
represent the second-largest surface water storage after snow, and can store up to 40% of winter
outflow (Yoshikawa et al., 2007). The sources for icing formations can be supra- (Clark &
Lauriol, 1997; French & Heginbottom, 1983; Pollard, 2005), intra- and/or subpermafrost water
(Hu & Pollard, 1997; Kane & Slaughter, 1973; Kane, 1981; Pollard, 2005; Yoshikawa et al.,
2007). Icings that are fed by intra- or subpermafrost water continue to grow throughout the
winter (Kane, 1981; Pollard, 2005; Yoshikawa et al., 2007), whereas icings that are only fed
by suprapermafrost water cease to grow before the end of the winter when water storage within
suprapermafrost aquifer is exhausted or when conduits, which deliver water to the surface,
freeze (Pollard, 2005). In addition, icings in these regions can be formed from river ice itself
when an accumulation of frazil ice crystals occurs in stream’s super cooled water ( Hu &
Pollard, 1997). The ice cover then grows and eventually reduces the cross-section of the
stream, thus, damming the water upstream of the icing. This damming effect provokes icing
growth upstream as well as flooding of the original ice cover until the flow decreases

substantially to reach the conduit capacity (Hu & Pollard, 1997).

1.6 Subarctic alpine meadow evolution under changing climate

Modelling results (Zhang et al., 2013; Zhang, Chen, & Riseborough, 2008a, 2008b) and both
direct and indirect observations (Hinzman et al., 2005; James, Lewkowicz, Smith, & Miceli,
2013; O’Donnell, Aiken, Walvoord, & Butler, 2012; Smith, Burgess, Riseborough, & Nixon,
2005; Tarnocai, Nixon, & Kutny, 2004) show that the increase of air temperatures is warming
permafrost and increasing the thickness of the active layer, creating new groundwater pathways
as well as keeping groundwater flow active for a longer period during the freezing season. This
leads to an increased hydraulic connectivity and enhanced groundwater flow. As a result,
groundwater reservoir storage capacity increases (Walvoord & Kurylyk, 2016; Velicogna,

Tong, Zhang, & Kimball, 2012). However, the deepening of the active layer leads to the
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lowering of the water table and thus potentially decreases the hydraulic gradient which, in
some cases, can counteract the effect of the increased connectivity on groundwater flow
(Walvoord & Kurylyk, 2016). Moreover, as the thickness of the active layer increases, the
water is routed though deeper and less conductive mineral soil layers, which decreases its flow

rate (Quinton & Baltzer, 2013).

According to modelling results, the deepening of the active layer and the increase of
groundwater storage can provoke changes in regional connectivity between catchments and
eventually lead to a decrease in groundwater contribution to the runoff in the headwaters and
upstream reaches, and an increase in the downstream sections of continuous permafrost
watersheds (Bense, Kooi, Ferguson, & Read, 2012; Lamontagne-Hall¢, McKenzie, Kurylyk,
& Zipper, 2018). Other modelling works suggest that, due to permafrost thaw, the magnitude
and spatial extent of groundwater contribution to stream will increase (Ge, McKenzie, Voss,
& Wu, 2011; Bense et al., 2012; Evans & Ge, 2017). This increase will be accompanied by a
concurrent enhanced formation of taliks (Lamontagne-Hallé et al., 2018; McKenzie & Voss,
2013; Zhang et al., 2008a, 2008b), a decrease in proportion of suprapermafrost water to
baseflow, and its shift towards deeper sources (Walvoord, Voss, & Wellman, 2012). For
example, in the Yukon River headwaters, the rate of permafrost-thaw-induced increase in
groundwater contribution to the runoff is estimated to range between 0.7 and 0.9% per year

(Walvoord & Striegl, 2007).

Another potential impact of warming air temperatures is the direct contribution of water from
a porewater phase change due to thawed permafrost, but it is expected to influence the runoff
to a much lesser extent in comparison with projected hydrogeological changes (Walvoord &

Kurylyk, 2016).

Areas with seasonally frozen ground are also projected to undergo an increase in groundwater
discharge, but with a much smaller magnitude (Evans & Ge, 2017). In particular, for hillslopes

where groundwater reservoir is mostly recharged by snowmelt, modelling results predict an
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increase in spring and a decrease in summer groundwater discharge (Evans, Ge, Voss, &

Molotch, 2018).

Currently, no concurrent trends in volume of icings (aufeis) and their special distribution are
observed in permafrost-underlined terrains (Morse & Wolfe, 2016; Yoshikawa et al., 2007).
This can be explained by the fact that an increase in the winter baseflow due to permafrost

thaw is balanced out by an increased occurrence of warmer winter temperatures (Walvoord &
Kurylyk, 2016).






CHAPTER 2

CONCEPTUAL METHODOLOGY AND THESIS ORGANIZATION

The lack of knowledge about the hydrological processes in glacierized catchments, other than
those directly related to glaciers, is starting to be recognized (e.g., Hood et al., 2006). Closing
the existing gap becomes more timely as temperatures continue to rise and glaciers continue
to retreat (Immerzeel et al., 2019). Climatic changes also urges us to adjust the research
procedure since the system behavior that we currently try to project is most likely “beyond the
range of previously observed variability” (Wagener et al., 2010). Taking those statements into
account, I decided at the early stage of this research project that i) the project would focus on
understanding integrated hydrological processes in glacierized catchments, and ii) in situ data
collection would be necessary accepting the challenge such field activity represents. Indeed,
field expeditions in remote areas generate high costs and increase risks, such as inevitable
instrument failures in such environments, bad weather, and potential difficulties to publish
resulting “case studies” in international journals (Blume, van Meerveld, & Weiler, 2017; Burt

& McDonnell, 2015).

The first phase in the Baconian (scientific) method consists of iterations between the research
question and background check (Figure 2.1) (Bacon, 1960). This phase is presented in the
Introduction and Literature review sections of the present thesis (Chapters 1 and 2). The next
phase is dedicated to constructing the initial hypothesis and setting up a research objective and
research questions, and it is also addressed in the Introduction. The third phase of the project,
which is described in the upcoming section, consists of defining the experimental setup and
designing data acquisition, and it is followed by data analysis and hypothesis confirmation or

rejection (Figure 2.1).

2.1 Experiment design and data acquisition

The first step in the field-based research project is choosing an appropriate location for the

field site. Motivated by the rapidly changing Polar Regions (Meehl et al., 2007; Larsen et al.,
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2014) and the concurrent lack of hydrological studies in those regions in comparison with
temperate climates (Burt & McDonnell, 2015; Vincent, Violette, & Adalgeirsdottir, 2019), I
decided that the study site should be located in the Canadian subarctic.

When choosing a field site it is important to consider several logistical aspects in addition to
scientific rationale. For instance, a research station where the team can be based and where
equipment can be stored between field seasons can facilitate the work significantly. The site
accessibility should also be taken into account as well as potential restrictions for research
conduction (necessary permits, licences, allowed methods etc.). Finally, the infrastructure in
the area should be developed enough to permit organizational steps such as equipment shipping
and food supply. After considering those aspects, the Duke River watershed in the St. Elias
Mountains, Yukon, was chosen as a field site (Figure 2.2). This watershed is part of the Water
Survey of Canada network (Environment and Climate Change Canada,

https://wateroffice.ec.gc.ca/), and has a gauging station at the river outlet.

This last point is important. Because of this existing Water Survey of Canada network, in the
interim of the first field work preparations, it was possible to start an analysis of available
historical hydro-meteorological time series. The goal of this analysis was to obtain the
evidence of both meteorological and hydrological changes in the region based on observations.
Coupled with analysis of hydrological regimes and peak water analysis (see Chapter 3), it
allowed understanding of the role of glacier retreat in recent hydrological changes in the region,

and therefore made the first step of the initial hypothesis confirmation or rejection.
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Question

Background research

v

Hypothesis construction
Chapter 2

Chapters 3, 4, 5 .

Chapter 6 Hypothesis confirmation/rejection

Communication of results

Figure 2.1 Scientific method application in the project and thesis organization

Two other research questions (see research questions 2 and 3 in the Introduction) required field
work data collection. Prior to the first field campaign, one has to obtain a permit to conduct
field work in the chosen field site. For the Kluane region, those include a permit from Parks
Canada and Kluane First nation, a backcountry permit, a landing permit and a Scientists and
Explorers License. According to the agreement with Parks Canada, only 4 field campaigns
were allowed with a maximum participants number of 3 and with a duration of no longer than
15 days. Due to these restrictions and the remoteness and difficulty to access, a multi-technique
approach was chosen in the field. Conceptually, this approach aims to measure and observe
hydrological processes in the studied watershed from different perspectives addressing the
mitigation of risks related to potential equipment failure. Field techniques included hydro-

meteorological monitoring, time lapse imagery, and natural tracers. The project included four
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field campaigns: 26 June-12 July 2015, 10-24 June 2016, 30 July-15 August, and 11-28 June
2018. The main motivation to conduct field campaigns in these periods was to be able to

capture hydrological systems during different parts of the ablation season.

Yukon, Canada

[ proglacial field
[ glaciers
< . Duke glacier — streams

m time lapse cameras
A automatic weather

S station
e groundwater well
0 175 35 7 Kilometers = gauging station

Figure 2.2 Upper Duke River valley with location of main monitoring equipment

The first field campaign took place during the period of 26 June — 12 July 2015 in the upper
Duke River valley and served mostly as a reconnaissance and preliminary exploration. The
scientific program of this campaign focused on installing long-term monitoring equipment in
the main valley and in one of the smaller sub-watersheds (called watershed B hereafter), and
collecting samples for hydrochemical analysis. Among monitoring equipment, three gauging
stations were installed at outlet of the Duke Glacier, downstream in the Duke River and in a B
stream prior to the junction with the Duke River (Figure 2.2). The goal was to obtain hourly
time series of discharge that would eventually help to quantify the contribution of different
water sources into those streams. Both the Upper Duke River valley and the B watershed were
equipped with a total of four time-lapse cameras (featuring the Duke Glacier and its proglacial
field, the upper part of the Duke River valley, and the main glacier of the B watershed) (Figure
2.2). Each of those cameras was coupled with temperature and relative humidity sensors as

well as with a snow-scale. Together with pressure transducers, temperature probes were
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inserted into soil boreholes to monitor groundwater level and temperature evolution throughout
the year. Finally, an automatic weather station (AWS) was mounted in the Duke Valley bottom
close to the junction with B stream. It measured air temperature, relative humidity, atmospheric

pressure, wind speed and direction, total radiation and liquid precipitation.

During the first field campaign, water samples from different water sources were collected in
the B watershed to be analyzed for stable isotopes, major ions and organic carbon
concentration. Waters originating from different sources (end-members) can present unique
hydrochemical and isotopic signatures as a result of the specific hydrological, geological, and
biological processes to which they have been exposed (Drever, 1997). Therefore, those natural
tracers can be used (i) to get insights into hydrological, geological, and biological processes
acting on the end-member, and (ii) to quantify the end-member's contribution to the runoff
based on relative concentrations of natural tracers in the end-member and in the runoff. The
original plan included hydrochemical sampling of the entire Upper Duke River Valley.
However, after not being able to cross the Duke River (not even next to the glacier tongue, nor
at 3 a. m.) with the equipment that was available that year, this plan had to be cancelled that

year.

Several lessons were learned during the first field campaign. First, as the size of the watershed
was too large for the project objectives, the targeted research area had to be decreased. Also, a
system to cross the main river in safe conditions had to be designed and mounted for the next
campaigns. Finally, it was observed that the wildlife contributed to the damage of monitoring

instruments. That possibility had been anticipated for bears but not for marmots and sheep.

During the field campaign of 2016, the maintenance of existing monitoring equipment was
carried out and new devices were installed. During this field campaign both sides of the valley
were accessible and thus additional time lapse cameras and groundwater wells were placed on
the other side of the valley (Figure 2.2). Also, a sampling of water for hydrochemical analysis
was collected within the entire Upper Duke River watershed and was repeated in the B

watershed. The gauging station next to the Duke Glacier tongue was no longer in place. The
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one downstream from the confluence with the B watershed was in place, but no longer under

water as the stream shifted due to an accumulation of sediments.

The field campaign of 2017 consisted of the maintenance and removal of existing monitoring
equipment, geophysical measurements in the proglacial field with ground-penetrating radar
and electromagnetic induction, and hydrochemical sampling along the geophysical lines in the

Upper Duke River and also repeating sampling in the B watershed.

Finally, the last 2018 field campaign was about removing equipment from the study area

following the agreement with Parks Canada.

2.2 Data analysis and hypothesis confirmation

The subsequent phases of the scientific research are presented in the following chapters.
Chapters 3, 4, and 5 are dedicated to the data analysis for each of the three research questions
presented at the Introduction. Chapter 3 presents the paper “Linking Mountain Glacier Retreat
and Hydrological Changes in Southwestern Yukon” published in Water Resources Research.
The main objective of this article was to isolate and quantify the role of shrinking glaciers in
recent hydrological changes in southwestern Yukon by using an enhanced dual approach which
is based on trend analysis of discharge time series and model-based peak water analysis. The
specific objectives were to: 1) disentangle glacier-related regional hydrological changes from
those that are not driven by glacier retreat, 2) position glacierized watersheds in relation to the
peak water and 3) identify those glacier characteristics that drive hydrological changes. The
results of this paper answered the first research question of this project and allowed exploring

hydrological processes in the region.

Chapter 4 is based on the article “How significant are water sources other than glacier in arid
highly glacierized subarctic watershed?”” submitted to the Journal of Hydrology. Based on data
collected over the first, second and third field campaigns, the paper disentangles the importance

of all hydrological components (e.g., glacier meltwater, ice-cored moraines and buried ice,
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talus, alpine meadow) to the total runoff of the so called B watershed, under different
meteorological conditions. It aimed to answer the following research questions: 1) in highly
glacierized subarctic watersheds, is there any significant contribution from sources other than
glaciers? 2) Is it possible to identify specific contributing sources and to quantify their
contributions to the watershed runoff? 3) How does the runoff components contribution change
under different meteorological conditions? By answering those research questions the paper
puts into light the complexity of the hydrological system in glacierized subarctic watersheds

during the ablation season.

The paper “Proglacial icings as records of winter hydrological processes”, submitted to the
Cryosphere Journal, makes the Chapter 5. It is based on the results of the second and third field
campaigns. The main objective of this study was to better understand the genesis of icings in
the Upper Duke River valley to obtain new insights into the generation of winter baseflow.
The following research questions were specified: 1) is glacier runoff the most important water
contributor to winter baseflow and to icings formation? 2) Does the water from the
suprapermafrost layer contribute to icing formation and hence to winter baseflow? And 3) are
there other hydrological sources that contribute substantially to icings formation? The results

of this study shed a light on winter hydrological processes in glacierized subarctic watersheds.

Chapter 6 is dedicated to the thesis discussion which will put together the objective, hypothesis
and the results summarized in three papers. As a result, the initial will be either confirmed or
rejected. In particular, the first part of the hypothesis - the subarctic proglacial areas play an
important role in the hydrology of glacierized valleys - will be confirmed if our results show
that water sources within proglacial field contribute to runoff throughout the ablation (Chapter
4) and winter season (Chapter 5). These results together with the results of trend attribution
(Chapter 3), will help to confirm the second part of the initial hypothesis - glacier retreat does
not entirely define their hydrological response to climate change — in case substantial changes
are observed in different hydrological regimes. Moreover, in this chapter project implication

will be discussed as well as potential ways forward.
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Abstract

This study aims to isolate and quantify the role of shrinking glaciers in recent hydrological
changes in eight watersheds in the southwestern Yukon (Canada) by using an original dual
approach that consists of (i) watershed hydrological regime identification, followed by a trend
analysis of discharge time series, and (ii) a model-based peak water (PW) analysis using glacier
cover change measurements. A distinction between hydrological regimes is a necessary add-
up to commonly used trend attribution methods as the lake-runoff regime shares common
characteristics with the glacier regime. Results show a link between shrinking glaciers and
hydrological changes in the region, but the link is complex, and glacier retreat does not explain
all the observed changes. Model outputs show that the two watersheds with a glacierized area
exceeding 30% and one watershed with 2.9% glacierized area have not reached PW, whereas
a 9.2% glacierized watershed and another watershed with 2.1% glacierized area have already
passed it. These results suggest that glacierized area alone cannot explain short-term changes
related to watershed current position in terms of PW, and the rate of glacier retreat must be
considered. By contrast, the actual rate of glacier retreat does not influence long-term changes,
such as the magnitude of PW and of the consequent drop in discharge. Once glaciers will have
retreated to a point close to extinction, declines in summer discharge from 10% to 70% and
proportional to the actual glacier cover are anticipated at watersheds that are currently more

than 9% glacierized.
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Key Points

1. Noticeable acceleration of glacier retreat occurred in southwestern Yukon since 1999 with
measured consequences for the regional hydrology.

2. Various hydrological changes have been detected at the study watersheds. Glacier retreat
explains many but not all of those changes.

3. Long-term hydrological changes are glacier cover dependent while decadal-scale changes

are driven by glacier retreat rate.

Keywords: peak water, trend analysis, glacierized catchments, southwestern Yukon

3.1 Introduction

The decay of such cryosphere components as snow, ice, or permafrost is one of the most
conspicuous environmental changes that affect mountains around the globe (e.g., Beniston et
al., 2018; Marzeion, Jarosch, & Hofer, 2012). The cryosphere is an important source of water
in mountainous regions (Huss et al., 2017), and losing portions of it is predicted to lead to
adverse societal, ecological, and economic impacts far downstream (Beniston et al., 2018;
Kistin, Fogarty, Pokrasso, McCally, & McCornick, 2010; Mark et al., 2017; Vuille et al.,
2018). Shrinking cryosphere impacts on water resources were and continue to be the object of
intense research on a local (e.g., Finger, Heinrich, Gobiet, & Bauder, 2012; Hirose & Marshall,
2013; Jost, Moore, Menounos, & Wheate, 2012; Ragettli et al., 2015), regional (e.g., Condom
et al., 2012; Frans, Istanbulluoglu, Lettenmaier, Fountain, & Riedel, 2018; Kang, Liu, Xie,
Xin, & Shen, 2009; Koboltschnig & Schoner, 2011), and global scale (e.g., Fountain &
Tangborn, 1985; Kaser, Grosshauser, & Marzeion, 2010; Huss & Hock, 2018). Despite major
advances, identifying direct causal links between measured hydrological changes and a
particular cryospheric phenomenon remains challenging at a watershed scale (D. H. Burn &
Hag Elnur, 2002). Hydrological implications of a shrinking cryosphere frequently result from
several of its terrestrial components operating synergistically or antagonistically with other

hydrological components (Prowse, 2009). In the case of glacierized catchments, such
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components as glaciers, seasonal snow cover, buried ice, and icings (a mass of surface ice
formed during the winter by successive freezing of sheets of water; Carey, 1973) can contribute
to the supply of meltwater to the watershed outflow, adding to the surface runoff and
groundwater (Brown et al., 2006; Clow et al., 2003; Yoshikawa et al., 2007). The resulting
difficulty in differentiating glacier retreat from other causes of discharge variations makes

hydrological trend attribution in such systems a complex exercise (Duethmann et al., 2015).

Two different approaches are traditionally used in trend attribution in glacierized catchments:
historical data analysis and modeling (Kormann, Bronstert, Francke, Recknagel, & Graeff,
2016). Data analysis commonly uses statistical methods for trend detection, either on existing
hydrological data only (Dery et al., 2009; Fleming & Clarke, 2003) or on both hydrological
and meteorological data (Birsan et al., 2005; Pellicciotti et al., 2010). The influence of glaciers
can be then estimated either by comparing the results among watersheds with different glacier
cover (e.g., Birsan et al., 2005; Fleming & Clarke, 2003) or by performing additional trend
detection on glacier mass balance time series where available (e.g., Li, Wang, Zhang, Wang,
& Li, 2010; Pellicciotti et al., 2010). The main advantage of the historical data analysis
approach is that it provides a reliable estimate of recent changes in real discharge variables
(Shahgedanova et al., 2018; Stahl et al., 2010). However, while the attribution of statistically
identified historical trends to specific drivers of change can be accomplished with some
confidence using paired catchment experiments (e.g., Dahlke, Lyon, Stedinger, Rosqvist, &
Jansson, 2012; Fleming & Dahlke, 2014a, b) or a two-step process involving river-by-river
trend detection followed by statistical tests to establish relationships with specific watershed
properties such as the extent of glacier cover (Fleming & Clarke, 2003; Stahl & Moore, 2006),
studies based on trend detection are sometimes limited by being based solely on qualitative

reasoning.

Modeling approaches make it possible to generate synthetic discharge time series in response
to different climate scenarios at the watershed scale and to study the main drivers of modeled
hydrological changes. Different types of glacio-hydrological models, ranging from complex

distributed process-based to simple conceptual models, are commonly used for investigating
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climate change impacts on glacierized catchment outflows (Farinotti et al., 2012; Frans et al.,
2018; Horton, Schaefli, Mezghani, Hingray, & Musy, 2006; Jeelani, Feddema, Van Der Veen,
& Stearns, 2012; Jost et al., 2012; Naz et al., 2014; Nolin, Phillippe, Jefferson, & Lewis, 2010;
Ragettli, Immerzeel, & Pellicciotti, 2016; Stahl, Moore, Shea, Hutchinson, & Cannon, 2008;
Van Tiel et al., 2018). However, a distributed physically based glacio-hydrological model (e.g.,
Naz et al., 2014) can only be applied in regions that possess extensive data sets that include
glacier mass balance records, complete meteorological data, and occasional estimates of
different hydrological variables (e.g., evapotranspiration, infiltration, snowmelt). For remote
regions, however, where only temperature and precipitation measurements at low elevations
are available, a conceptual model (e.g., Horton et al., 2006; Jeelani et al., 2012) often represents
the only option. In addition, the modeling approach requires reliable regional climate change
projections of high spatial resolution that do not always exist. Finally, in areas with limited
instrumentation, model parameters, including those describing glacier melt and snowmelt, are
often calibrated against discharge measurements (Saelthun et al., 1998), which affects the
models’ physical representation of processes (Franz & Karsten, 2013) and potentially leads to

equifinality (Beven, 2006).

Thus, in studies of complex open environmental systems, the greatest confidence resides with
outcomes that are consistent across multiple independent methodologies, including both
process simulation and historical data analysis (Fleming, 2018). The explicit representation of
process physics in a glacio-hydrologic simulation model, for example, can provide additional
valuable insights in trend attribution (Merz, Vorogushyn, Uhlemann, Delgado, & Hundecha,
2012; Unger-Shayesteh et al., 2013).

To our knowledge, a limited number of studies have combined both historical data analysis
and modeling in a dual approach for trend attribution in glacierized catchment. The dual
approach has been applied in the Western United States by Hamlet, Mote, Clark, &
Lettenmaier (2005, 2007) to identify the main drivers of trends in measured snow water
equivalent, soil moisture, and evapotranspiration. In the same region, Hidalgo et al. (2009)

used both global climate and hydrological models to assess the main drivers of earlier
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snowmelt peak. Jeelani et al. (2012) in Western Himalaya, India, complemented the results of
a water budget model with a trend analysis of temperature and precipitation time series. In
Norway, Engelhardt, Schuler, & Andreassen (2014) applied a conceptual glacio-hydrological
model to perform discharge time series trend attribution. Duethmann et al. (2015) used multiple
linear regressions and a conceptual hydrological model with a process-oriented approach to
link measured increases in stream discharge to glacier melt and climatic conditions in different
catchments of Central Asia. Baraer et al. (2012) used a simple water balance hydrological
model to allow for pattern recognition in stream discharge time series in Peruvian Cordillera
Blanca. That study situates different watersheds against the peak water (PW), a conceptual
break point that is regularly used to characterize glacier retreat influence on the long-term
evolution of discharge parameters (Carey et al., 2014; Huss & Hock, 2018; Jansson et al., 2003;
Mark et al., 2005; Milner et al., 2009; Moore et al., 2009). In conditions of continuous retreat,
glaciers produce an initial increase in runoff as they lose mass. The discharge then reaches a
turning point, a plateau called PW, and subsequently declines as the volume of glacial ice
continues to decrease. This post-PW phase of water decline is characterized by decreases in

the annual and ablation season discharges and an increase in flow variability.

In the present study, we apply the dual approach proposed by Baraer et al. (2012) to eight
watersheds with different glacierized covers in the southwestern (SW) Yukon, in northern
Canada. A recent increase in air temperatures in the SW Yukon is consistently reported in the
literature (Arendt, Walsh, & Harrison, 2009; Arndt et al., 2010; Bunbury & Gajewski, 2012;
Janowicz, 2010; Vincent et al., 2015; Whitfield & Cannon, 2000), while changes in
precipitation remain uncertain. Arendt et al. (2009) detected an increase in total annual
precipitation but at a limited number of the studied stations. According to their study, two
stations situated in the SW Yukon show significant increases (between 0 and 375 mm) for the
period 1950-2000. Janowicz (2008) also notes a possible 5%—15% increase in precipitation in
the SW Yukon over the past 3 decades but stresses a disparate situation among the 10 weather
stations he studied, with a negative trend in summer precipitation at one site (Janowicz, 2010).
Barrand and Sharp (2010) report a reduction in winter precipitation. Vincent et al. (2015)

observed a 10-20% increase for the period 1948-2012 in total annual precipitation in the area
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as well as a 3040% increase in winter precipitation and a 10-20% increase in some areas

during summer and fall.

Concurrent changes in the study area touch different components of the cryosphere, namely,
snow, permafrost, and glaciers. The SW Yukon exhibits a decline in spring snow cover
duration of approximately 6 to 8 days per decade for the period 1945-2005 (Brown & Braaten,
1998; Williamson et al., 2018). Permafrost in the Yukon River Basin is actively warming and
thawing throughout the basin (O’Donnell et al., 2012) and along the Alaska Highway (Derksen
et al., 2012; Smith, Roy, Lewkowicz, & Chartrand, 2017). Extensive glacier shrinkage in the
Yukon has been occurring since at least 1958 (Derksen et al., 2012), with an acceleration of
mass loss after the 1990s (Arendt et al., 2009). The St. Elias Mountains, situated in the SW
Yukon, are characterized by the rapidity of glacier retreat (Radi¢ & Hock, 2010) and are
projected to lose 70+10% of glacier volume by 2100 (G. K. C. Clarke et al., 2015), which
should lead to a decrease in glacier melt contribution to runoff (Bliss et al., 2014). For the
period 1958-2008, Barrand and Sharp (2010) report a 22% loss of glacier area in the St. Elias
Mountains, where glaciers of all sizes underwent changes. In general, the St. Elias Mountains
exhibit the largest negative mass balance in the Gulf of Alaska (Luthcke, Arendt, Rowlands,
McCarthy, & Larsen, 2008), having lost nearly a 0.5 m/year water equivalent during the period
1962-2006 (Berthier, Schiefer, Clarke, Menounos, & Rémy, 2010). However, isolating glacier
retreat influence on measured stream discharge in the SW Yukon is problematic because the
region is characterized by strong seasonal contrasts in temperatures and a variety of
cryospheric elements—such as glaciers, snow, and permafrost—that play a significant

hydrological role (Prowse, 2009).

Several studies have described resulting hydrological changes in the SW Yukon. In the early
2000s, Whitfield (2001) reported increases in streamflow throughout most of the year,
particularly during the winter months. This tendency has been confirmed by Yue, Pilon, and
Phinney (2003) and Janowicz (2008, 2011). Fleming and Clarke (2003) detected that
glacierized catchments showed an increase in annual discharge, while the non-glacierized ones

showed a decrease. Zhang, Harvey, Hogg, and Yuzyk (2001), followed by Stewart, Cayan, and
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Dettinger (2005), reported snowmelt-related changes in freshet timing. The sensitivity of SW
Yukon hydrology to climate-related changes in snow cover was later confirmed by Rasouli,

Pomeroy, Janowicz, Carey, and Williams (2014).

Different studies related to glacial retreat impacts on river discharge share the conclusion that,
unlike glacierized watersheds in Central BC (Stahl & Moore, 2006), PW has not yet been
reached in the studied region (Huss & Hock, 2018; Moore et al., 2009), around the Gulf of
Alaska (Beamer, Hill, McGrath, Arendt, & Kienholz, 2017; Valentin, Hogue, & Hay, 2018),
or across the entire Yukon River Basin (Brabets & Walvoord, 2009a).

These ongoing hydrological changes are predicted to have numerous adverse impacts in the
region. Glacier retreat and associated streamflow changes may affect water quality by reducing
the dilution of solutes, decreasing sediment load, and increasing stream temperature during the
warm months of the year (Fleming & Clarke, 2003; Hood & Berner, 2009; Moore et al., 2009).
These impacts are expected to affect the floral and faunal composition of rivers (Dorava &
Milner, 2000; Fleming, 2005; Milner et al., 2009; O’Neel et al., 2015) and to cause cascading
impacts on the livelihood security of local communities in the Yukon Basin (Wilson, Walter,
& Waterhouse, 2015). Anticipating these impacts requires that progress be made in associating

hydrological changes with specific cryospheric changes, among other factors.

In light of the above, the objective of this study is to isolate and quantify the role of shrinking
glaciers in recent hydrological changes in the SW Yukon by using an enhanced dual approach.
More specifically, this study aims to (1) disentangle glacier-related regional hydrological
changes from those that are not driven by glacier retreat, (2) position glacierized watersheds in
relation to the PW, and (3) identify those glacier characteristics that drive hydrological

changes.
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3.2 Study area

The study area consists of eight watersheds in the SW Yukon, Canada, selected based on their
location, data availability, quality, and representativeness of regional variety of sizes and
glacier covers. They are identified throughout the text by their river name (Figure 3.1 and Table
3.1). The examined watersheds are situated on the eastern slope of the St. Elias Mountains and
on the Northeastern Coastal Mountains, and their elevation ranges span from 1,250 to 4,300
m. The spatial extent and glacierized area of watersheds vary from 375 to 7,750 km? and from
0% to 30.4%, respectively. Watersheds with a glacierized area higher than 30% are
characterized by the highest annual and ablation season discharges, and watersheds with no

glacier cover have the lowest ones (Table 3.1).

The study area is on the zone of discontinuous and sporadic permafrost (Brown & Braaten,
1998) and includes many surge-type and debris-covered glaciers (Crompton & Flowers, 2015;
Kienholz et al., 2015; Sevestre & Benn, 2015). The climate in the SW Yukon is continental,
with a mean annual air temperature between —2 and —6°C and a mean annual total precipitation
between 250 and 400 mm (Wahl, Fraser, Harvey, & Maxwell, 1987). The highly glacierized
St. Elias Mountains (Kienholz et al., 2015) create a strong precipitation shadow effect over
most of the study area (Anderson, Abbott, Finney, & Burns, 2005), limiting precipitation

events to mainly convective precipitation and storms (Burn, 1994).



Table 3.1 Description of studied watersheds
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Outlet Discharge Average
Areas Elevation
Water coordinates data discharge
River | Survey of Jul—
Lat. | Lon. | First |Length| Tot. |Glac.| Annual Average | Range
Canada ID Aug.
N. W. | year® |(years)| (km?) | (%) | (m%/s) (m) (m)
(m>/s)
White | 09CB001 |61°59'(140°33'| 1974 | 34 |6,230 | 30.4 | 116.9 | 377.9| 1,825 |701-5,000
Alsek* |08AB001*|60°07'|137°58"| 1981 | 27 | 7,750 |30.2 | 188.5 | 617.6 | 1,436 |446-4,410
Duke | 09CA004 |61°20'(139°10'| 1981 | 29 654 | 9.2 8.4 273 | 1,767 |894-3,042
Tatshen-
hini 08ACO002 [60°07'|137°05'| 1989 | 26 | 1,750 | 2.9 | 29.5 | 56.5 | 1,295 |587-2,238
shini
Wheaton| 09AA012 |60°07'|134°53"| 1956 | 45 684 | 0.5 8.0 17.5 | 1,410 |667-2,418
Tak-
08ACO001 [60°06' | 136°55'| 1984 | 30 375 0 43 6.9 1,352 | 712-2,141
hanne
Takhini | 09ACO001 |60°51'{135°44'| 1948 | 65 | 7,050 | 2.1 | 63.0 |168.2| 1,291 |657-2,533
Sekul-
08AA008 [61°33'|137°32"| 1981 | 32 |1,240| O 5.7 13.7 | 1,400 |939-2,196
mun

- The last year for discharge time series for all watersheds is 2015



40

Yukon, Canada
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Figure 3.1 Study area and the selected watersheds in the southwestern Yukon, Canada. Gray
circles with black points correspond to the outlets of the watersheds. Triangles highlight the
position of the meteorological stations, corresponding to Burwash Landing (BL), Haines
Junction (HJ), Altin (A), Carmacks (C), and Teslin (T)

3.3 Data and methods

3.3.1 Overview of methods

The enhanced dual approach that was used to investigate the role of shrinking glaciers in the
hydrological regimes of the eight watersheds in the study area consists of trend detection in
historical discharge variables and a model-based PW analysis. The first step in the trend
detection was the preprocessing of the discharge time series. This preprocessing included
treating time series for missing data and deriving 11 discharge variables. The watersheds were
then clustered based on their hydrological regimes to isolate catchments under glacier
influence. Trend detection was performed on the 11 variables using three different statistical

techniques to limit the possibilities of trend misidentification.
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We quantified glacier cover changes by means of a glacier inventory. The inventory uses
existing inventory as a starting point and consists of refining glaciers outline for each study
watershed. This exercise is conducted for 3 years over a period of 28 years. The resulting
glacier retreat characteristics performed for each watershed covered three decades and were
used as input to the Simple Water Balance Model (SWBM) (M. Baraer et al., 2012). The model
is parametrized mainly based on published values and generates synthetic discharge time series
in response to 15 different scenarios that account for major uncertainties in glacier area and
volume estimations. Model outputs comprise a PW diagnostic and allow placing detected
trends in discharge time series into a glacier retreat perspective. We also carried out additional
model simulations to tentatively answer two questions: (a) how likely trends in discharge might
be reversed in case of a change of glacier retreat pace and (b) whether the PW analysis has
been influenced by a possible increase in precipitation. The results of this last simulation were
compared with actual trends detected in precipitation time series. Finally, trend attribution
consisted of a comparison of trend detection, hydrological regime identification, and model

outputs.

3.3.2 Observations and preprocessing

3.3.2.1 River discharge data

Daily discharge time series from eight stations from the Water Survey of Canada (Environment
and Climate Change Canada, https://wateroffice.ec.gc.ca/), located at the outlets of the
watersheds, were analyzed in this study (Figure 3.1). Table 3.1 summarizes the characteristics
of the watersheds and the time series lengths and reports the stations’ IDs. A reservoir that is
controlled for hydroelectricity production purposes within the Dezadeash sub-watershed
(08 AA003, not shown on the map) is part of the Alsek watershed. Reservoirs are known to
impact hydrological regimes by reducing the peak flows and altering the low flows’
magnitudes as well as changing the peak flows and the low flows’ frequencies (Grill et al.,
2015; Mailhot, Talbot, Ricard, Turcotte, & Guinard, 2018). Thus, we used a hypothetical

Alsek* catchment that excludes the Dezadeash sub-watershed. Its characteristics were
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calculated by subtracting 08 AA003’s total and glacierized areas from those of the Alsek River
catchment, and its daily discharge time series were obtained by subtracting station 08AA003’s
daily discharge from that of station 08 AB0OO1. The propagation time between both stations was

not accounted for in this calculation given the time scales used in this study.

Hydrological changes were examined by analyzing the hydrographs of the eight watersheds
and by specifically focusing on flow magnitude, timing, and variability. To characterize
changes in flow magnitude, we extracted the following variables from daily discharge time
series: mean annual discharge (Qy [m/s] calculated during the hydrological year, namely,
October—September), mean discharge for the ablation period July—August (Qusi; [m?/s]), mean
discharge for the ablation period May—August (Qasi2 [m*/s]), mean five-day maximum and
minimum discharge (Qmase [m*/s] and Qminsa [m’/s], respectively), and mean winter
(November-March) discharge (Qw [m’/s]). To characterize changes in the timing of
hydrological flows, the day of the year with QOmaxsa and Qminsa (Domaxsa and Dominsd,
respectively) and the start of the ablation season (Davi; or the first day of the year with a daily
discharge increase greater than a threshold value) were used. The threshold values were fixed
based on a visual inspection of the discharge time series. The objective was to target
standardization as much as possible while accounting for watershed specificities. We applied
a 0.1 m*/s threshold to all the watersheds apart from White and Alsek*, which exhibit much
higher discharge than the others. The threshold was fixed at 2 m*/s for the White River and 1
m?/s for the Alsek* River. Finally, the coefficients of variation of Oy (CVy [unitless]) and Qapis

(CVabir [unitless]) were used to quantify changes in flow variability.

Although discharge time series have undergone quality checks from the Water Survey of
Canada, they might contain missing values that may affect the derived variables used to
characterize the hydrographs. A visual inspection of the discharge time series was performed
for Qyr, Qabi1, Qabiz, CVyr, CVabil, Qw, and Dabl, and years with more than one consecutive week
missing were discarded. This rule allowed us to keep as many years as possible without

jeopardizing data quality. To be able to calculate Qmaxsd, Qminsd, DQmaxsd, and DQminsd, we
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decreased the range and discarded the year if more than five consecutive days were missing.

The gaps in the data were not filled.

Each watershed lost at least one year of data due to this data screening. The maximum number
of removed years was 15 for the Wheaton watershed. Otherwise, the number of rejected years
varied between 1 (Tatshenshini watershed) and 8 (White and Alsek® watersheds). The length

of discharge time series after preprocessing ranges from 25 to 64 years (Table 3.1).

3.3.2.2  Air temperature and precipitation data

To examine regional changes in air temperature and precipitation, we extracted such variables
as mean annual and ablation season air temperature, mean annual snow, rain, and total
precipitation from the Adjusted and Homogenized Canadian Climate Data (Mekis & Vincent,
2011; Vincent et al., 2012). The positions of meteorological stations are shown in Figure 3.1.
Because of data scarcity, the Burwash Landing station (BL, 806.2 m above sea level [a. s. L];
precipitation data are available for the period 1967-2008, and air temperature data are available
for 1967-2018) was used as a reference station for the Duke and White River watersheds; the
Haines Junction station (HJ, 595.3 m a. s. 1., 1945-2007, 1945-2018) was used as a reference
station for the Alsek*, Takhanne, and Tatshenshini River watersheds as they are all situated in
the Shakwak Trench. The Carmacks station (C, 524.9 m a. s. 1., 19432011, 1943-2018) was
used to represent the Sekulmun and Takhini watersheds, both being situated in Whitehorse
Valley. Finally, the Wheaton watershed was represented by two stations: Altin (A, 673.6 m a.
s. 1., 1967-2017, 1967-2018) and Teslin (T, 705.0 m a. s. 1., 1944-1994, 1944-2018).

3.3.2.3  Glacier inventory

To perform model-based PW analysis, we needed data on glacier changes in the area. Glacier
cover changes for each watershed were obtained by delineating glacier outlines for different
years using freely available Landsat satellite images (Landsat Thematic Mapper 5, 7, and 8).

Only August—September images with minimal snow and cloud cover were chosen. Based on
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the temporal range of best available images suitable for the delineation, we chose the years
1989, 1998 (1999 for the White River watershed), and 2017, resulting in a time window of 28

years for the quantification of glacier cover changes.

Over the years, numerous methods have been developed to delineate clean glacier ice in a
semi-automatic way (Hall, Ormsby, Bindschadler, & Siddalingaiah, 1987; Hanshaw &
Bookhagen, 2014; Paul, 2002a, 2002b; Racoviteanu, Williams, & Barry, 2008; Smith,
Bookhagen, & Cannon, 2015). Despite the interest these methods represent, we chose manual
delineation for conducting the glacier inventory (Kienholz et al., 2015). At the scale at which
delineation is performed, semi-automatic methods would still require manual correction for
clouds, snow, fog, and bright rock surfaces (Howarth & Ommanney, 1986; Racoviteanu, Paul,
Raup, Khalsa, & Armstrong, 2009) and therefore would become time-consuming compared
with manual delineation. Moreover, some of the images used for the analysis contain defects
(e.g., strips from Landsat 7 sensor failure in 2003) that are not compatible with semi-automatic

methods.

Initial glacier delineation was performed using the Global Land Ice Measurements from Space
(Kargel, Leonard, Bishop, Kaab, & Raup, 2014; available at https://www.glims.org/RGI/)
shapefiles as a base. They were first modified in a way that each glacier was represented by an
individual polygon instead of being merged with others. Delineating each individual glacier
was required because glacier areas were used for glacier volume estimation in the SWBM.
Glacier outlines were then modified according to the changes observed on satellite images for
1989, 1998, and 2017. Individual glacier area was subsequently calculated for the three years
using ArcGIS®.

The uncertainty associated with individual glacier delineation was estimated by the error model

proposed by Pfeffer et al. (2014):

e(s) = ke;sP, (3.1)
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where p, er, and k are empirically derived coefficients equal to 0.7, 0.039, and 1, respectively
(Pfeffer et al., 2014), and e(s) and s correspond to the error and glacier area (both in km?). The
standard error for the entire region was then calculated by dividing the sum of individual

glacier errors by the total glacier area.

The St. Elias Mountains are characterized by the presence of debris-covered glaciers (Kienholz
etal., 2015), and several of them are situated within the borders of the White and Alsek* River
watersheds. However, detecting the changes in debris-covered glaciers was out of the scope of
this paper. Therefore, we assumed that the position of debris-covered tongues did not change
significantly for the study period. This assumption was shown to be reasonable in other regions
like Himalaya (Benn et al., 2012) and northern Pakistan (Herreid et al., 2015) for the periods

of several decades.

The studied region is known for the presence of surging glaciers (Crompton & Flowers, 2015;
Johnson, 1986; Sevestre & Benn, 2015). Therefore, particular attention was given to surging
event detection when measuring positions of glacier tongues for different images. As no glacier
tongue advance was detected, it was assumed that no surging event had a significant impact on

glacier area changes estimation over the studied period in the studied watersheds.

3.33 Hydrological regimes

Hydrological regimes represent the integrated watershed responses to various climatic inputs,
with precipitation and temperature being the most important ones (Zhang et al., 2001). These
responses differ in terms of magnitude and timing of the peak discharge as well as its
variability. In the study region, snowmelt contributions to the spring—summer freshet tend to
peak in June (Brabets, Wang, & Meade, 2000). The presence of glaciers alters the watersheds’
response in both the timing and magnitude of the peak discharge because glaciers act as natural
water reservoirs at the watershed scale and because summer precipitation has to be routed
through the glacier before reaching the stream. Hence, the hydrograph of a glacierized

watershed 1s expected to exhibit less variability than that of a non-glacierized one (Fleming &
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Clarke, 2005; Fountain & Tangborn, 1985; Jansson et al., 2003; Van Tiel et al., 2019; Walder
& Fountain, 1998). Similarly, lakes accumulate snowmelt, rainfall, and glacier melt during the
ablation season and release water when sufficiently filled. As a result, where the presence of
glaciers or lakes dominates watershed response, the hydrograph will have its peak discharge
later in the summer, possibly masking snow-induced June freshet, the so-called hybrid
hydrological regime (Eaton & Moore, 2010). These three regimes are commonly observed in
the study area. We will further refer to them as snowmelt runoff, glacier runoff, and lake runoff
to highlight the main drivers following the classification of Brabets et al. (2000) for the Yukon

River.

Hydrological regimes were characterized with the monthly fraction of annual runoff for each
watershed (i.e., mean discharge for each month divided by mean annual discharge) (Fountain
& Tangborn, 1985). Comparing hydrological regimes to one another required the monthly
fraction of annual runoff of each watershed to be calculated over a common recording period.
For the eight watersheds, the common recording period is 15 years long and covers the years

1990, 1995, 1996, 1999, 2001-2012, and 2015.

3.34 Trend detection

Four different methodologies were applied for detecting and quantifying hydrological changes,
namely the nonparametric Mann-Kendall test (MK), the modified Mann-Kendall test,
Spearman’s rho test (SR) and the Sen’s slop. This allowed us to account for possible
uncertainties associated with specific methodologies for trend detection (Cox & Stuart, 1955;
Clarke, 2010). All the applied methods are nonparametric. Unlike parametric tests, which are
based on the assumption that the analyzed data are normally distributed, nonparametric tests
do not make an assumption about the data distribution and thus are more suitable for
hydrological time series with unknown distribution, missing data, and possible outliers
(Kundzewicz & Robson, 2000). The MK test detects monotonic changes in time series by
pairwise comparing an observation with previous observations and counting the number of

decreases/increases (Mann, 1945; Kendall, 1975). Based on calculated test statistics and its
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variance, the null hypothesis, which assumes randomness in time series, is either rejected or
not. The alternative hypothesis assumes the existence of a monotonic trend. Positive serial
correlation in time series increases the Type I error (i.e., the rejection of a true null hypothesis)
because the variance of the MK test statistic increases with the magnitude of serial correlation
(Cox & Stuart, 1955). To account for the possible presence of positive serial correlation and
thereby minimize false trend detection, we used the modified MK (Hamed & Rao, 1998;
Hamed, 2009), where serial correlation is evaluated from the time series, and then
autocorrelation coefficients are used to modify the variance. Finally, SR, also a nonparametric
rank-based technique, was applied. This test is based on a correlation between ranks in time
and in magnitude for a pair of observations (Dahmen & Hall, 1990) and is slightly more
sensitive to the outliers in comparison with MK (Croux & Dehon, 2010). We used a p-value
of 0.05 as a significance level to reject the null hypothesis. Magnitudes of detected trends were
estimated using Sen’s slop, which calculates the slope for a given time series as a median value

of slopes between among pairs of observations (Sen, 1968).

3.3.5 Hydrological modeling

3.3.5.1 Model description

The SWBM was adapted from the model used by Baraer et al. (2012) to support the
interpretation of trends in measured discharge in the Cordillera Blanca, Peru. As in the original
version, based on water budget, the model generates synthetic hydrographs using the watershed
area, the initial glacierized surface, and the annual ice loss rate as input. The SWBM allows
for studying the direct impact of glaciers’ retreat on discharge, thereby eliminating the
uncertainties stemming from modeling the response of the glacier to changes in climatic
forcing. In the present case, components of the energy balance as well as physical
characteristics of glacierized parts of the watersheds (glacier elevation range, slope orientation,
ice flow, etc.) that influence meltwater production are integrated into the ice loss rate

parameter. Moreover, most of the model parameters are taken from the literature, so if losses
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to evapotranspiration and deep infiltration can be estimated, the SWBM can even be used for

ungauged watersheds.

Modifications included the rationalization of internal parameters, the adjustment of the
watershed glaciers’ volume, and glacier annual retreat calculation methods, taking into account

extra processes such as the seasonality in groundwater and evapotranspiration fluxes.

The annual water budget at a watershed scale can be expressed as follows (Baraer et al.,

2012):

er = Qmelty + Qslowy + Qfasty - EVlyAla (3.2)

where Q) is the stream discharge at the watershed outlet; Qmeir y, Osiow y, and Qrust » are the
glacier melt, slow-flow, and fast-flow components of the yearly average discharge,
respectively; EViy is the evaporation rate from lakes; and A4; represents the lake surface area.
Fast flow represents the portion of precipitation that reaches the watershed outlet within a few
days after rainfall and assumes no evapotranspiration loss. Slow flow represents water released
from the watershed over a timespan longer than a few days and is assumed to be mainly
groundwater based (Baraer et al., 2012). EV7y is assumed to have a substantial influence in a

given watershed where lakes larger than 0.5 km? are present.

The yearly glacier melt discharge component is defined as the sum of a steady state
component and a mass balance component minus the fraction of glacier ablation lost by

sublimation:

Qmetey = (PyAg +0.8522) (1 - SUB,). (3.3)

where Py corresponds to the annual total precipitation; 4g is the watershed glacierized area;
AVgi is the annual change in the watershed glacier volume; A4¢ is the length of the study period
(one year); SUBy is the sublimation rate from ice surfaces, expressed as the portion of the yearly

ablation volume; and 0.85 accounts for the relative density of glacier ice (Huss, 2013).
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The yearly slow-flow discharge component corresponds mainly to groundwater contribution

and is calculated as follows:

Qslowy = (Py_ETIngly)Anngngla (3.4)

where ETIngyis the yearly rate of losses to evapotranspiration and deep infiltration from non-
glacierized areas, Angi is the non-glacierized portion of the watershed, and gng:1is the percentage
of annual precipitation excess that represents the annual base flow. The non-glacierized area
of the watershed Axg corresponds to the difference between the total area and the glacierized

arca Ag of the watershed.

The yearly fast-flow discharge component corresponds to surface runoff and the portion of

vadose zone flows that contributes to stream discharge directly:

Qfasty = (Py_ETIngly)Angl(l - Qngl)’ (3.5)

The ablation season discharge is calculated using the same structure as in equation (2):

Qab = Qmelt ab + Qslow ab + Qfast ab — EVl yAlevl ab» (3-6)

where Omeit ab, Qsiow ab, and Orast ab are the glacier melt, slow-flow, and fast-flow components of
the ablation season average discharge, respectively; and evia» is part of the yearly evaporation

from lakes occurring in July and August.

The glacier melt discharge component during the ablation season is calculated using a

modified equation (3.3):

AV
Qmeit ab = Aab (PyAgl +0.85—2

“91) (1 — SUB, subgy). (3.7)
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where aqp 1s the fraction of annual ablation and subaps is the fraction of annual sublimation

occurring in July and August.

The slow-flow discharge component of ablation season discharge is computed as follows:

Qslow ab = (Pab_ETIngl yetingl ab)Anglqngla (3'8)
where Pa» corresponds to precipitation occurring in July and August and eting a» represents the
part of yearly loss rate to evapotranspiration and deep infiltration (in %) occurring in July and

August.

Finally, the fast-flow discharge component is calculated using the following:

Qfast ab = (Pab_ETInglyetingl ab)Angl(1 - Qngl)a (3'9)

The model also computes the yearly coefficient of variation of discharge Cv::

(3.10)

2 2 2
(Cvmelt*Qmelty) +(Cvslow*Qslowy) +(Cvfast*Qfasty) +Y.cov
vaT‘ = ’
Q

where Cvimeir, Cvsiow, and Cvyas;, are the melt, slow-flow, and fast-flow coefficients of variations,

respectively; and 2oy describes the sum of the flow types’ pair covariance.

The ablation season coefficient of variation of discharge Cv.s is computed by replacing the

yearly discharge components with the ablation season ones in equation (10).

Table 3.2 Regional- (a) and watershed-specific (b) parameters
used in the Simple Water Balance Model

a) Regional parameters:
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Name | Units | Value Description Sources
etingl ab % 35 % of ETlxg occurring in July and August | Farnsworth and
€Vlab % 35 % of EVioccurring in July and August Thompson (1982)
SUBy % 1.4 | Yearly glacier ablation from sublimation | Wheler and Flowers
(in % of yearly ablation) (2011)
B d Steff
subab % 53 % of SUB, occurring in July and August ox and Steffen
(2001)
Canadian National
Committee for the
EViy | mm/y | 300 | Yearly evaporation rate from lakes International
Hydrological
Decade (1978)
B ] 1182 Wat‘ershed volume—glacierized area Glacier inventory
scaling factor
o o 625 % of annual ablation occurring in July Herdes (2014)
and August
o 175 % of annual precipitation making the | Walvoord and
Gne! ° ' annual base flow Striegl (2007)
> .cov - 0 Sum of covariance
CViast - 1.3 | Fast-flow coefficient of variation
CVmelt - 0.4 | Meltwater coefficient of variation Baraer et al. (2012)
CViiow - 0.5 Slow-flow coefficient of variation

b) Watershed-specific parameters:

Name | Units | Description Source
Agl(0) % | Initial watershed glacierized area Glacier inventory
At km? | Watershed area Aster DEM
Canvec data set
Al km? | Lake area (Natural Resources
Canada, 2016)
I'o - Initial rate of glacier area loss Glaciers i ¢
aciers invento
Itollow - Glacier area loss rate evolution factor Y
Name | Units | Description Source
Py mm/y | Annual precipitation change rate Worldclim database
N Hijmans,
Pab mm/y | July and August precipitation change rate (Hy

Cameron, Parra,
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Jones, & Jarvis,
2005)
EThgy | mmly Yearly 'loss rate to evapotranspiration and deep Adjusted
infiltration
B m>?% | Watershed volume—glacierized area scaling factor | Glacier inventory

3.3.5.2 Model setup and verification

Running the SWBM required fixing 21 parameters that can be split into two categories: (1) 12
regional parameters that were kept unchanged for all watersheds; and (2) 9 watershed-specific
parameters (Baraer et al., 2012). All of the regional parameters, apart from volume—glacierized

area scaling factor S, were fixed based on relevant literature (Table 3.2).

Parameter f as well as 4 out of 9 watershed-specific parameters—namely, initial glacierized
area Ag, initial rate of glacier loss /0, glacier area loss evolution factor /0w, and watershed
volume—glacierized area scaling factor B (Table 3.3)—were calculated using the glacier
inventory outputs.  was estimated with a nonlinear regression applied to 18 (Vg Agl) data
points resulting from three years of inventory for the six glacierized watersheds. Watershed

glacier volume Vg was calculated as follows:

%

1= Y.V, = BAP (3.11)

gt

where Vi is the volume of a given glacier i out of m inventoried in the watershed and B is the
watershed volume—glacierized area scaling factor. This is calculated by applying a nonlinear
regression to four data points: three years of (Vgi, Agi) and the point (0,0). The volumes of

individual glaciers Vi used to calculate Vg were estimated based on the following volume—area

power relationship (Bahr, Meier, & Peckham, 1997; Chen & Ohmura, 1990):

V; = cAl, (3.12)
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where ¢ and y are empirical scaling parameters. Different values for scaling parameters have
been proposed in the literature for global applications (Chen & Ohmura, 1990; Grinsted, 2013;
Radi¢ & Hock, 2010; Van de Wal & Wild, 2001) and for the northwestern North America
(Arendt et al., 2006). In the present study, y was kept constant at the theoretical value of 1.375
(Bahr et al., 1997), while we used three different values for c. Glacier volume estimates are
very sensitive to the choice of scaling parameters (Barrand & Sharp, 2010), and considering
three values helps capture the uncertainty associated with it. We chose the three values for ¢
that represent the range found in the literature: 0.12 m*2" corresponded to a low estimate (e.g.,
Van de Wal & Wild, 2001); 0.28 m>? to a high estimate (e.g., Arendt et al., 2006), and ¢ = 0.2
m>% to a medium estimate (e.g., Radi¢ & Hock, 2010).

The evolution of the glacier area Ag in time was computed using the following autoregressive

model:

Agl(n+1) = Agl(n)(1 - F(n)), (3.13)

where Agim) and Agim+1) are glacier areas for years n and n+1, respectively; and 7 is the rate

of glacier area change for the year n. /') was estimated as follows:
F(n) = FO + nrfouow , (314)

where /7 is the initial rate of glacier area loss and 7 joi0w 1s the glacier area loss acceleration (or
deceleration, if negative) factor. Both /9 and / ju0ow were estimated from the best fit to equation
(13), in which glacier areas from the inventory were normalized in relation to the first-year
value. We used five different sets of values for 79 and 7 oiow in model simulations to account
for uncertainties in the glacier area delineation: a base set was obtained using normalized
watershed glacier areas from the inventory (with area = 1 for the first year); and four other sets
of factors were obtained by adding and subtracting half of the standard error (see Section 3.2.3)

from normalized measured glacier areas (Table 3.3).



54

Other watershed-specific parameters, except ET7In.g, were estimated using geographic
information systems. The total watershed area A, was obtained from watershed delineation on
Aster digital elevation model (DEM). The lake surface area A4;, was extracted from the CanVec
data set (Natural Resources Canada, 2016). The annual precipitation Py, necessary to calculate
the glacier melt discharge component was taken from the spatial Worldclim database (Hijmans
et al., 2005). The monthly precipitation for each watershed was obtained by averaging the
spatial data within the watershed’s borders in ArcGIS®. In the absence of a clear tendency
arising from regional studies on precipitation changes (see Introduction), precipitation was
kept invariant throughout the PW analysis, and the influence of a potential increase in
precipitation on hydrological trends was evaluated through a supplemental round of
simulations (see Section 3.5.5). ETlug is the only parameter that was adjusted during
simulations. It was obtained for each watershed by finding the best fit between simulated and
observed Oy and Qas for 15 scenarios arising from a combination of 5 glacier retreat sets of
parameters with 3 volume—area scaling factor alternatives (Table 3.3). Its values were limited
to a 20-500 mm/y range based on the values found in the literature (Ruairuen et al., 2015;

Yuan et al., 2012).

Model verification was carried out by comparing modeled yearly and ablation season
discharges with measured ones for the period 1989-2017 for all the studied watersheds. The
Nash Sutcliffe efficiency, the normalized root mean square error, and the determination

coefficient R? were the three objective functions used for model performance evaluation.

Table 3.3 Parameter adjustments leading to the 15 tested
scenarios: (a) 5 adjustments of the base glacier cover
values used to compute 79 and [ foiiow, where e(s)
represents the standard error computed based on measured
glacier areas and “-” stands for no changes; (b) 3
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alternatives of the glacierized area—volume scaling factor.
Combining the 5 sets of 70 and 7 foiiow values with the 3
possible scaling factors leads to 15 scenarios

Period 1 (1989) | Period 2 (1998) | Period 3 (2017)

a) glacier cover adjustments:

- —0.5 e(s) =0.5 e(s)
- —0.5 e(s) +0.5 e(s)
- +0.5 e(s) +0.5 e(s)
- +0.5 e(s) =0.5 ¢e(s)
b) glacierized area—volume scaling factors:

0.12 m*2

0.20 m*%

0.28 m*%

3.3.5.3 Model outputs

Simulations covered the period 1989-2390. Selecting a multi-century simulation time allows
for better situation of actual hydrological changes into a long-term perspective. However,
model projections after 2017 should be taken with caution because they are based on the
unverified assumption that the glacier retreat will keep accelerating at the same pace as over

the period 1989-2017. Therefore, the time scale in projections can be seen as indicative only.

Primary outputs of the model are time series of the annual discharge O, and annual coefficient
of variation CVyr as well as the July—August discharge Qasi; and July—August coefficient of
variation CVair and the glacier area Ag (Figure 3.4a). The model further calculates variables
based on those time series for the PW analysis: a PW phase number for the year 2017, the PW
discharge relative to the original discharge Opeat/Qo for cases where PW is predicted as still to
come, and the relative final discharge Oens/Oo (M. Baraer et al., 2012). The last two variables

were calculated for the period July—August, hydrologically the most sensible to glacier retreat.
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3.3.5.4 Peak water analysis

The PW phases follow the definition proposed by Baraer et al. (2012), as illustrated in Figure
3.4a. The pre-PW phases are P1 and P2. P1 corresponds to the early stage of glacier retreat and
is characterized by an increase in Qupsr and a decrease in CVapsr. P2 situates between P1 and
PW and is characterized by an increase in both Qussr and CVabsr. At PW, Oy reaches its
maximum. The post-PW phase P3 starts with PW and covers the pronounced decline in
discharges and the corresponding increase in the coefficients of variation. Phase P4 represents
the end of the glacier’s influence on outflows, when changes in discharges are progressively

less pronounced, asymptotically reaching a non-glacierized basin state.

To constrain model simulations, we used 15 scenarios that account for the uncertainties in the
glacier area delineation and in glacierized area—volume scaling (Table 3.3). The PW analysis
does not apply to nonaccelerating glacier retreat (Baraer et al., 2012), so scenarios based on
stable or decelerating retreats between 1989 and 2017 are not assigned any phase number and

are labelled as “NA.”

3.3.5.5 Additional simulations

As the last step, additional simulations were carried out to answer two questions arising from
the PW analysis: (1) how reversible trend projections are for watersheds identified as having
passed the PW should the retreat acceleration rate change and (2) whether the possible

precipitation increase is responsible for some of the positive trends identified in time series.

Trend reversibility was assessed by conducting a hypothetical rapid-retreat simulation for each
watershed for the three volume—area scaling factor alternatives. The rapid retreat corresponds
to the use of an exaggerated glacier area loss acceleration factor 7 juow, which should be well
above those calculated based on the glacier inventory. The rapid-retreat scenario was

anticipated to induce an increase in discharge for at least the first simulation year, regardless
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of the initial conditions. The magnitude and duration of this increase reflect the potential of
glaciers to further increase the watershed outflows in case of retreat acceleration (Baraer et al.,
2012). The rapid-retreat simulation results were synthesized by calculating the glaciers’
capacity to further increase the stream discharge [0

fQ+ — Zile (eri_QyTO) (315)

Bro for years i where Q,,-; > Qyr o,

where Oyro represents the first simulation year for annual discharge.

The influence of a possible increase in precipitation on measured hydrological trends was
evaluated by conducting precipitation increase simulations. The model calculated the
precipitation increase rate Pr.; [mm/year] that would be required to reverse a negative trend in
yearly discharge (or a positive trend in the coefficient of variation) arising from the PW
analysis. These simulations were conducted for all scenarios that did not lead to a P1 or P2
phase. To be considered as realistic, Preq values must be comparable to the magnitude of
increase in precipitation observed at six different meteorological stations in the Adjusted and

Homogenized Canadian Climate Data (Mekis & Vincent, 2011; Vincent et al., 2012).

3.4 Results
3.4.1 Glacier inventory

A ubiquitous decrease in glacier cover is observed across the studied region (Figure 3.2). The
calculated regional area error for the glacier delineation for 1998 is 1.25% and for 2017 1.22%.
The rates of retreat, however, differ among watersheds (Figure 3.2). The White and Alsek*
River watersheds have the highest percentage of glacierized area, possess the largest glaciers,
and are characterized by a large range of glacier elevation. They underwent the smallest
decrease in % of glacierized area between 1989 and 2017: 7.9% and 7.6%, respectively. The
Duke River watershed as well as the Tatshenshini and Takhini River watersheds show a

comparable (to each other) decrease in % of glacierized area: 21.9%, 23.8%, and 21.7%,
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respectively. The Wheaton River watershed lost 42.4% of its glacierized area over the 28-year
period. This watershed is characterized by an abundance of small glaciers (<1 km?) and has
the smallest glacierized area but exhibits similar median glacier elevation in comparison with

the other watersheds.

5000
B <1km?
B 1-10 km?
4000 10 - 100 km?
2
— 3000 9.2% Bl >500km
o=
k2 Wheaton
o \ 0.5%
[© 2000 Tatshenshini Takhini
LLl 2.9% 2.1%
1000
0 | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Retreat between 1989 and 2017 [%]

Figure 3.2 Changes in glacierized area in % for each watershed for the period 1989-2017.
The size of each circle is proportional to the % of glacierized area of the watershed. The
center of each circle corresponds to the mean elevation of glaciers, and the bars show their
elevation range. The area of each circle is divided into segments that correspond to the % of
glacierized area taken by glaciers of different sizes (see the legend) for 2017

Overall, Figure 3.2 shows an apparent correlation among the size, the total area, and the rate
of retreat of glaciers for the different watersheds, except for the Duke River watershed, which
plots with two watersheds of much lower glacierized area and smaller size cover (Tatshenshini
and Takhini). The results from the glacier inventory confirm findings related to the fast rate of
glacier area losses from other studies (Arendt et al., 2009; Barrand & Sharp, 2010; Derksen et
al., 2012).
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3.4.2 Hydrological regimes

Normalized hydrographs for the studied watersheds cluster into three groups, depending on the
time of peak discharge and the monthly proportion of annual water production (Figure 3.3).
We can observe that they are consistent with hydrological regimes previously identified for the
Yukon River watershed (e.g., Brabets et al., 2000), namely, snowmelt runoff, glacier runoff,
and lake runoff. The Takhini, Tatshenshini, and Wheaton River watersheds form the first group
and are characterized by peak discharge in June, which corresponds to the time of freshet at
low and mid-elevations. The White, Alsek*, and Duke River watersheds have glacierized areas
between approximately 10% and more than 30% and form the glacier runoff group. In a
watershed that is not hydrologically influenced by major lakes, the glaciers’ impact on
discharge is expected to be characterized by a delay in peak runoff compared with a snowmelt
regime (Fountain & Tangborn, 1985). This characteristic is reflected by the normalized
hydrograph of this group. The peak runoff occurs in July and persists in August, when the
snowmelt runoff group exhibits a marked decline in discharge. Interestingly, watersheds with
an almost 3% glacierized area (Tatshenshini) exhibit a snowmelt runoff pattern, whereas a
watershed with a 10% glacierized area (Duke) clusters with highly glacierized catchments.
This situates measurable glacier influence on the hydrological regime between 3% and 10% of
the glacierized area. These values are consistent with previously reported values. Beamer et al.
(2017) observed 4% for the Gulf of Alaska, and Birsan et al. (2005) and then Pellicciotti et al.
(2010) observed 10% for the Alps.

The lake runoff group is formed by two watersheds that host large lakes: Lake Sekulmun (50.2
km? within the Sekulmun watershed) and Lake Kusawa (137.4 km? within the Takhini
watershed). This group shows a more balanced distribution of the yearly discharge among the
late spring to late fall months compared with the two other groups—a characteristic that arises

from the flow regulation capacity of lakes (Gibson, Prowse, & Peters, 2006).
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3.4.3

3.4.3.1

The results of the trend analysis show that all watersheds, not only those with significant glacier
cover, underwent changes during the last decades (Table 3.4). For most of the explored
variables, these results for three of the methods used—namely, MK, modified MK, and SR—
are consistent with one another (Table 3.4). However, for the Alsek* River watershed, trends
in CVabi1 and Qw are not detected by SR, and for the Wheaton, Takhini, and Sekulmun River
watersheds, any detected trends in Omaxsd, Ominsa, and CVabi1, are only detected by modified

MK.
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Figure 3.3 Normalized monthly discharge (Qnorm) of the analyzed
watersheds. Different colors represent different hydrological regimes,
namely, watersheds with glacier runoff (red), snowmelt runoft (blue), and
lake runoff (green)

Trend detection

Trend detection in river discharge data
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Table 3.4 Results of trend detection in discharge variables (see Section
3.3.2.1). The “+” sign indicates a positive trend, while the “—" sign indicates
a negative one. Three signs represent the cases where all tests show
statistically significant (o = 0.05) results. Two signs, both the MK and
modified MK tests, show significant results. One sign, only the modified
MK test, shows significant results. Different colors correspond to different
hydrological regimes, namely, watersheds with glacier runoff (red), those
with snowmelt runoff (blue), and those with lake runoff (green). Shaded
rows present peak water-related variables

Watersheds
Glacier runoff Snowmelt runoff Lake runoff
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Among watersheds with glacier runoff (and among all the watersheds), the White and Alsek*
watersheds noticeably stand out given the amount of change in different aspects of the
hydrograph, namely, flow magnitude, timing, and variability (Table 3.4). They both exhibit an
increase in Qabi2, a decrease in CVapir, a shift of peak discharge toward earlier in the season,

and an increase in Qw. In addition, the Alsek* watershed exhibits an increase in Q. For the
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White watershed, we also observe a decrease in CV)r, a decrease in Qmaxsd, and shift in Dabi
toward later in time. The third watershed from this group, the Duke watershed, shows a
different pattern. It also shows an increase in winter discharge (Ominsq) but does not show other

changes.

In comparison with the first group, watersheds with snowmelt runoff underwent less significant
hydrological changes during the last decades. They show changes in runoff magnitudes and
timing only and not in variability. Among them, the Tatshenshini watershed does not show any
statistically significant trends, and the Takhanne watershed only shows changes in winter
discharge timing and magnitude. The shift in Dan toward earlier in time is detected for the

Wheaton watershed.

Watersheds with lake runoff, similar to those with glacier runoff, underwent changes in all
three studied aspects: flow magnitudes, timing, and variability. The Takhini watershed shows
numerous trends that are similar to the highly glacierized White and Alsek* watersheds; it
manifests an increase in Qapiz and QOw, a shift of peak discharge toward earlier in the season,
and a decrease in Cvyr. For the second watershed of this group, the Sekulmun watershed, we

observe a decrease in ablation season variability and a change in Dabl.

Overall, Table 3.4 shows that all metrics associated with the PW analysis in highly glacierized
catchments (more than 30% of glacierized area) indicate a pre-PW phase (P1 or P2). Increases
in winter and minimum discharge are encountered in all three hydrological regimes. Changes
in the timing of peak or low discharge and changes in the start of the ablation season are also

spread over the different hydrological regimes but in a less coherent direction.

3.43.2 Trend detection in air temperature and precipitation

A ubiquitous increase in temperature is observed in both annual and seasonal time series, and
only a few stations exhibit changes in precipitation (Table 3.5). Trends in temperature were

detected by both the MK and SR tests in almost all cases apart from the mean annual



63

temperature trend (7)-) for station T and the mean ablation season temperature (7a»/) trend for
station C. Trends in precipitation were only detected by the SR test, except for the mean annual
precipitation (Pyr) for station C, where the MK test also detected an increase. A maximum
increase rate in precipitation of 2.1563 mm/year is detected for station HJ for Pyr; stations T
and C experience an increase in Pyr with the rates 0.7360 mm/year and 0.8353 mm/year,
respectively. Station HJ also exhibits an increase in both ablation season (Pabi) and winter
precipitation (Pw), and stations T and C experience changes in Pw with an increase for T and a

decrease for C.

Table 3.5 Results of trend detection in meteorological time series.
Pyr/abiw represents the mean annual, ablation season, and winter rate
of precipitation change (mm/year), and Tyrabiw represents the mean

annual, ablation season, and winter rate of temperature change
(°c/year). Results are reported as Sen’s slope value, which is shown
only if a statistical significance has been detected by SR and (**) /or
(*) MK (significance level of 0.05)

BL HJ A T C
Pyr - 2.1563* - 0.7360* | 0.8353**
Pabi - 0.3152* - - -
Pw - 0.7425* - -0.0397* | 0.2474*
Tyr 0.0405%* | 0.0313** | 0.0444** | 0.0149* | 0.0211**
Tabl 0.0300** | 0.0174** | 0.0390** | 0.0100** | 0.0085*
Tw 0.1100** | 0.0658** | 0.1118** - 0.0667**

3.4.4 Hydrological modeling

3.44.1 Model parametrization and verification

Table 3.6 presents watershed-specific parameters. Important differences are observed among
the watersheds in terms of the initial rate of glacier area loss /v and glacier area loss
acceleration [ jiow. The rate of glacier retreat increases for all the watersheds apart from (a)

some scenarios for the Alsek* watershed and (b) all scenarios for the Wheaton watershed,
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which show glacier area loss deceleration. Both highly glacierized watersheds (White and
Alsek*) have comparable /7 and [ 10w and are characterized with the lowest /9. The Duke and
Takhini watersheds have higher 7 but comparable 7 jou0w with the first group. The Tatshenshini
and Wheaton watersheds stand out because of their high retreat rates: the Tatshenshini
watershed has both 7 and [Jjiow, almost two times higher than the Duke and Takhini
watersheds. Finally, the Takhini watershed, with the smallest Ag;, is characterized by the

highest /7 and the highest rate of deceleration.

Glacier volume—area scaling factor B varies between 0.011 and 0.122 and is the highest for
two highly glacierized watersheds, which can mean that not only glacier area but also glacier

volumes are the highest in these watersheds (Table 3.6).

Table 3.6 shows that all the watersheds in the region receive about 30% of yearly precipitation
Py during the ablation season. However, the proportion of yearly losses for evapotranspiration
and deep infiltration from non-glacierized parts (ET1xg y) varies among the watersheds from
1% to 7% of Py (Alsek™) to 35%—79% (White). We see that the Sekulmun watershed, followed
by the Wheaton watershed, has the lowest values for P, and Pa» and a relatively high value of
ETlngy, approximately 40% of Py, whereas the Tatshenshini watershed has the highest Py and

Pu» and among the lowest values for ET1ngi y, comprising only 1%—7% of P;.

The comparison between the measured and simulated discharge values shows a good overall
agreement (NSE of 0.97 and R? of 0.99), with a tendency to overestimate discharge values (the
slope of the regression line is 1.1). This bias is confirmed with an NRMSE of 25%. These
results are considered satisfactory for the purpose of this study because only trends and relative

discharges are used for the PW analysis.

Table 3.6 Individual watershed parameters used in SWBM
(see Table 3.2 for parameter definitions)
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Para- Agl(O) T B Py Pab ETIngl y
Arkm? | A¢ km?
meter % x1073 x10+ m*2P mm/y | mm/y | mm/y
210-
White |30.35 - 6,234 1.8-3.2 0.36-1 0.052-0.122 595 184 475
-0.75-
Alsek* |30.15 - 6,911 2.2-3.7 057 0.045-0.104 523 162 5-40
Duke 9.23 - 658 7.6-8.8 0-0.8 0.018-0.043 462 143 85-125
Tatshen-
. 2.90 - 1,647 | 16.2-37.8 1.6-3 0.016-0.038 628 195 15-35
shini
o 140~
Takhini | 2.05 | 137.4 | 7,690 6.8-8.3 0.18-1 0.011-0.026 406 126 150
Takhanne 0 - 372 - - - 556 172 175
-17.3— 140—
Wheaton | 0.53 | 0.66 1,619 44.8-46 0.013-0.030 356 110
18.5 145
Sekulmun | 0 50.2 1,240 - - - 269 83 80

3.44.2 Peak water analysis

The results of the PW analysis, summarized in Figure 3.4b, show contrasted situations among
the watersheds and, in some cases, among the scenarios for a given watershed. Among the 15
tested scenarios, the most glacierized watershed (White) is assigned a pre-PW phase P1 nine
times (60%) and a post-PW phase P3 three times (20%). A total of three scenarios (20%) do
not meet the PW analysis conditions. A comparable situation is observed with the second-most
glacierized watershed (Alsek™®), with 40% of the scenarios not applicable and 40% indicating
a phase P1 and 20% a phase P3. Despite the fact that the scenarios do not lead to a unanimous
diagnostic, it can be noted that the majority of them lead to a pre-PW diagnostic for both
watersheds. All the scenarios for the glacierized Duke watershed converge to P3, which
characterizes a post-PW situation. Likewise, Figure 3.4b indicates that despite having a
comparable Ag, the Tatshenshini and Takhini watersheds present different positions in terms

of PW. All the scenarios for the Tatshenshini watershed result in a pre-PW phases P1 and P2,
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while 60% of the scenarios for the Takhini watershed lead to a post-PW phase P3. Finally,

none of the scenarios for the Wheaton watershed are compatible with the PW phase attribution.

Interestingly, the position of the watersheds in terms of the PW phase does not seem to depend
on either Ag or hydrological regime. By contrast, the projected magnitude of the ablation
season discharge increase at PW (Figure 3.4c), described by the variable Qpeak/Qo, appears to
be related to Ag. The watersheds with Agl just over 30% (White and Alsek*) are predicted to
exhibit strong increases in Qaprir as glaciers keep retreating. For the White watershed, the PW
discharge is predicted to exceed the initial ablation season discharge by 1.52 times (median
value) and for the Alsek* watershed by 1.19 times. However, these values should be taken
with caution because the prediction range is quite large for these watersheds (100% and 50%).
Therefore, even if such watersheds as Tatshenshini and Takhini are assigned similar PW
phases, the potential for subsequent increases in Qi situates under 3% in both cases, with a

low prediction range.

The estimations of the relative amplitude of drop in the ablation season discharge at the time
when glaciers will have lost their hydrological influence, represented by Qena/Qo, show small
potential for changes in the watersheds where hydrological regime is not dominated by
glaciers: the Tatshenshini, Takhini, and Wheaton watersheds all have scenarios indicating
Qend/Qo values above 0.8 (Figure 3.4d). By contrast, the White, Alsek*, and Duke watersheds
should be affected by substantial decreases in Qusi; once PW will have passed. A median
reduction to 66% of the Qurir levels at the end of the last century is anticipated for the Duke
watershed, to 53% for the Alsek* watershed, and to 18% for the White watershed once glaciers
will have retreated to a point where they lose their hydrological influence. The scenarios for
each watershed are relatively consistent with one another, with a maximum range of 40% in

Qena/Qo predictions.
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3.4.4.3 Additional simulation results

Based on the obtained values of I 0w, We chose a rapid-retreat exaggerated glacier area loss
acceleration factor of 0.001 to simulate a hypothetical rapid-retreat because this value is much
higher than those calculated for each watershed (Table 3.6). The results of these simulations
suggest that the two highly glacierized watersheds (White and Alsek*) are sensitive to possible
changes in melt rates. For those watersheds, the glaciers’ capacity to further increase the stream
discharge [Q* indicates that a drastic increase in the glacier retreat rate would result in a strong
response in Qarir (Figure 3.4e). The Duke watershed, which still has more than 9% glacierized
area, shows limited reactivity to the acceleration of the glacier retreat rate. This suggests that
the watershed has lost the possibility of reversing the ablation season discharge decay induced
by glacier retreat. Furthermore, the change in the acceleration rate for other watersheds does
not induce any sensitive increase in Qapii. For the Takhini and Wheaton watersheds, which
seem to have passed PW, the results suggest that the glaciers’ contribution to Qasi; will most

likely keep decreasing.
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Figure 3.4 Peak water modeling results for glacierized
catchments: (a) delineation of conceptual glacier retreat
hydrological impact phases; discharge characteristics are
normalized to their initial value; (b) PW phases (P1, P2, P3, or
P4) corresponding to model outputs for the 15 scenarios
considered for each watershed; “NA” is assigned to the scenarios
with no glacier retreat acceleration between 1989 and 2017; (¢)
simulated ablation season discharge maximum value QOpeak
divided by its initial value Qo for all the scenarios leading to P1
or P2 (pre-PW); (d) simulated final ablation season discharge
Qena divided by its initial value Qo for all the scenarios; ()
glaciers’ capacity to further increase the ablation season
discharge [O*; (f) precipitation increase Preq required to reverse
glacier retreat driven negative trends in the ablation season
discharge
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The Preq values indicate whether a positive trend in the measured Qusir (or a negative trend in
the coefficient of variation) can be caused by an eventual increase in precipitation instead of
glacier retreat. The Pre; median value varies from 0.3 mm/year (Takhini) to 10 mm/year
(Alsek*) (Figure 3.4f). Those values are, in general, much higher than the trends detected in
precipitation at the nearby meteorological station(s) (Table 3.5). However, for the White and
Duke watersheds, station BL (Figure 3.1) did not show any statistically significant change in
precipitation. For the Alsek* watershed, the median value of Pre; is 9.90 mm/year, with an
interquartile range of 2.40 to 10.00 mm/year, whereas the observed trend at station HJ is 2.16
mm/year. This suggests that a measured increase in precipitation was insufficient to affect the
phase allocation for these three glacierized watersheds. For the Takhini watershed, the Preg
median value is 0.25 mm/year, with an interquartile range of 0.25-0.40 mm/year. Those values
are slightly smaller than the detected rate of annual precipitation increase of 0.835 mm/year at
station C. Therefore, we cannot assume that the pre-PW diagnostic for this particular watershed
is not biased by a precipitation increase, which means that observed trends in discharge could

be driven by changes in precipitation.

3.5 Discussion

3.5.1 Current hydrological changes and trend attribution

Trend detection shows that 7 of the 8 studied watersheds exhibit significant trends in at least
one hydrological variable among the 11 that were used in the study. The most glacierized
watershed (White) exhibits significant trends in 8 out of the 11 variables. Among all the
watersheds, trends go in the same direction for 6 out of the 8 variables that show significant

trends at more than one watershed.

Comparison of trend detection results to watershed classification based on hydrological regime
allows for trend attribution. We observe that trends in winter discharge and in the timing of
hydrological events are not specific to a unique cluster and affect glacierized, snow, and lake
runoff regimes. This is compatible with recent studies that suggest that an increase in winter

discharge is related to the thaw of permafrost (Smith, Pavelsky, MacDonald, Shiklomanov, &
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Lammers, 2007; Toohey, Herman-Mercer, Schuster, Mutter, & Koch, 2016; Yang et al., 2002)
and that the change in times of the freshet or ablation season start is associated with an earlier
start of the seasonal snow-cover melt (Brown & Braaten, 1998; Williamson et al., 2018).
Highly glacierized catchments (White and Alsek*) show trends in variables associated with
the discharge in the ablation season or with the discharge variability corresponding to a pre-
PW status. This is also the case, to a lesser extent, for a 2.1% glacierized catchment that clusters
with the lake runoff watersheds (Takhini). By contrast, a 9.2% glacierized watershed (Duke)
does not exhibit any significant tendency related to the PW situation when trend attribution is
performed. On one hand, trend detection in discharge records for highly glacierized catchments
shows glacier-specific signatures in hydrological changes because those changes are missing
in non- to slightly glacierized catchments. On the other hand, it neither allows for an
understanding of trends detected in the watersheds that are moderately glacierized nor
guarantees that observed trends are not the consequence of changes in precipitation. The use

of SWBM allows us to compensate, at least partially, for those limits.

Model simulations do not contradict significant trends in measured discharge time series in
glacierized catchments. Most of the compatible scenarios lead to a pre-PW diagnostic for the
highly glacierized White and Alsek* watersheds and suggest that the Takhini watershed may
not have passed PW either. However, the fact that the hydrological regime of the latter shows
a lake influence, the hydrological effect of which is not entirely represented in the SWBM,
makes the diagnostic more hazardous for this watershed than for the highly glacierized

watersheds.

Additionally, model simulations provide indications for the watersheds that did not show
significant trends in PW-related discharge variables, namely, QOyr, CVyr, Qabiz, and CVapsi1. For
the Tatshenshini watershed, which is 2.9% glacierized, all the scenarios lead to a pre-PW
diagnostic, and for the Duke watershed, which is 9% glacierized, all the scenarios indicate a
post-PW situation. Interestingly, the Duke watershed showed an increase in the total discharge
volume in 2003 (Fleming & Clarke, 2003) and, 1.5 decades later, does not exhibit many

significant changes. According to the PW model, it has reached the turning point. However,
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this is consistent with previous observations to the effect that even though such rivers as the
Yukon are projected to reach PW by the end of the century, some glacierized headwaters may

already be switching to the post-PW regime (Huss & Hock, 2018).

No PW phase was assigned by the model for the Wheaton watershed because no scenario
provided an acceleration of the retreat, and the trend analysis for this watershed showed no
trend in PW-related variables. Among the two non-glacierized catchments, only the Sekulmun
watershed showed a trend in a PW-related variable. However, the presence of a lake
influencing the hydrological regime for this watershed makes this unexplained trend not

conclusive.

From the previous research in the region, we know that the streamflow of some watersheds in
the SW Yukon potentially reacts to such modes of low-frequency climate variability as Pacific
Decadal Oscillation, El Nifio—Southern Oscillation, and Arctic Oscillation (Burn, Cunderlik,
& Pietroniro, 2004; Fleming, Moore, & Clarke, 2006; Hodgkins, 2009). These climate modes
affect both summer and winter temperatures (Bonsal, Shabbar, & Higuchi, 2001; Fleming &
Whitfield, 2010; Vincent et al., 2015; Shabbar & Khandekar, 1996; Whitfield, Moore,
Fleming, & Zawadzki, 2010) and do not seem to have a significant influence on precipitation
(Fleming & Whitfield, 2010). We argue that, even if caused by changes in the phases of climate
modes, the observed trends still reflect the difference between the hydrological response for
glacier melt- and snowmelt-driven watersheds (Fleming et al., 2006). Unlike maritime glaciers
where mass balance is observed to be strongly influenced by wintertime anomalies, continental
glaciers react mostly to temperature changes during the ablation season caused by low-
frequency climate variability, and as a result, glacierized watersheds will respond to warm/cold
phases by increased/decreased glacier melt rates (Bitz & Battisti, 1999). By contrast,
snowmelt-driven watersheds runoff will only react to temperature shifts in summer months
because of changes in evapotranspiration losses caused by earlier/later snowmelt (Fleming et
al., 2006). Thus, the different response to the low-frequency climate modes between glacier
and snowmelt runoff will only be governed by the fact that the former exhibits an increased

glacier melt. Moreover, the results from Arendt et al. (2009) indicate that climate mode phase



72

shifts are not the primary climate signals driving the glacier change in the region and that
glaciers in this region respond to a climate forcing such as global climate changes rather than
regional low-frequency climate modes. This suggests that not addressing potential
teleconnections does not significantly affect the results of trend attribution and the general

conclusions of this study.

3.5.2 Implications for regional water resources

Identifying a PW phase for different watersheds provides indications about the past and present
evolution of their discharge characteristics. Watersheds identified as in a pre-PW phase should
experience increases in glacier meltwater contribution that will lead to a further increase in Qyr
and Qa1 in cases where precipitation remains stable over time. Estimating the magnitude of
glaciers’ influence on stream discharge requires supplemental indications. For that purpose,

three indicators, namely, Opeat/Qo, Qena/Qo, and [Q*, were calculated for each tested scenario.

The results for Opea’Qoand [Q* suggest that only the two highly glacierized catchments (White
and Alsek*) can expect a perceivable strong increase in Qapi if glacier retreat keeps
accelerating at the same pace as between 1989 and 2017. Similarly, it is at those watersheds
only that the PW-related hydrological variables show a high sensitivity to the glacier retreat
pace change. At the two other watersheds that have not passed PW yet (Tatshenshini and
Takhini), a further increase in Qasr or inversion of trends in PW-related variables should be of
low magnitude, if perceivable. By the time glaciers will have lost their hydrological influence,
all the watersheds with a presence of glaciers should experience a decline in Qu» compared
with 1989. Qena/Qo seems to be correlated with Ag. As a consequence of glacier retreat, the
most glacierized watershed, for example, is predicted to have a decline in Qur with final values
between 20% and 50% of its 1989 discharge level, whereas for the three watersheds with
glacier cover less than 3%, Qusi is not predicted to drop below 80% of the 1989 level. The
relatively low magnitude of hydrological changes for the watersheds other than the two highly
glacierized ones can explain why a limited number of significant trends have been detected in

their discharge time series.
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At aregional level, non-glacier-related hydrological changes, namely, an increase in minimum
discharge and change in the timing of hydrological events, seem to be characteristic of all
hydrological regimes. Therefore, such changes may be present at a large number of watersheds
in the region, if not all. In glacierized catchments, the loss of glacier cover generates effects of
diverse tendencies and amplitudes. Highly glacierized catchments (more than 30%) should be
affected by pronounced changes in Oy, Qai, CVyr, and CVap. The situation is less
straightforward for the less-glacierized watersheds, where the amplitude and the direction of

the hydrological changes are driven by different factors.

353 Driver of glacier retreat influence on watershed discharge

In this study, the retreat of glaciers is characterized by two factors: the initial rate of glacier
area loss /v and the glacier area loss acceleration 7 jiow. In Table 3.6, we observe that the most
glacierized watersheds (White and Alsek*) show comparable values of [ fiow. Those two
watersheds also show comparable PW phase profiles, with more scenarios indicating a pre-
PW phase for the White watershed. Despite a relatively high glacierized area, the Duke
watershed is much closer to the Takhini watershed than it is to White and Alsek™® in terms of
values for retreat factors. The Tatshenshini watershed is characterized by the second-highest
I'vand the highest [ Ju0w. Furthermore, it is the only watershed with all the scenarios leading to

a pre-PW diagnostic.

Even if a direct correlation cannot be quantified because of the limited number of studied
watersheds, these observations suggest that the PW phase cannot be explained by Ag only and
that glacier retreat characteristics (i.e., /v and [ fiow) are influencing trends in PW-related
variables. On the other hand, as seen in Figure 3.4, 4g seems to influence the amplitudes of
PW and post-PW drop. This suggests that changes in 4 may be a good marker to estimate
long-term hydrological changes in the watershed, whereas glacier retreat factors may represent

good markers of shorter-term changes, such as current trends and the PW phase.
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3.54 Limitations of the method

The use of an enhanced dual approach for trend attribution in glacierized catchments of the
SW Yukon made it possible to isolate and quantify the role of shrinking glaciers in recent
hydrological changes in this region. The clustering of the watersheds based on their
hydrological regimes resulted in expected outputs by providing a frame for associating
particular trends with glacierized watersheds and identifying non-glacier-related trends. The
clustering stage also helped identify lake-dominated regimes, the characteristics of which do
not allow for a direct link between glacierized conditions and detected trends using the current

methods.

Comparison of simulated and measured trends provides good confidence in PW phase
allocation and in the depiction of the current situation with respect to glacier influence on
discharge characteristics. However, the method used here presents obvious limits, including
the absence of time perspective in projections, which reduces direct applicability of the
research conclusion to water resource management. The assumption that glacier retreat will
keep accelerating at the same pace as over the past 30 years also restricts the use of SWBM
projections. We addressed this issue by conducting a hypothetical rapid-retreat simulation for
each watershed for the three volume-area scaling factor alternatives. These simulations
indicate that the two most glacierized watersheds are the most sensitive to the potential change

in the glacier retreat acceleration rate.

Despite the precipitation increase simulation that provides a good confidence level in the
overall conclusions of the research, it has not been possible to prove for all the watersheds that
potential precipitation increases for a specific watershed have not influenced detected trend.
Moreover, the observed increase in temperature and earlier freshet will both increase losses by
evapotranspiration (Hamlet et al., 2007) and infiltration through a thickening of the active layer
and will enhance permafrost thaw (Walvoord & Kurylyk, 2016). Thus, since losses for
evapotranspiration and infiltration were kept constant during simulations, the model most

likely underestimated the total discharge decrease from the non-glacierized portions of the
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watersheds. Similarly, the fraction of glacier ablation by sublimation was kept constant
throughout the simulation period since there are no projections about the change of sublimation
rate in the region. Furthermore, its importance for the modeled discharge will decrease and
probably become insignificant toward the end of the simulation period as glacier cover keeps

decreasing.

Finally, it is important to highlight that such events as river piracy in the region (Barnett, 1974;
Bryan, 1972; Shugar et al., 2017) as well as potential errors in delineating the drainage areas
because of the unknown meltwater evacuation pathways within the icefields (Braithwaite &
Olesen, 1988; Bryan, 1972) and the presence of debris-covered glaciers are not accounted for

by the model.

Therefore, this study can be seen as a first step in characterizing glacier retreat impact on water

resources in SW Yukon and as an encouragement to conduct studies on an individual basis.

3.6 Conclusions

In a context where hydrological changes are predicted to have numerous adverse impacts in
the SW Yukon, the objective of this study was to isolate and quantify the role of shrinking
glaciers in hydrological changes. The objective was met by performing trend attribution using
an enhanced dual approach. Trend detection and glacier inventory confirmed large-scale
transformations in glacierized areas and in discharge variables over the last three to four
decades. Glacierized areas declined rapidly at all the studied watersheds, with retreat rates
ranging from 0.28% to 1.51% per year between 1989 and 2017. Simultaneously, discharge in
the studied watersheds showed a significant evolution in various aspects, such as those
associated with PW, the timing of particular events (minimum discharge, ablation season start,

maximum discharge), and winter discharge.

Results show that there is the link between shrinking glaciers and hydrological changes in the

SW Yukon; however, this link is complex, and glacier retreat does not explain all the observed
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changes in regional discharges. Increases in winter (minimum) discharge and changes in the

timing of particular events do not seem to be related to the presence of glaciers.

In glacierized catchments, both trend detection and model outputs converge toward similar
diagnostics. The two most glacierized watersheds have probably not passed PW. The situation
is more complex for the watersheds with lower glacier cover. For example, even with a glacier
cover of 9%, the Duke watershed seems to have passed PW, whereas the 2.9% glacierized
Tatshenshini watershed has not. Once glaciers will have retreated to a point close to their
extinction, major declines in discharge are expected at the watersheds that are currently more

than 9% glacierized.

The results show that both the glacierized area and the rate of glacier retreat are necessary to

characterize the impact of deglaciation on water resources.

The complex relation between glacier retreat and hydrological changes, and the fact that
hydrological regimes dominated by major lakes share common characteristics with glacierized
ones, suggests watershed-specific studies should be privileged where a precise characterization

of glacier retreat impact on water resources is required.

The results of this study show that in regions with data scarcity, using a trend analysis of
commonly measured meteorological and hydrological variables at valley bottoms, coupled
with an SWBM and a PW analysis, can give a valuable estimation of future changes in water
resources without relying upon climate projections and thus can provide important information
for adaptation strategies and further research
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Abstract

Subarctic glacierized catchments are hydrological systems of paramount importance for water
resources management and for various ecosystem services. To accurately project the impacts
of climate change on those systems, it is necessary to understand better the role of hydrological
components other than glacier meltwater in runoff production. This study aims to quantify the
contribution of different end-members to the total ablation season runoff from a highly (36.6%)
glacierized watershed in St. Elias Mountains, Canada, under different meteorological
conditions. Among others, studied conditions included abnormally warm temperatures due to
the influence of the marine heat wave, and conditions when glacier surfaces are covered with
snow. During three field campaigns in 2015, 2016 and 2017, all end-members potentially
contributing to the total runoff were sampled and their contribution was quantified with a
multi-component distributed hydrochemical mixing model. The results suggest that glaciers
are still the dominant contributors to runoff in the studied watershed. Their contribution varied
between 50+19.5% when their surface was snow covered, and 94.5+1.5% during the season
2015 influenced by “Blob” weather system. Areas hosting buried ice, hillslope tributaries and
alpine meadow groundwater taken together represented between 5.4+0.1% for the 2015 season
and 49.6+12% during the 2016 season, when glacier outflow was noticeably decreased due to

the presence of a snow cover over the ice. Overall, results show that while glaciers remain the
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most important contributor to runoff, under certain meteorological and environmental

conditions, water sources other than glaciers can represent almost 50% of the total discharge.

Key Points

1. Even with glacier retreat, glacier meltwater remains the most important contributor to the
runoff in a subarctic highly glacierized (36.6%) watershed.

2. Hydrological features such as buried ice formations, talus slopes and alpine meadow
groundwater contribute significantly to the total runoff.

3. Under certain metrological conditions water sources other than glaciers can represent half

of watershed runoff.

Keywords: glacierized watershed, climate change, St. Elias Mountains, subarctic, Blob, buried

ice, mixing model, natural tracers, groundwater

4.1 Introduction

Subarctic glacierized mountain catchments are complex hydrological systems of paramount
importance for water resources management (Barnett et al., 2005; Immerzeel et al., 2019;
Viviroli et al., 2007) and for various ecosystem services (Fleming, 2005; Milner et al., 2017).
Those catchments often host numerous hydrological components such as rock glaciers, buried
ice formations, moraines, talus and alpine meadows, all of which are found in mountain
settings of both arctic and temperate regions. In glacierized headwater catchments from
different climatic regions, these hydrological components are known to have high storage
capacities and complex groundwater distribution systems (Cochand et al., 2019; Jones,
Harrison, Anderson, & Whalley, 2019; Hayashi, 2019; Rogger et al., 2017). For instance, in
Argentinian Andes rock glaciers have been observed to store significant amounts of water and
to contribute around 13% of summer runoff generated from a 57 km? watershed, which is
3.11% glacierized (Croce & Milana, 2002; Schrott, 1991). In a 0.4 km? watershed in the
Canadian Rockies, Harrington, Mozil, Hayashi, and Bentley (2018) estimated the runoff from

a rock glacier, which occupies 30% of the watershed area, to contribute up to 50% of the
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summer baseflow. Other studies have shown the importance of runoff from talus slope in
sustaining both summer (Canadian Rockies; Muir et al., 2011) and winter baseflow (Colorado
Rockies; Clow et al., 2003). The outflow from a proglacial moraine complex in the Canadian
Rockies proved to be an important component of the Lake O’Hara mass balance (Roy &
Hayashi, 2008; 2009). Along with storing water and contributing to surface runoff, hillslopes
and moraines in glacierized watersheds are known to contribute to the proglacial aquifers
recharge (Dochartaigh et al., 2019). Similarly, buried ice formations participate in active layer
recharge either directly (Cooper et al., 2002), or indirectly by acting as an impermeable layer
preventing water percolation to deeper aquifers (Langston et al., 2011; McClymont et al.,
2011). Finally, groundwater aquifers within alpine meadows are able to contribute significantly
to stream recharge (Gordon et al., 2015; Somers et al., 2016) and maintain shallow

groundwater table throughout the ablation season (Hayashi, 2019).

These components are different in terms of their characteristics such as their ice content,
constitution, distribution and hydrological roles. Thus, their hydrological responses to climate
forcing are diverse. This statement is particularly valid for rock glaciers, ice-cored moraines
and buried ice formations which, similar to glaciers, show a particularly high sensitivity to
changing climate (e.g., Johnson, 1986), thus adding to the vulnerability and hydrological
instability of subarctic glacierized catchments. To accurately project climate change driven
hydrological transformations, which will impact subarctic populations and ecosystems
(Hinzman et al., 2005; Jacobsen et al., 2012; Larsen et al., 2014), it is therefore of primary
importance to make progress in understanding surface water generation at glacierized
headwaters by taking into account the role played by hydrological components other than

glaciers.

In glacierized catchments, watershed-scale hydrological studies traditionally address runoff
generation from different sources by grouping them in three categories: glacier meltwater,
snowmelt and groundwater (e.g., Brown et al., 2006; Racoviteanu et al, 2013). This practice
has allowed substantial improvements in understanding of hydrological processes, showing,

for example, the importance and variability in groundwater contribution to glacierized
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watersheds runoff (e.g., Baraer et al., 2015; Hood et al., 2006; Kong & Pang, 2012). As there
are no direct methods to quantify groundwater contribution, indirect methods have been
applied. Those methods include hydrograph separation using natural tracers to derive
groundwater signatures based on water sampled from springs (e.g., Engel et al., 2016; Nolin
et al., 2010; Racoviteanu et al., 2013), shallow wells (e.g, Baraer et al., 2015; Hu et al., 2019;
Kong & Pang, 2012), or moraine seepage (e.g., Brown et al., 2006), or numerical approaches
(e.g., Somers et al., 2019). A reference non-glacierized catchment of comparable
geomorphologic attributes has also been used to estimate the glacierized catchment
groundwater component (Baraer et al., 2009). Another technique used to assess groundwater
component contribution to total runoff is calculating the residual of the catchment water mass
balance (e.g., Hood et al., 2006). Despite the advances those studies represent, they associate
groundwater to a unique or limited number of hydrological components, at the expense of
capturing the complexity of such hydrological systems (Mimeau et al., 2019; Salzmann et al.,
2014; Vincent et al., 2019) and their spatial variability (Zuecco et al., 2019; Penna & van
Meerveld, 2019). Generally, separating runoff into snowmelt, glacier-melt and groundwater,
does not allow differentiating the role of every hydrological component that exists in subarctic

glacierized catchments.

In light of the above, the objective of the present study is to disentangle the importance of all
identifiable hydrological components (e.g., glacier meltwater, buried ice formations, talus and
alpine meadow) to the total runoff of a small (8.75 km?) subarctic glacierized watershed in the
Upper Duke River valley in Yukon, Canada, under different meteorological conditions. The
Duke (Shar Ndu Chu) watershed has passed peak water (Chesnokova, Baraér, Robillard, &
Huh, 2020) and thus hydrological components other than glacier meltwater will have more
influence on runoff generation as glaciers continue to retreat. In addition to colluvial
landforms, the studied watershed is characterized by the presence of large quantities of buried
glacier ice in terminal and lateral moraines as a legacy of the Neoglacial maximum (Johnson,
1986; 1992). This diversity makes it possible to study the role water sources that are present in
the region in the watershed’s outflow. The study period covers the 2015, 2016 and 2017

ablation seasons. During summer 2015, the continental Pacific Northwest was under the
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influence of the marine heat wave nicknamed “Blob” (Aaron-Morrison et al., 2017; Blunden
et al., 2016; Bond et al., 2015). The “Blob” influence was characterized by above-average
summer temperatures in Yukon (Blunden et al., 2016). Those high temperatures were
suspected to be reflected in the water sources contribution to the runoff since bare ice was
observed within both ablation and accumulation zones of all three glaciers in the watershed
early in the ablation season. Comparison of the 2015 results with the subsequent two studied
years provides one of the first estimations of “Blob” effects on different water sources in
glacierized catchments. The 2016 season was characterized by glacier surfaces entirely
covered with snow whereas snow from the ground had melted away. Finally, meteorological
and field conditions during the 2017 season did not exhibit any abnormal characteristics.
During this season the highest number of contributing water sources was observed and thus

2017 represented reference conditions.

Our overall objective is detailed into the following specific research questions: 1) is there any
significant contribution from sources other than glaciers in the studied watershed? 2) Is it
possible to identify specific contributing sources and to quantify their contributions to
watershed runoff? 3) How does the runoff contribution from the different components change
under different meteorological conditions? To address these research questions, the
hydrochemical basin characterization method (HBCM) (Baraer et al., 2009, 2015) is used.
HBCM is based on a multi-component distributed hydrochemical mixing model that allows
quantifying the contribution of different end-members to glacierized watershed runoff (Saberi

etal., 2019).

4.2 Methods

4.2.1 Method overview

The study is based on three field campaigns, which took place in July 2015, in June 2016 and
in August 2017, and targeted different hydrological conditions. During those field campaigns,
we used synoptic sampling (i.e. many water samples from different origins taken in a very

short time period) of all water sources which we identified as possible contributors to
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watershed runoff (Mark & Seltzer, 2003). Preliminary assignation of water sources origins was
made based on field observations. Then, the water samples were analyzed for stable water
isotopes and major ions, and the assumed origins were tested. Tracers that allowed
differentiating samples based on their origins in a consistent way were then used to calculate
the contribution of each water source to the watershed runoff using HBCM (Baraer et al., 2009,
2015). Finally, resulting contributions of different water sources were contextualized by

analyzing air temperature and precipitation for the 2015, 2016 and 2017 ablation seasons.

The most complete picture of the hydrological system of the studied watershed was obtained
in 2017, as the number of water sources identified during that year was the highest among the
three sampling seasons. In contrary, the 2015 season has the smallest number of sources
sampled. Therefore, results interpretation is first presented for the year 2017. Results for 2015

and 2016 are then explored in comparison to 2017’s ones.

4.2.2 Study site

The study watershed, called watershed B throughout the paper, is situated in St. Elias
Mountains, Yukon, Canada, and is a tributary of Duke River. Its area is 8.75 km? and it is
36.6% glacierized. There are three glaciers and in absence of known names they were arbitrary
referred to as B1 (1.841 km?), B2 (0.959 km?) and B3 (0.419 km?) (Figure 4.1). The elevation
of the entire watershed ranges from 1674 to 2906 m above sea level (a. s. l.). It ranges from
1949 to 2827 m a. s. 1. for glacier B1, 2165 to 2806 m a. s. l. for glacier B2 and 2285-2798 m
a. s. 1. for glacier B3. The main components of the drainage network originate from the outlets
of these three glaciers. Other minor hydrologic components, while still meaningful, originate
from hillslopes. The activity of those components varies between the seasons/years, some
being dry during field season. The typical hydrograph for a glacierized watershed in the region
rises in June primarily due to snowmelt and is sustained by glacier melt throughout the summer
(Brabets et al., 2000; Chesnokova et al., 2020). Duke River watershed has high discharge
during June-August with maximum runoff in July. The ablation season starts in mid-May and

lasts till end of October (Chesnokova et al., 2020).
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Climate in this region is continental with mean annual air temperature ranging between —2
and —6°C and a mean annual total precipitation varying between 250 and 400 mm/y (Wahl et
al., 1987). Glaciers in the region are not in equilibrium with current climatic settings and
experience almost continuous negative mass balances (Arendt et al., 2002; Barrand & Sharp,
2010; Chesnokova et al., 2020). Moraine formations containing buried ice are extensive in St.
Elias region. They are most often formed as a result of glacier dynamics and thus consist
mainly of glacier ice (Johnson, 1992). Another possible mechanism of formation for ice-cored
moraines in the area is the accumulation of permanent snowbanks which get buried under
debris (Johnson, 1978). Ice-cored moraines and buried ice formations were observed next to
the B1 glacier tongue on both sides of the proglacial field, next to B3 glacier and next to the

river downstream from the B2 glacier (marked in orange on Figure 4.1).
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glacier and proglacial field
areas with buried ice

moraine lake

hillslope tributaries

hillslope tributaries

with suspected snowmelt
non-glacier-fed stream
alpine meadow groundwater
main stream

outlet

Figure 4.1 Bird view on the B watershed in June 2015. Top panel shows glaciers B1, B2
and B3 and drainage network of the upper part of the watershed. Bottom panel shows the
lower part of the watershed. Approximate positions of 2017 season sampling points are
marked for reference with circles color-coded depending on their genesis (see
explanations in the section 4.2.4.1). Note that, in June 2015, glaciers showed abnormally
limited snow cover for the beginning of the ablation season
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4.2.3 Air temperature and precipitation measurement

To characterize meteorological condition during studied ablation season, in addition to our
field observations, an automatic weather station (AWS) was installed at the watershed B outlet.
It measured hourly air temperature from 30th of June 2015 till 31st of August 2017 at 1.5 m
above the ground, and recorded liquid precipitation for the period of 30 June 2015 to 24 June
2016 (up to an equipment breakdown).

4.2.4 Hydrochemical basin characterization method

Waters originating from different sources can have unique hydrochemical and isotopic
signatures as a result of the specific hydrological, geological, and biological processes to which
they have been exposed (Drever, 1997; Drever, 2005). Using these signatures, the HBCM
(Baraer et al., 2009, 2015) developed and applied a multi-component hydrochemical mixing
model to nested interconnected sub-basins, called cells. As a result, it is possible to disentangle
the contribution of different sources to the outflow from each cell and eventually to the entire
watershed outflow. This approach helps to avoid making assumptions about spatial variability

of sources signatures within the watershed (Penna & van Meerveld, 2019).

4.2.4.1 Water sample collection

The first step of HBCM is sampling of all sources, called end-members, which potentially
contribute to the main stream, as well as the main stream at each cell inlet and outlet, called
mixing points. The synoptic sampling was performed on the 7 of July 2015, the 22" of June
2016 and on the 3™ of August 2017. For each year, samples were taken from all observed
tributaries as well as other water bodies within the watershed in order to make its entire
characterization. Based on our field observations, samples were divided into following genetic

categories:
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Glacier and proglacial field. Samples that follow into this category were taken from the
immediate proglacial field outlet (Figure 4.1). Runoff at this outlet includes both glacier

meltwater as well as runoff from side moraines.

Areas with buried ice. Samples from this category were most frequently taken from streamlets
forming from ice remnants overlaid with debris layer, either at the point of formation of these
streamlets (bil, bi4) or further downstream (bi2). Water in these streamlets is hypothesized to
originate from buried ice ablation. Sample bi3 was taken from the small pond formed next to
buried ice formation. This pond was connected to the main stream with a small streamlet.
Sample bi5 was taken from the streamlet generated at the base of the ice-cored moraine on the
right side of B1 proglacial field. For this sample it was not possible to verify if other sources

were contributing to these streamlets since the top of the streamlet was not seen.

Moraine lake. This category is represented by a sample from a lake (ml) on the top of the left-
side ice-cored moraine of the B1 glacier (Figure 4.1), which was observed during all three field

seasons. The origin of the lake water is hypothesized to be related to buried ice ablation.

Hillslope tributaries. Samples from this category were taken from streamlets forming from
the talus slope on the right side of the B1 subwatershed. Headwaters of these streamlets were
not visible. An exception is a tributary input within the B3 proglacial field, sl. Field
observation suggested this tributary being at least partly fed by snow patch meltwater (Figure
4.1).

Non-glacier-fed stream. This group of samples was taken from the large non-glacier-fed
stream which was only observed during the 2017 ablation season. This tributary coincides with
the position of ice marginal channel: it emerges from the B3 lateral moraine and continues to
flow along it (Figure 4.1). Within this lateral moraine, ice remnants were observed on the side
of B3 proglacial field, where the sample bi2 was taken. Between samples t2 and t3 this non-

glacier-fed stream disappears into the ground.
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Alpine meadow groundwater. During seasons 2015 and 2016, samples from this category
were taken from groundwater wells within alpine meadow. During the season 2017, small
streamlets within alpine meadow were sampled to represent runoff from alpine meadow

because groundwater wells were frozen (Figure 4.1).

Main stream samples. This group of samples was collected from the main stream upstream

from tributaries and ca 100 m downstream from them to ensure that waters had mixed.

Sample names are given based on the 2017 field season, and for 2015 and 2016 we use the

same names where possible.

All samples were collected into high density polyethylene bottles. 30 mL were taken for stable
water isotopes analysis and 50 mL for major ions analysis. Samples for ionic analysis were
filtered on site using 0.45-micron filters and were acidified with three drops of nitric acid 0.5M.
All bottles were filled to the brim, sealed, and stored in dark conditions at 4°C. At each
sampling location, conductivity, temperature, and pH were measured using a HI 9829
multimeter. Conductivity was calibrated using 0 uS/cm, 84 pS/cm, and 1413 pS/cm standards,
and pH with 4.01, 7.01 and 10.01 buffer solutions.

4.2.4.2 Stable water isotopes analysis and interpretation

Water samples were analyzed for stable isotope ratios of oxygen, 8'%0, and hydrogen, §°H,
using cavity ring down spectrometry (Picarro Analyzer L2130-I; guaranteed instrumental
precision is 0.03%o for 3'30 and 0.2 %o for 5°H). Both §'30 and & >H were expressed in per mil
(%o) relative to Vienna Standard Mean Ocean Water standard (Coplen, 1996). For each sample,
six injections were performed and the last two or three, depending on the observed memory
effect, were taken for averaging. Calibration was done after each 100 samples using 6
laboratory standards. In addition, a standard was analyzed every three samples to verify the

stability of measurements and perform post analysis correction where needed. The results of
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8?H were then plotted as a function of §'*0O, and the Global Meteoric Water Line (GMWL)

was shown for the reference.

Isotopic signature of water does not directly depend on the water path and, in the absence of
phase changes or non-equilibrium fractionation along the flow path, reflects isotopic
composition of parent meteoric waters (Sidle, 1998). Isotopic signal in parent precipitation
depends on the atmospheric temperatures during cloud formation, which in turn depends on
the season and elevation (Gat, 2010; Mook, 2001). In mountain environments, samples, which
are enriched in 6°H and §'%0 compared to the average, usually originate from precipitation
reaching the ground at the lower elevations and warmer air temperatures. Samples depleted in
in §’H and §'*0 most often originate from higher elevation and lower temperatures than the
enriched ones (Rozanski, Araguas-Araguas, & Gonfiantini, 1993; Gat, 2010; Mook, 2001;
Sidle, 1998). Being formed from solid precipitation at the watershed highest elevations, glacier
ice is thus expected to be depleted in stable water isotopes compared to samples taken from
non-glacierized parts of the watershed (Cable, Ogle, & Williams, 2011; Engel et al., 2019;
Nolin et al., 2010). However, processes such as phase change or fractionation can alter this
general pattern. For instance, isotopic signatures of snow, glacier ice and buried ice can be
enriched due to removal of lighter isotopes as melt water percolates during freeze-melt cycles
(Grabcsak, Niewodniczanski, & Rozanski, 1983; Taylor et al., 2001; Williams et al., 2006) or
due to sublimation (Dietermann & Weiler, 2013; Nolin et al., 2010). Isotopic signature of
groundwater will depend on the signatures of waters that recharge the aquifer as well as on
potential mixing within the aquifer (Penna & Van Meerveld, 2019). It can also be altered by
evaporation, in particular in shallow groundwater systems, leading to an increase in heavier
isotopes (Hu et al., 2019). Finally, samples from the main stream, where water from different

sources mix, should plot between the related end-members on the §*H-5'%0 diagram.

4.2.4.3 Major ions analysis and interpretation

Anionic concentrations in samples (F, ClI" and SO4*) were measured with an ionic

chromatographer (Dionex ED50, Thermo Fisher Scientific). The equipment was calibrated
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every 30 samples using seven standards ranging from 0.005 to 3.2 ppm for F-, from 0.1 to 50
for CI" and from 0.2 to 75 for SO4*". Every three samples a standard was inserted (0.2 ppm for
F, 0.9 for CI' and 1.8 for SO4*) followed by a blank sample to check the stability of
measurements and to eventually correct results for drift in measurements. Cationic
concentrations (Li*, Na*, K*, Ca**, Mg®") were measured by inductively coupled plasma
optical emission spectrometry (ICP-OES, 5110 Agilent). The instrument was calibrated each
23 samples using 9 standards ranging from 1 to 40 ppm for Ca®" and for highly concentrated
samples in Mg?" and from 0 to 10 ppm for other ions. Two standards (10 ppm of Ca** and 5
ppm of other ions) followed by a blank sample were inserted every three samples to eventually

correct the results for drift in measurements.

Unlike isotopic signature, the hydrochemical signature of water is a result mainly of the path
and the composition of solid particles, which water is in contact with. The rate and mechanisms
of weathering processes as well as the time of contact with those solids are the main factors
controlling the total solute concentration in the water (Drever, 1997; Drever, 2005).
Precipitation, snowmelt and ice melt samples are therefore expected to be poor in solutes
(Engel et al., 2016; Penna, et al., 2017), whereas samples from buried ice areas are anticipated
to exhibit higher concentration due to longer contact of ice meltwater with debris and fine
particles (Penna et al., 2014). Similarly, due to longer contact with rocks, groundwater tends
to have increased solute concentrations compared to other sources (Drever, 1997). Finally, the
hydrochemical signature of samples taken from the main stream will depend on solute

concentrations in contributing end-members.

The expected differences in hydrochemical signatures between sample categories were
explored using principal component analysis (PCA) on scaled variables. Together with §°H-
5130 diagrams, PCA allows studying similarities and dissimilarities between the samples, and
therefore challenging the preliminary assignment of samples categories based on field
observations. Samples for which the preliminary category assignment is not verified by the

isotopic and/or the hydrochemical signatures are recategorized as “other”.
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4.2.4.4 Identification of tracers to be used in HBCM

Among conservative tracers (La Frenierre & Mark, 2014), only those that fulfill the three
following conditions are selected for use in HBCM: 1) tracer measured in a cell outflow cannot
have a value outside of the range defined by the possible contributors; 2) tracer values at the
cell outflow and at least one contributor must be greater than the detection limit of the
analytical methods; and 3) there should be a minimum 5% difference between the extreme
contributors tracer values (Baraer et al., 2015). As a result, the combinations of tracers possibly
vary between cells due to tracer rejection when the above mentioned rules are not met. In
addition, selected tracers values should be sensitive to end-members type or their spatial origin

(Baraer et al., 2015).

4.2.4.5 Quantifying end-member contribution to the watershed outflow

HBCM spatial coverage requires defining cells where contributors, end members and/or other
cells outlets, mix to form the cell outlet. Each cell outlet is therefore a contributor to the
subsequent downstream cell. These cell-overlaps are used to accumulate end-member
contributions for the entire watershed. There are two types of cells: the first type has tributary
inputs as well as upstream mixing point as their contributors. The second type is characterized
by two main stream samples located relatively far from each other with no substantial surface
water contribution in between those two points. For this type of cells HBCM is used to identify
potential subsurface inputs. This is done by testing several possible sources as potential
contributor such as alpine meadow, streamlets and other sources even though geographically
their contribution is of low probability. For each cell, HBCM calculates the relative
contribution of end-members by using an over-parameterized set of mass balance equations.
Mixing is assumed to be instantaneous and thus mass balance equations can be defined for
each cell as follows:

C.. = i1 (CijQ)+ &j 4.1)
tot; = Qtot ’
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where i is a given end-member, 7 - the total number of end-members, j - a given tracer, Croy -
the relative concentration of tracer j at a mixing point, Cj - the relative concentration of tracer
j in end-member 7, Oror - total discharge at a cell outlet, Q; - the proportion of end-member in a
total discharge and ¢; represents the accumulated error. In order to obtain the most accurate
estimate of end-member contribution, m should be greater than n. Based on a quasi-Monte
Carlo approach (James, 1980), HBCM is run for each cell for all possible combinations of m
tracers. It solves Equation 4.1 for the unknown Qi/Qr: by minimizing the cumulative residual

error term Y7, &, while filtering for Qi values that respect the water balance equation

™1 Q; = Qo within a 0.5% tolerance (Baraer et al., 2015).

In HBCM, uncertainty is accounted for by considering the 8 best solutions within three-fold of
the lowest cumulative error as equiprobable. If less than 8 solutions fall within three-fold of
the lowest cumulative error, then all those solutions are considered as equiprobable. HBCM
results are then expressed using the average relative contribution of each end-member
associated with their standard deviations. The latest is considered as representative of the

method uncertainty for each cell (Baraer, McKenzie, & Mark, 2017).

At a final step, cumulative contribution of each end-member at the watershed outlet is
calculated for each cell by multiplying cell outlet mean contribution to mean contribution of
its inlets. Error associated to those cumulative contributions is calculated as being the square
root of the sum of the square of the individual relative errors (Taylor, 1998). Cumulative
contributions are then compiled per origin types to provide an overview of the different kind

of water that contribute to the watershed outflows.

4.2.4.6 HBCM results verification

The ability of HBCM to estimate relative contributions of end-members was assessed using
the inversed mass balance equation technique (Christophersen et al., 1990). To perform the
verification, tracers which have concentrations above the detection limit and which are used

for the majority of cells were chosen. Tracer concentrations were back-calculated using
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HBCM-derived relative discharge results and then compared with measured concentrations.
Ideally, back-calculated concentrations for these individual tracers should match their
measured concentrations. Back-calculated concentrations were plotted against measured
values and R? and p-value were calculated. Outliers were identified by means of 95%

confidence intervals.

4.3 Results
4.3.1 Meteorological and field conditions at sampling

In 2017, sampling took place during the second half of the ablation season, on the 3™ of August
(Figure 4.2a). At this time, snow from ablation zone has melted, and only persisted in
accumulation zone. There was no snow on the ground apart from small snow patches at higher
elevations and mountain tops. On the day of sampling, hourly air temperature at the AWS
location reached 15.7°C (Table 4.1). For three days prior to sampling, air temperature stayed
above 5°C during nights and above 12.5°C during days. Due to equipment failure, there were
no measurements of precipitation for the 2017 sampling season. However, field observations
confirm that all the snow had melted, and that there was not a precipitation event for at least 1

week prior to sampling.

During the 2016 sampling, air temperature was the lowest among the 3 campaigns, and the day
of sampling had been preceded by a short cold period (Figure 4.2b). On the day of sampling,
the 22" of July, air temperature reached 14.5°C (Table 4.1), but on the previous day, the 21%
of July, maximum daily air temperature was only 6°C. The 2016 season sampling conditions
were also different from the other two seasons due to late season snowfall which took place
one week before sampling. As a result, glaciers were entirely covered by snow. Snow from the
ground, however, had melted by the time of the sampling and only high-elevation snow patches

persisted.

The 2015 field campaign took place at the end of the “Blob” event (Blunden et al., 2016; Bond
et al., 2015). The conditions during the 2015 season sampling differed from others’ due to
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higher maximum and minimum daily temperatures (Figure 4.2¢c, Table 4.1). Glaciers exhibited
bare and dark ice surfaces almost up to the top of their accumulation areas (Figure 4.1a) Also,
observed river discharges were visibly higher than in two other seasons. Sampling for the 2015
season was performed on the 7™ of July, with air temperature reaching 17.5°C (Table 4.1).
Three days prior to sampling, nocturnal temperatures dropped to almost 0°C and maximum
daily temperature reached only 4°C (Figure 4.2c). Even though sampling during this season
was performed at the beginning of the ablation season, maximum daily air temperatures were

higher than those in 2017.
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The results illustrate the main differences between the meteorological and field conditions
among three sampling campaigns. In particular, the 2015 season is characterized by
abnormally warm temperatures due to the influence of “Blob” and by potentially enhanced
glacier meltwater production due to the reduced snow cover on glaciers. The 2016 season is
characterized by colder air temperatures in comparison with 2015 and 2017 and potentially
reduced glacier melt due to presence of snow cover. Finally, the 2017 season does not manifest
any abnormal characteristics, and its observed average daily temperatures are between the
values obtained for other two seasons. Snow conditions on the glacier also correspond to an
in-between case in comparison with the 2015 and 2016 seasons. Thus, this season can be
considered as a reference in terms of meteorological and field conditions.

Table 4.1 Meteorological and field conditions for each sampling campaign

2017 2016 2015
Max daily air 15.7 14.5 17.5
temperature, °C
Min daily air 71 43 2.2
temperature, °C
Mean daily air
temperature and 11.242.9 9.543.6 13.243.2
standard deviation,
°C
3-days-long
Precipitation no snowfall a week no
prior to sampling
. Only in upper part
. Only in Almost 100% .
Snow on glacier . of accumulation
accumulation zone coverage
zone
Only small Only small Only small
Snow on ground patches on the patches on the patches on the

mountain tops mountain tops mountain tops
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4.3.2 Back calculations for individual tracers

Back calculations to assess reliability of HBCM results were performed for Mg?* as this is the
tracer which was used by HBCM for the majority of cells and its concentrations were above
the detection limit. Figure 4.3 shows measured concentrations for Mg?" plotted against back-
calculated ones for each year together with fitted linear regression and its 95% confidence
intervals. Calculated R? is equal to 0.95. Thus, overall back-calculated concentrations using
Mg?* seem to produce good results. Only one cell for the 2015 season, cell 8, gives negative
concentrations and plots slightly outside of the 95% confidence interval (Figure 4.3). When

interpreting HBCM results, particular attention is given to the identified problematic cell.
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Figure 4.3 Comparison between measured (Cmeasured) and back-calculated
concentrations (Cealculated) of Mg?* for all mixing points for three sampling
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lines mark its 95% confidence intervals; along grey dashed line Cmeasured
equals Cealculated;
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4.3.3 Season 2017 results

4.3.3.1 Stable water isotopes analysis

The results of stable water isotopes analysis for the 2017 season are presented on Figure 4.4a.
As anticipated, the three samples taken from glaciers outflows, namely B1, B2 and B3, are
located on the lower right part of the §'*0 - 6°H diagram (Figure 4.4a). Most of the samples
taken from the main stream (shown in light blue) are situated in the same region of the graph
as the samples that represent glaciers. The most upstream sample from the main stream, #1,
plots next to samples from B3 glacier, and the sample from the outlet, #8, plots in between the
three glaciers samples (Figure 4.4a, zoomed in). This confirms that glacier meltwater
constitutes most of the outflow from the immediate proglacial area. However, two of stream
samples, namely #5 and #7, do not follow that tendency. Sample #5 is taken from a mixing
point for joint stream formed by glaciers B1 and B2 (samples B1 and 4, Figure 4.4c) and
hillslope tributary s2. The fact that #5 does not plot in between those samples suggest that it
was taken too close to the mixing point where water did not have time to mix. The sample #7
was taken after hillslope tributaries s5, s6 and s7 join the main stream (Figure 4.4¢). Thus, this
sample represents the mixture of isotopic signatures from #6 and aforementioned hillslope
tributaries, and hence is supposed to plot between them on the §'*0 - §*H diagram. As this is
not the case, we suspect that this sample was also taken where the stream water was not yet
well mixed. Sample #5 was kept for the HBCM because it represents an important cell, but

was treated with caution for the rest of the study. Sample #7 is not used for HBCM.

Samples from areas that were identified as containing buried ice (shown in orange) do not
cluster together on the §'%0 - §°H diagram. Four of those five samples are enriched in heavy
isotopes in comparison with samples that represent glaciers (Figure 4.4a). Only one sample,
bi4, plots slightly below glacier samples. This position on the diagram is compatible with the
bi4 primary origin assignation, namely buried ice ablation. Two samples in the B3
subwatershed, bil and bi2, originate from higher elevations than the three others. On the §'%0

- 8°H diagram they show enrichment in §'30 and §°H in comparison with bi4 and are located
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slightly above the position of glacier samples. These positions support the hypothesis of buried
ice ablation origin for samples bil and bi2. The sample from the pond next to a buried ice
formation, bi3, is the most enriched in heavy isotopes. This result challenges either the buried
ice ablation origin of the sample, or the genetic relation between the observed ice and glacier
ice. Finally, sample from the right-side moraine in the B1 subwatershed, bi5, plots together
with bil and is close to the moraine lake sample ml (shown in purple, Figure 4.4a), a

characteristic that make the buried ice origin for the lake water possible.

Hillslope tributaries, which can potentially be, at least partly, fed by high elevation snow/ice
meltwater, are shown in grey and in green on Figure 4.4a. Their positions on the 8'%0 - §*H
diagram vary a lot between samples. Sample s2 is the most enriched in heavy isotopes and
plots far from the grouping made by the glacier and main stream samples. Snow/ice meltwater
origin for that sample is thus considered as highly improbable. Samples s3 and s4 are the most
depleted in heavy isotopes and plot lower than that cloud. These two samples are marked in
grey also for the other two seasons to facilitate tracing those samples throughout the study.
Sample s1 next to the B3 glacier was observed to be, at least partly, fed by a meltwater from a
snow patch. As it plots together with the glacier samples it is also marked in grey. Finally,
sample s5-7 plot close together and are located above glacier samples. Thus, contribution from

snow/glacier meltwater is not suspected for these three hillslope tributaries.

Sources s8 and s9 are geomorphologically disconnected from all the other sources samples and
are marked in pink for distinction from the other tributaries. These samples were taken from
the lowest part of the B watershed close to the confluence of the B stream with the Duke River,
an area that belongs to the alpine meadow of the larger Duke watershed (Figure 4.1b). Samples
s8 and s9 are the most enriched in heavy isotopes among hillslope tributaries (Figure 4.4a).
These two streamlets are fed by precipitations reaching the ground at the lowest elevations of
the study site. Their high position on the §'%0 - §*H diagram, therefore, confirms the relation

that was anticipated between isotopic signatures and elevation.
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Finally, samples from the non-glacier-fed stream (shown in red) are relatively enriched in
heavy isotopes and plot together with some of the samples from areas with buried ice as well
as with samples from hillslope tributaries (Figure 4.4a). The upstream sample from this
significant tributary, t1, plots relatively close to the sample bi2 which is geographically close
and originates from the same lateral moraine (Figure 4.1). Thus, buried ice ablation

contribution cannot be ruled out for this stream.
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4.3.3.2 Major ions analysis

Figure 4.4b shows the projection of water sample data taken during the 2017 season on the
reduced space determined by PCA using K*, Ca**, Mg?" and SO4?". Those tracers were chosen
based on bivariate plots where they allowed differentiating samples based on their origins in a
consistent way. PC1 is dominated by tracers Ca?" and SO4* and accounts for 0.74 of variance
present in a data set; PC2 is dominated by K™ and Mg?* and accounts for 0.22 of variance;
together those first two principal components account for 0.96 of variance. On the PCA
diagram samples from similar assigned origins, excluding few exceptions, plot in groups

(Figure 4.4b) suggesting that used tracers are selective enough for the PCA.

Samples from the main stream cluster together and plot closer to samples which represent
glaciers, as opposed to with other end-members (Figure 4.4b). This pattern confirms findings
based on analysis of isotopes, that glaciers are the main contributors to the stream. It can be
observed that, in general, upstream samples from the main stream have hydrochemical
signatures close to the one of glacier B1, and that, when moving downstream, samples

gradually shift towards the hydrochemical signature of the main stream outlet (sample #8).

Samples that represent areas with buried ice plot relatively close to each other and are situated
between glacier samples and samples from hillslope tributaries on the PCA diagram in most
of the cases (Figure 4.4b). The proximity to samples from other categories, namely hillslope
tributaries and non-glacier-fed stream, makes interpretation of bil, bi2 and bi3 positions
ambiguous. Being observed in the field to be connected to buried ice formation, bil and bi2
might originate from multiple sources including buried ice ablation. Similar to the results of
stable water isotopes, sample bi3 is still considered as of minor buried ice constitution.
Interestingly, both samples bi4 and bi5 plot in the upper left side of that group, visually further
away from hillslope tributaries, as was also observed for the water isotope results. The moraine

lake water sample situates in between glaciers and some buried ice samples on the PCA graph.
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This supports the hypothesis of an ice melt origin of its water, which was formulated based on

field observations and isotopic analyses.

Among samples from hillslope tributaries, those from the upstream hillslope tributaries (s2-4)
plot closer to glacier and main stream samples than those taken from downstream hillslope
tributaries (s5-7). The two sources that show the lowest heavy isotopes ratios on the $'%0 - §°H
diagram, namely s3 and s4 (Figure 4.4a), also plot away from samples on the PCA diagram
(marked in grey) confirming their difference. As a consequence, they are recategorized as
being of meltwater origin for 2017, confirming the influence of the observed snow patches at
their headwaters. Other hillslope tributary inputs (marked in green) occupy the upper left
quarter on Figure 4.4b. Similarly to s3 and s4, sample s2, as it was the case with stable isotopes,
plots away from other hillslope tributary inputs. The results of major ions analysis thus tend to

confirm that those samples make a separate category.

The upstream sample from the large non-glacier fed tributary, t1, almost overlap with bi2 - a
sample which is considered to be of mixed origin with buried ice ablation making one of its
constituents (see Section 4.3.3.1). The proximity of those two samples was also observed on
the 6180 - 62H diagram (Figure 4.4a), suggesting common origins with possible contribution
of buried ice ablation to t1. Downstream from tl, the stream hydrochemical signature (t2, t3
and t4) is closer to that of hillslope tributaries, a sign of an increased contribution from other

sources (Figure 4.4b).
Samples that were taken from the alpine meadow area, s8 and s9, are not well separated from
the hillslope tributaries s5, s6 and s7 but differentiate well from tributaries s3 and s4 which

were identified as being fed by snow/ice meltwater.

4.3.3.3 Results of HBCM

During the 2017 season, the observed hydrological network is the most complex. Figure 4.4c

shows the 2017 season configuration of cells for HBCM. After removing from the analysis the
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main stream sample #7 based on the results of water stable isotopes (Section 4.3.3.1), 7 cells
were distinguished. Most cells have tributary inputs as their contributors, except cell 2 that

does not contain any tributaries and only has upstream and downstream mixing points.

Table 4.2 presents, for each HBCM cell taken independently (Figure 4.4c), the relative
contributions of cell inflows to the cell outflow together with the standard deviation from all
solution considered as equiprobable (two first columns), and the relative contribution of each
cell inflow to the total watershed outflow with associated estimated error (two last columns).
Table 4.2 shows that, except for cell 5, the standard deviation remains under four percent.
These relatively low values suggest a good agreement among the solutions considered as
equiprobable. This means that all major contributions (over 70%) are estimated with less than
4% of uncertainty, a result that can be considered as very satisfactory (Baraer, McKenzie, &
Mark, 2017). Cell 5 shows much higher differences (27%) between solutions, highlighting
HBCM difficulties to differentiate between Bl sample and main stream #4 sample.
Consequently, other than glacier water sources upstream of #4, are associated with a higher
than normal uncertainty. Table 4.2 also indicates that, while standard deviations associated
with B1 and #4 relative contributions are high, the cumulative error for the total glacier outflow
(i.e. combined contribution for glacier B1, B2 and B3) is relatively small. Based on field
observations for the cell 5, input from hillslope tributaries is significantly smaller in
comparison with the stream generated by glacier B1 or that at sampling point #4. Thus, while
HBCM has troubles distinguishing between the outflows of different glaciers, results for

glacier contribution as a separate category is associated with a smaller error.

Table 4.2 and Figure 4.4d present the cumulative contribution of each water source as we move
downstream along cells. Overall, the contribution of three glaciers taken together to the total
runoff during the 2017 season sampling period is by far larger than that of other sources (Figure
4.4d). At the watershed outlet glaciers are responsible for 82.5+4.4% of discharge production.
Because the error associated to each glacier taken separately is too high for individual
estimation, glacier contribution estimation was calculated as the residue from the contribution

of sources other than glaciers.
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Table 4.2 Relative contribution (in %) of sampled end-members to cell outflow
and to watershed outlet for the season 2017. For individual cells, the standard
deviation of all equiprobable solution represents the error associated to
contributions standard deviation (stdev, in %)

Cell#| Sample At the cell outlet At the watershed outlet
name Contribution stdev Contribution Error
(%) (%) (%) (%)
bil 1.05 2.1 0.12 0.25
1 bi2 3.59 1.61 0.42 0.27
B3 95.36 0.68 11.25 6.43
) 1 98.1 1.8
other 1.9 1.8 0.23 0.25
3 2 29.37 3.37
B2 70.63 3.37 28.91 16.24
4 3 95.57 1.58
bi3 4.43 1.58 1.90 1.26
4 48.08 26.88
5 Bl 51.47 26.66 45.86 23.76
s2 0.45 0.42 0.40 0.37
5 96.2 0.78
6 s3 0.16 0.11 0.15 0.10
s4 0 0
t4 3.64 0.87 3.37 0.81
6 92.61 1.02
- s8 2.52 3.74 2.52 3.74
s7 0.78 1.69 0.78 1.69
s6 7.58 0.22 7.58 0.22

It was possible to identify and quantify the contribution from other hydrological components
to the total runoff. At the watershed outlet, sources related to areas with buried ice contribute
2.5+0.4%. However, before the main stream enters the alpine meadow, cell 7 (Figure 4.4c¢),
contribution of areas with buried ice exceeds that of hillslope tributary inputs (Figure 4.4d).

Moreover, samples that represent glaciers were taken at the downstream end of their immediate
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proglacial field (Figure 4.1) and thus contributions of moraines, areas with buried ice and other
hydrological components of these systems are also potentially included in glacier contribution
to an unknown level. At the watershed outlet, hillslope tributaries are the second major source
of water after glaciers and contribute 8.8+1.7% (Figure 4.4d). Among them, sources with
potential contribution of snow meltwater, namely s3 and s4, contribute less than 0.5 %. The
non-glacier-fed large tributary contributes 3.4+0.8% to the total runoff. The uncertainty
associated with the alpine meadow streamlet s8 is high, and thus it cannot be stated that it is

significant contributor the watershed outflow.

To account for possible subsurface contribution in cell 2, such sources as alpine meadow
streamlets s8 and s9, t1, bi2, and bi3 were evaluated. Results indicate that it is possible that
some other sources are contributing to the main stream since no iteration allocated 100%
contribution to the upstream sample #1. However, the standard deviation is very large, and it
has not been possible to determine with enough confidence which end-member is acting at that

reach. The subsurface component is therefore classified as “other” in the Table 4.2.

434 Season 2016 results

4.3.4.1 Stable water isotopes analysis

End-member samples names for the 2016 season match those of the 2017 season. However,
between the tributary formed by B3 and B2 glaciers and the next downstream mixing point
(cell 6, Figure 4.5¢) there are two hillslope tributary inputs, unlike the 2017 season where only
one was identified (Figure 4.4c). As a result, for the 2016 these two inputs are called s2a and

s2b.

The results of stable water isotopes analysis for the 2016 season are presented on Figure 4.5a.
Samples that represent glacier runoff are more enriched in heavy water isotopes in comparison
with 2017 sampling (Figure 4.4a). Similar to the 2017 season, samples taken from the main

stream are located together with glacier samples in the central part of the §'%0 - §°H diagram
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(Figure 4.5a). Samples #1 and #2 plot close to the B3 glacier sample, thus illustrating its
influence on their isotopic signature. Sample #3, taken from the stream after the contribution
of the B2 glacier (Figure 4.5¢c), seems to be influenced more by this glacier meltwater as it
plots closer to B2 sample. When moving downstream, main stream samples plot closer to the
sample from the B1 glacier. Unlike for the 2017, no stream samples plot outside of the field

created by glacier samples and the outlet sample for this season.

Similar to the 2017 season, samples taken from areas containing buried ice do not cluster
together on the §'%0 - §°H diagram. Two samples, bi4 and bi5, are depleted in heavy water
isotopes and plot below glacier samples (Figure 4.5a). Two other samples, bil and bi3, plot
within the cloud formed by samples from main stream and glaciers. Contrary to the 2017
season, the position of bi3 for the 2016 season suggests buried ice ablation contribution.
Moraine lake sample plots close to samples bil, bi3 and glacier samples. Positions of samples
from both categories are thus compatible with primary origin assignation and imply buried ice

ablation contribution.

Samples from hillslope tributaries plot together and above glacier samples on the §'%0 - §*°H
diagram. One exception is sample sl which, similarly to 2017, is depleted in heavy water
isotopes and plots below samples from glaciers and the main stream. This position can be
explained by the contribution of snow meltwater observed in the field. Tributaries s3 and s4,
which for the 2017 season were depleted in heavy water isotopes (Figure 4.4a), plot above
glacier samples together with other hillslope tributaries for the 2016 season (Figure 4.5a). This
suggests that potential contribution of snow/ice meltwater did not take place during this season

sampling.
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Figure 4.5 Results from the 2016 season: a) results of the stable water isotopes analysis
where Global Meteoric Water Line is shown with dashed line; b) Principal Components
Analysis diagram showing the results of analysis of major ions; ¢c) HBCM representation of
the B watershed where HBCM cells are shown with dashed lines and numbered; and d)
results of HBCM where each pie chart presents cumulative relative contribution of end-
members for each mixing point (blue circles)

Finally, two samples taken from alpine meadow groundwater wells (gwl and gw?2) are
enriched in heavy isotopes and plot at the high part of the §'%0 - §*H diagram. This confirms
groundwater recharge by lower elevation precipitation and supports the attribution of

tributaries s8 and s9, observed during 2017, to the alpine meadow groundwater system.
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4.3.4.2 Major ions analysis

Figure 4.5b shows the results of PCA. For the 2016 season PC1 is dominated by tracers Ca*"
and Mg?" and accounts for 0.81 of variance present in a data set, and PC2 is dominated by K*
and SO4* and accounts for 0.12 of variance; and, thus, together first two principal components
account for 0.93 of variance. Unlike for the 2017 season, sources of different identified origins

are not well separated on the diagram (Figure 4.5b).

Similarly to the 2017 season, samples taken from the main stream are situated together, where
upstream samples tend to plot closer to samples from glaciers, and downstream samples plot

closer to the sample from the main stream outlet (Figure 4.5b)

For this season most of the samples that represent areas with buried ice group together with
samples that represent glaciers and main stream, and do not really form a distinct group. This
confirms their origins due to buried ice ablation, assigned based on field observations. The

only exception is bi3 sample which plots closer to hillslope tributary s2a.

Contrary to the 2017 results, sample from hillslope tributary of the lower part of the watershed
(s3-5) plot further away from glacier and main stream samples than hillslope tributaries from
the upper part (s2a and s2b). Samples s3 and s4 (shown in grey) plot away from the main
cluster of samples (Figure 4.5b) as was also observed for the 2017, and thus their difference

from other tributaries is confirmed.

Finally, two samples from alpine meadow groundwater wells do not group together on the
PCA diagram (Figure 4.5b). One sample, gwl, clusters together with samples from the main
stream and glaciers, and another sample, gw2, plots further away, closer to the hillslope

tributary s5.
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4.3.4.3 Results of HBCM

Configuration of the hydrological network during the 2016 season is comparable to that of
2017, although with less contributing tributaries. Large non-glacier-fed stream was not
observed during this season. Moreover, there was no visible surface connection between alpine
meadow groundwater system and the main stream. Figure 4.5¢c shows the configuration of cells
for the 2016 season. Overall 9 cells were identified based on the location of surface tributaries

to the main stream. Among them two cells, 5 and 9, have no tributary inputs as contributors.

Table 4.3 presents HBCM results for each cell taken individually (Figure 4.5c). First two
columns show the relative contributions of cell inflows to the cell outflow together with the
standard deviation based on all solution considered as equiprobable. For some cells only one
HBCM solution fitted within three-fold of the lowest cumulative error and as a result no
standard deviation is provided. Similar to the 2017 season results, cell where the runoff from
glacier B1 joins that of glaciers B2 and B3, namely cell 6, shows much larger standard
deviation in comparison with other cells - 47%. Thus, the uncertainty associated with sources
upstream of the sample #5 for this season is also high at the watershed outlet. Two last columns
of Table 4.3 show relative contribution of each water source to the total runoff form the
watershed and associated error. Cell 8 also has relatively high uncertainty for “other” sources

highlighting HBCM difficulties identifying their contribution.

Table 4.3 and Figure 4.5d present the cumulative contribution of each water source. During
the 2016 season, glaciers together contribute 50+19.5% of total runoff, which is less than in
the 2017. Despite higher associated uncertainty, categories such as areas with buried ice and
hillslope tributaries contribute larger proportion of runoff in comparison with the 2017
sampling. Despite high uncertainty, areas with buried ice contribute 15.7+£11.8%. It is worth
highlighting that for the part of watershed before the B1 stream (cell 5, Figure 4.5¢), areas with
buried ice contribute almost one third of the runoff. Hillslope tributaries, in turn, contribute to
the total watershed outflow 13.3£1.6%. Among them, sources sl, s3 and s4 contribute

5.6+1.4%.
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Table 4.3 Relative contribution (in %) of sampled end-members to cell outflow
and to watershed outlet for the season 2016. For individual cells, the standard
deviation of all equiprobable solution represents the error associated to
contributions standard deviation (stdev, in %)

Cell # Sample At the cell outlet At the watershed outlet
name Contribution stdev Contribution Error
(%) (%) (%) (%)
1 sl 4.65 - 0.7 1.28
B3 95.35 -k 14.35 26.27
) 1 67.17 2.87
bil 29.96 2.87 6.71 10.03
3 2 64.60 6.21
B2 29.19 6.21 10.12 10.70
4 3 80.97 -k
bi3 19.03 -* 8.15 6.08
5 4 91.65 -k
other 8.35 -* 3.90 2.06
5 60.38 46.73
6 Bl 32.03 24.79 24.79 7.50
s2a 6.32 4.89 4.89 0.88
s2b 1.26 0.98 0.98 0.17
6 92.76 1.31
7 s3 0.73 0.43 0.61 0.01
s4 5.16 1.35 4.31 0.53
other 2.03 0.41 1.69 0.21
7 91.27 12.23
8 s5 2 4.61 1.83 0.08
other 7.96 11.58 7.28 0.84
9 8 91.42 -k
other 8.58 - 8.58

*- no stdev as only solution presented a residual within three-fold of the lowest
cumulative error

HBCM was used to identify potential subsurface input for cells 5 and 9 where main stream
samples are located relatively far from each other with no observed surface water contribution.
Sources which were checked as potential subsurface components are marked in yellow on
Figure 4.5d, and are referred to as “other” sources in Table 4.3. The possibility of contribution

from buried ice-related source bi3, hillslope tributaries s2a, s2b, s3 and s4 was checked for cell



111

5. Among them, HBCM solution with the |minimum| error correspond to bi3 being the

subsurface component. For cell 9 both s4 and s5 were checked as potential subsurface inputs,
as well as water from alpine meadow groundwater wells. The results suggest that about 9% of
this cell runoff is generated by subsurface components similar to s5 (referred to as “other” in

Table 4.3). Alpine meadow groundwater was not detected as a subsurface input to the cell 9.

The HBCM results show that alpine meadow groundwater contributes 2+0.4% for cell 7 and
8+11.6% for cell 8. Thus, for the entire watershed groundwater potential contribution from
alpine meadow is associated with high uncertainty and is included in the category “other” end-

members.

4.3.5 Season 2015 results

4.3.5.1 Stable water isotopes analysis

The results of stable water isotopes analysis for the 2015 season are presented on Figure 4.6a.
Similar to both 2016 and 2017 seasons, samples from the main stream plot together with the
samples that represent glaciers (Figure 4.6a). Only one stream sample, #6, plots slightly lower
than the cloud created by glacier and stream samples. During the 2015 season only one input
from areas with buried ice was observed from right-side ice-cored moraine, bi4. Unlike seasons
2017 and 2016, it is more enriched in heavy isotopes and plots together with samples from
glaciers (Figure 4.6a), which confirms its origins related to buried ice ablation. During this
season the sample from the moraine lake has different isotopic signature in comparison with
other two seasons. It is enriched in heavy water isotopes and plots away from the GMWL. This
can be caused by fractionation due to evaporation since abnormally warm air temperatures
were observed during sampling. Sample from hillslope tributary s5 is enriched in heavy water
isotopes and plot at the top of 'O - 6°H diagram (Figure 4.6a). No other hillslope tributary
inputs were observed during this season. Finally, like the other seasons, sample taken from the

alpine meadow groundwater is enriched in heavy water isotopes.
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4.3.5.2 Major ions analysis

Figure 4.6b presents the results of PCA for the 2015 season. First two principal components
for the 2015 season account for 0.95 of variance. PC1 is dominated by tracers Ca** and SO4*
and accounts for 0.80 of variance present in a data set; PC2 is dominated by K* and Mg?" and

accounts for 0.15 of variance.

Similar to the other two seasons, samples from the main stream cluster together with samples
that represent glaciers (Figure 4.6b). Upstream samples plot closer to glaciers B2 and B3, and

downstream samples shift towards B1 glacier and the sample from the main stream outlet.

Based on the PCA diagram it is not possible to confirm the primary origin assignation to sample
bi4 since it plots away from glacier samples (Figure 4.6). Moraine lake sample, however, plots
relatively close. Thus, buried ice ablation contribution to lake water is possible. Observed
difference between the signature of bi4 and that of glaciers can be potentially explained by

evaporation-driven increase in solute concentrations in lake water.

The only observed hillslope tributary, s5, plots away from other samples, similarly to the 2016
season, and so does the sample from alpine meadow groundwater (Figure 4.6). Thus, these two

samples are well separated from samples from other categories.
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Figure 4.6 Results from the 2015 season: a) results of the stable water isotopes analysis
where Global Meteoric Water Line is shown with dashed line; b) Principal Components
Analysis diagram showing the results of analysis of major ions; c) HBCM representation of
the B watershed where HBCM cells are shown with dashed lines and numbered; and d)
results of HBCM where each pie chart presents cumulative relative contribution of end-

members for each mixing point (blue circles)

4.3.5.3

Results of HBCM

Field observations report very few surface inputs to the main stream during the 2015 season.

For this season, 8 cells were defined in the watershed (Figure 4.6¢). Due to the very limited
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number of tributaries, 5 cells among them had no other surface inflows apart from the upstream

mixing points.

Table 4.4 Relative contribution (in %) of sampled end-members to cell
outflow and to watershed outlet for the season 2015. For individual cells, the
standard deviation of all equiprobable solution represents the error associated
to contributions standard deviation (stdev, in %)

Cell # Sample At the cell outlet At the watershed
name outlet
Contribution stdev Contribution | Error
(%) (%) (%) (%)
1 B3 100 -* 16.77 1.08
other 0 -*
) 1 100 -* 16.77 0.76
other 0 -*
3 2 42.55 2.96 16.77 0.87
B2 57.45 2.96 22.65 0.87
4 3 100 -
other 0 -*
5 4 41.64 1.51 39.43
B1 58.36 1.51 55.25 0.89
6 5 100 -* 94.67
other 0 -*
7 6 99.53 0.41
s5 0.47 041 0.45 0.00
3 8 95.12 -
Gwl 4.88 ¥ 4.88 0.00

*- no stdev as only solution presented a residual within three-fold of the lowest
cumulative error

Table 4.4 presents the relative contributions of cell inflows to the each cell outflow. Similar to
the 2016 season sampling, for the 2015 season some cells had only one HBCM solution that
fitted within three-fold of the lowest cumulative error, therefore no standard deviation is
provided for these cells (Table 4.4). Problematic cell 8, identified when performing back-
calculation using Mg?* (Figure 4.3), has only one solution when multiple tracers are used and
thus its results have low uncertainty. Overall, as a result of low number of equiprobable

solutions, standard deviations for all water sources are below three percent, and, unlike other
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two seasons, cell where flow from glaciers B2 and B3 join the B1 glacier outflow has very low

standard deviation. Thus, HBCM results are considered as very satisfactory.

During this sampling period most of the discharge at the outlet, 94.7+1.7%, is produced by the
three glaciers (Figure 4.6d and Table 4.4). Other groups of sources contributing to the runoff
generation from this watershed are alpine meadow groundwater (4.9+0.2%) and hillslope

tributary (<1%). For this season no subsurface input was detected by HBCM.

4.4 Discussion

4.4.1 Is there any significant contribution from sources other than glaciers in the
study watershed?

Results presented in this study provide a relatively clear answer to the first specific research
question. Even for the 2015 sampling, the particularly dry and warm year under the influence
of “Blob”, HBCM results show sources not associated with glaciers contributing at least 5.3%
(5.4-0.1%) to the watershed outflow. In 2016, this minimum level of non-glacier-related
sources reached its maximum for the study at 37.6% (49.6-12%). In 2017, this minimal
contribution was of 13.1% (17.5-4.4%). Considering that the study captures contributions in
diverse meteorological and environmental conditions, it can be stated that the result show that
sources other than glacier-related cannot be considered as negligible in such highly glacierized

subarctic catchment.

4.4.2 Identified hydrological components and their contribution to watershed
outflow

4.4.2.1 Glacier melt

In highly glacierized watersheds, where glacierized area is approximately 40% or more,
contribution of glacier to runoff is sometimes assumed (e.g., Huss, 2011; Kaser et al., 2010) or

measured (e.g., Brown et al., 2006; Racoviteanu et al., 2013) to be the dominant component of
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runoff during the ablation season. The results of this study for the 2017 sampling period are
consistent with those observations and show that 82.5+4.4% of watershed discharge is
generated by the runoff from three glaciers. Importantly, this number includes water generated
within the immediate proglacial field of studied glaciers with unknown input from ice-cored
side moraines for the B1 sample and snowmelt-fed tributary for the sample B3. This means
that the contribution by the glacier reported in the study is probably slightly overestimated. As
seen above, the relative contribution of the glaciers shows high variability depending on the
field conditions. When sampled during abnormally hot temperatures, as under the influence of
the 2015 “Blob”, proportion of glacier melt in total runoff increases and reaches 94.7+1.7%.
Lower albedo due to darker bare glacier surface, observed during that sampling season,
probably enhanced glacier meltwater production. During the 2016 sampling, in conditions
when glacier runoff is partly shut down due to high quantities of snow on glacier surfaces,

contribution from glaciers decreases to 50+19.5%.

4.4.2.2 Areas with buried ice

Buried ice end-members corresponds to areas with buried ice as identified based on field
observations. Even though some samples showed consistencies on the PCA diagram, isotopic
and hydrochemical signatures for this category are characterized by variability between the
samples and between the years. In particular, on the 8'%0 - 6°H diagram samples from areas
with buried ice do not cluster together and their signature varies between the sampling seasons
(Figure 4.4a, 4.5a and 4.6a). Those variations can be caused by different reasons. Isotopic
signature of areas containing buried ice depends on the elevation at which parent precipitation
accumulated and at which the ice was formed as well as on ice genesis (i.e. buried glacier ice
or buried permanents snowbanks; Johnson, 1978). Due to isotopic fractionation, ice in contact
with water infiltrating through debris cover may lose lighter isotopes first and become enriched
in heavy 8'%0 isotopes (Williams et al., 2006). Even if those samples were hypothesized to be
fed by buried ice ablation based on field observations, the meltwater flowed to the main stream
through the debris cover most of the time. Thus, mixing with water from other origin most

probably occurred before the meltwater from buried ice reaches the main stream, causing
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isotopic and hydrochemical signature variability. The above-mentioned phenomena suggest
that the presence of buried ice in the area of sampling does not guarantee that sampled water
is fed by buried ice ablation. Therefore, when interpreting relative contribution calculated by
HBCM for this category, the exact share of the buried ice ablation cannot be determined, and
instead this category represents both buried ice ablation as well as storage in debris cover.
Despite those limits, meltwater origin of streamlets flowing from buried ice areas have been
supported, on different occasions, by their isotopic and hydrochemical signatures. This was the
case, for example, for samples bil, bi4 and bi5 of the 2017 campaign. Those samples by
themselves establish a link between the buried ice and the stream flow and therefore suggest

that buried ice contribution should require more attention in future studies.

4.4.2.3 Hillslope tributaries

During the three field campaigns several hillslope tributaries were observed to contribute to
the main stream in the B watershed. The amount of hillslope tributary inputs was almost similar
in 2017 and 2016 at around 8% but was barely detectable in 2015. Those tributaries are
characterized by the absence of glacier and of visible buried ice in their drainage area. Some
hillslope tributary samples from the 2017 sampling season (samples s3 and s4, Figure 4.4a)
were depleted in heavy isotopes and plotted separately from the other members of this group.
This can be explained by the fact that a snow patch is located at the head of the streamlet,
producing meltwater from snow that reached the ground at an elevation higher than the
catchment average. The contribution of these two potentially snowmelt-fed tributaries was
minor according to the HBCM results (less than 0.5% of the total runoff during the 2017
sampling). In the 2016 two hillslope tributaries sampled in the same area cluster together with
other hillslope tributaries suggesting that snowpack remains at the headwater of those hillslope

tributaries that year were not supplying significant amount of water.

The large non-glacier-fed stream, which was only observed in the 2017, contributed 3.440.8%
of the runoff. The stream starts from a talus slope and disappears under debris between samples

t2 and t3. Both this tributary and the small stream sampled as bi2 originate from the same
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moraine complex (Figure 4.1), although bi2 emerges at lower elevation. For the bi2 sample,
some buried ice was detected just above the source, whereas on the other side of the moraine
there were no signs of buried ice. Although two upstream samples from this large tributary,
namely tl and t2, cluster together with samples that represent buried ice on the PCA diagram
(Figure 4.4b), they do plot together with bi2 on the §'%0 - 8°H diagram (Figure 4.4a). This
suggests that the hydrochemical signature of those samples does not depend on the presence

of buried ice but on the nature of the debris that compose the talus slope instead.

4.4.2.4 Alpine meadow groundwater

Samples from groundwater wells within alpine meadow were enriched in heavy water isotopes
in 2015 and 2016 (Figure 4.5a and 4.6a) confirming the low elevation origin of the precipitation
that fed them. Streamlets s8 and s9 sampled in 2017 in the same area showed similar
characteristics, suggesting they were also fed by the alpine meadow groundwater system.
Water sources from the alpine meadow have been shown to contribute to the main stream in a
significant way both in 2015 and 2017. In 2016, the difficulties met by HBCM in
differentiating between water sources lead to contribution from the alpine meadow

groundwater system remaining undetermined.

4.4.3 Variation of runoff components contribution under different meteorological
conditions

The three periods of time when sampling took place represent a wide array of meteorological
and environmental variability between ablation seasons. The 2015 sampling season was
abnormally warm and dry due to the influence of the “Blob” (Blunden et al., 2016). A three-
day snowfall took place a week prior to the 2016 sampling, and although at the moment of
sampling the snow cover on the ground had been gone, it still remained on the glacier surfaces.
Field observations suggested that this fresh snow strongly reduced glacier runoff as compared
with the other sampling years. Finally, the 2017 sampling season illustrates conditions where

the number of tributary inputs to the main stream is high.
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Even if none of those conditions included surface runoff related to intense liquid precipitation,
they produced strongly contrasting hydrological responses at the B watershed. For instance,
the glaciers’ relative contribution varied from 94.5+1.5% to 50+19.5% over the study period.
Those results depict this highly glacierized catchment as hydrologically dynamic and
responsive to variation in meteorological and environmental conditions. This underlines the
necessity to further study the processes driving the contribution variations from different end-

members as those have been shown to be non-negligible.

4.4.4 Method limitations

The synoptic sampling approach, necessary for HBCM, only provides a snapshot of the
hydrological system at the sampling time. Therefore, this study does not allow making general

conclusions about the behavior of the system over the entire ablation seasons.

The lack of a gauging station at the outlet of the studied watershed has not allowed
transforming relative discharge in the absolute discharge values for all contributing end-
members. The specific contribution calculation that would have resulted from those discharge
measurements would have provided valuable insight for further understanding of hydrological

dynamics at the scale of the watershed.

Another limitation of the applied method is the uncertainty associated with HBCM. The
method showed to be vulnerable to high uncertainty at 3 cells out of a total of 24 cells for the
complete study. The high uncertainties at these cells most likely stem from sampling the
mixing points too close to the point where tributaries join and thus not giving enough time for
waters to be well mixed. This was confirmed by back-calculation of Mg>" concentrations that
showed a slight deviation from expected 1:1 line for several cells. However, for a problematic
cell indicated based on back-calculations results, HBCM solutions converged when multiple

tracers were applied.
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Finally, the method presents difficulties in identifying the origins of subsurface inputs. Even
though potential subsurface inflow using isotopic and hydrochemical signatures of sampled
end-members were used, it is probable that some subsurface inputs were missed in the present

study.

4.5 Conclusions

This study aimed to disentangle the importance of all identifiable hydrological components to
the total runoff of a small highly glacierized watershed in the subarctic Yukon under various
meteorological and environmental conditions. These conditions included abnormally warm
and dry weather under the influence of the “Blob” - the marine heat wave that endured between
2013 and 2016 in the Northeastern Pacific. The drainage network in this watershed arises from
three glaciers and is connected to numerous hydrological components. During three field
campaigns in beginning of July 2015, end of June 2016 and beginning of August 2017, all end-
members contributing to the total runoff were sampled and their contribution was quantified

by means of hydrochemical basin characterization method (Baraer et al., 2009, 2015).

The results of this study show that meltwater from three glaciers is the main contributor to the
watershed outlet. However, this contribution varies depending on meteorological and
environmental conditions. Over the three sampling campaigns the glacier contribution ranged
between 94.5+1.5% under the influence of “Blob” to 50+19.5% when glacier runoff is reduced
due to the effect of snow cover. The remaining fraction of runoff consists of outflow from areas
with buried ice, hillslope tributary inputs, discharge from non-glacier fed stream and input

from alpine meadow groundwater.

This study shows that, despite the important glacier cover (36.6%) the watershed mainstream
is fed by other sources that, taken together can represent between 5.4+0.1% and 49.6+12% of
the outflows. Even if the method had difficulties differentiating between contributing sources,
alpine meadow groundwater, hillslope tributaries and buried ice areas have been shown to be

among those contributors. Overall, this study illustrates how complex and dynamic the
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hydrology of such subarctic glacierized system is and invites for further study on the topic.
Considering high vulnerability of subarctic glacierized watersheds to climate change, focusing
on other than glacier hydrological components should help to account in a future for the
complexity of those watersheds, which has been so far underestimated in climate impact

studies.
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Abstract

The ongoing warming of the arctic-subarctic region is affecting hydrological processes,
causing deep changes such as a ubiquitous increase in river winter discharges. However, the
exact mechanisms leading to that increase remain poorly understood, mainly due to the lack of
observations and field measurements in those cold and remote environments. This is the case
for glacierized catchments that host many climate-sensitive water sources, including icings.
Icings form from hydrological sources that remain active during the winter and thus can be
seen as chroniclers of winter hydrological processes in remote subarctic watersheds. At the
end of the cold season, they contain valuable information that can be used to better understand
cold season hydrological processes. The present study focuses on extracting this information
in order to provide insights into sources related to icing formation and winter runoff generation
in two subarctic glacierized catchments in the Upper Duke, St. Elias Mountains, Yukon. To
extract information from icings, we apply a multi-technique approach that includes (a) time
lapse imagery analysis in conjunction with air temperature time series, (b) stable water isotope
analysis, (¢) water hydrochemical analysis, and (d) analysis of solid particles. For icings within
both the proglacial field and the alpine meadow, it was possible to identify several groups of
hydrological sources that remain active during the winter. The results confirm that glaciers of
all sizes most likely contribute to proglacial icing formation as well as winter runoff. Other
detected sources include hillslope tributaries and water stored in the suprapermafrost layer

within the alpine meadow. A literature-based analysis of the possible contribution mechanisms
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from the icings’ parent waters allows us to propose that glaciers, directly or through the ground,
the suprapermafrost layer, and non-glacier-related groundwater (via tributaries) could

contribute to the observed regional increase in winter discharge.

Key Points

1. It is possible to identify sources that remain active during the winter season by studying
icings in the early stage of the melt season.

2. Inthe headwaters of subarctic glacierized catchments, sources of different kinds stay active
during the winter.

3. Icings within subarctic proglacial field are not only fed by discharge from poly-thermal

glaciers.

Keywords: icings, aufeis; winter baseflow; subarctic; glacierized catchment; Yukon

5.1 Introduction

Increases in winter baseflow in response to climatic changes have been observed in many arctic
and subarctic rivers in Eurasia (Danilovich, Zhuravlev, Kurochkina, & Groisman, 2019;
Lammers, Shiklomanov, Vorosmarty, Fekete, & Peterson, 2001; Rennermalm, Wood, & Troy,
2010; Smith et al., 2007; Qin, Ding, & Han, 2020; Yang et al., 2002) and North America
(Brabets & Walvoord, 2009; Chesnokova, Baraér, Robillard, & Huh, 2020; Jacques et al.,
2009; Rennermalm et al., 2010; Walvoord & Striegl, 2007; Wang, 2019; Woo & Thorne,
2014). The hypotheses that have been proposed to explain this positive trend can be separated
into two groups: (a) increased water storage capacity of aquifers and (b) an increase in water
input to aquifers (Liljedahl et al., 2016). An increase in aquifer storage capacity can result from
delayed soil freeze-up (e.g., Yang et al., 2002) and/or from increased suprapermafrost layer
thickness (e.g., Ge et al., 2011; Toohey et al., 2016). Those phenomena lead to an increased
amount of water, which is accumulated in the aquifer during summer, which can be released
during the freezing season. The term ‘“‘suprapermafrost layer,” as suggested by Connon,

Devoie, Hayashi, Veness, and Quinton, (2018), describes here the layer on top of permafrost
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that includes both the active layer and suprapermafrost taliks, if any. Increases in the
hydrological components such as precipitation (e.g., Neal, Todd Walter, & Coffeen, 2002),
permafrost thaw (e.g., St. Jacques et al., 2009), and glacier melt (e.g., Liljedahl et al., 2016)

can lead to an increase of water input into the aquifer and hence to increased winter discharge.

Although the aforementioned hypotheses have been accepted as the potential drivers of winter
discharge increases the exact hydrological components responsible for this trend remain
difficult to identify. For example, the role of the permafrost thaw in those changes is
ambiguous. When recalculating the discharge increase into equivalent ground ice thaw from
permafrost, McClelland, Holmes, Peterson, and Stieglitz (2004) obtained meltwater volumes
from permafrost thaw that exceeded observed discharge changes. Moreover, decreases in
winter flows were observed in areas where increasing permafrost thaw has been observed
(Lyon et al., 2009). Finally, an upward trend in winter discharge is observed in both
permafrost- and non-permafrost-underlined areas (McClelland et al., 2004; Smith et al., 2007),
as well as in both glacierized and non-glacierized watersheds (Chesnokova, Baraér, Robillard,
et al., 2020), making it impossible to attribute the trend to a single phenomenon. Those
difficulties in identifying the features that originated the increase in winter discharge are not
limited to storage change hypotheses. Indeed, due to data scarcity in arctic-subarctic regions,
verifying the influence of precipitation changes on winter runoff also represents a major

challenge (Smith et al., 2007; Woo & Thorne, 2014).

In the present study, we propose compensating for the scarcity of direct observations of winter
hydrological processes in arctic-subarctic glacierized catchments by extracting information
recorded in proglacial icings. Icing (“aufeis” in German, or “naled” in Russian) is a mass of
ice formed during the winter when surface water or groundwater floods onto existing ice
surfaces or snow cover and freezes to form an additional ice layer (Carey, 1973; Kane, 1981).
Icings can redistribute runoff in the course of a year by releasing, during the ablation season,
the water stored during the winter (Pavelsky & Zarnetske, 2017). Their contribution to summer
runoff can be important for unglaciated watersheds in northern regions and account for a

significant (up to 30%) portion of annual baseflow (Kane & Slaughter, 1973; Reedyk, Woo, &
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Prowse, 1995; Yoshikawa et al., 2007). In glacierized watersheds, icings are known to be fed
by both polythermal (Bukowska-jania & Szafraniec, 2005; Hambrey, 1984; Sobota, 2016;
Stachnik et al., 2016; Wadham et al., 2000; Yde et al., 2012) and cold-based glacier meltwater
(Belum & Benn, 2011; Hodgkins et al., 2004; Hodgkins et al., 1998; Naegeli et al., 2014). In
addition, such features as glacier-dammed lakes (Moorman, 2003; Wainstein et al., 2014; Yde
& Knudsen, 2005) as well as buried ice formations within proglacial fields (Gokhman, 1987)
can contribute to icing growth. In permafrost-underlined regions, there are different pathways
that water can take to eventually flow to the surface to form an icing. Both supra- (French &
Heginbottom, 1983; Pollard, 2005) and subpermafrost water (Hu & Pollard, 1997; Kane &
Slaughter, 1973; Kane, 1981; Pollard, 2005; Yoshikawa et al., 2007) has been shown to
contribute to icing formation. Also, as in glacierized watersheds, discharge from lakes via
taliks can participate in icing growth (Veiette & Thomas, 1979). Even if their thickness can be
increased by winter precipitation (Hodgkins et al., 2004; Wadham et al., 2000), icings are
formed by water sources that are mainly active during the winter and thus cumulate water
released within the watershed during that season. Hence, icings contain information related to

the hydrological sources that contribute to winter baseflow.

Water sources that produce proglacial icings at least partly make winter runoff as well.
Learning from the hydrological records kept in icings can therefore provide new insights for
delving deeper into the phenomenon of arctic-subarctic winter runoff increase. In light of the
above, the main objective of this study is to identify water sources that remain active during
the winter by tracing back those that contribute to the formation of icings in the headwaters of
arctic-subarctic glacierized watersheds. The Upper Duke River valley, Yukon, Canada, is used
as the study site. Numerous icings are observed almost every year in the Upper Duke
watershed. In addition, the watershed hosts complex hydrological systems made of numerous
hydrological components such as glaciers, buried ice, talus slope and hillslope tributaries, snow
cover, and permafrost which represent potential water sources. The objective is achieved by
answering the three following research questions: (1) Is glacier runoff the most important water
contributor to winter baseflow and icing formation? (2) Does water from the suprapermafrost

layer contribute to icing formation and hence to winter baseflow? And (3) are there other
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hydrological sources that contribute substantially to icing formation? Due to the hydrological
complexity of the subarctic glacierized watershed, a multi-technique approach was chosen to
study the genesis of icings. This approach consisted of (a) analyzing images from time lapse
cameras (TLC) that were collected during the two winter seasons of 2015-2016 and 2016-
2017, (b) comparing icings’ hydrochemical and isotopic signatures to those of potential
hydrological sources, and (c) analyzing solid samples taken on icing remains. This multi-
technique approach was applied in two sub-catchments of the watershed to explore the

complexity of hydrological systems of different sizes.

5.2 Methods

52.1  Study site

The two studied catchments are located in the headwaters of the Duke River (Shar Ndu Chu)
in the St. Elias Mountains, Yukon. The climate in this region is continental, with a mean annual
air temperature varying between —2 and —6°C and a mean annual total precipitation between
250 and 400 mm (Wahl et al., 1987). The glaciers in the region are not in equilibrium with
current climatic settings and experience highly negative mass balance (Arendt et al., 2002;
Barrand & Sharp, 2010). Large glaciers in the neighboring area are polythermal (Flowers et
al., 2014), whereas smaller glaciers are potentially cold-based (Wilson et al., 2013). Many
glaciers in the area are surging (Clarke, Schmok, Simon, Ommanney, & Collins, 1986). As a
result of glacier retreat and surging events, such hydrological features as buried ice and ice-
cored moraines are present within proglacial fields of glaciers in the region (Johnson, 1971;
1978; 1986; 1992). The study region is located within a zone of discontinuous permafrost
(Brown et al., 2002). However, at elevations above 1500 m above sea level (a.s.l.), local
permafrost coverage can be extensive or even continuous (Harris, 1987). Most of the
permafrost monitoring sites in Northern America exhibit air temperature increase-driven
transformations. Indeed, permafrost warming and active layer deepening are reported in the
arctic (Hinzman et al., 2005) and subarctic (Smith et al., 2010; Smith et al., 2005; Tarnocai et
al., 2004).
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In the headwaters of the Duke River watershed we consider two catchments. The first one is
the Upper Duke watershed (Figure 5.1a). The elevation within this first watershed ranges from
1598 to 3042 m a.s.l. Its area is 69.1 km?, and it is 39.7%. The main glacier, Duke glacier, is
known to be surging (Clarke et al., 1986). The second watershed was unnamed and will be
referred to as watershed B (Figure 5.1a). Its area is 8.7 km?, 36.6% of its area is glacierized,
and its elevation ranges from 1674 to 2906 m a.s.l. The main glacier in this watershed will be

also called B.

Within the Upper Duke River watershed, two different bedrock group formations are observed
(Colpron, Israel, Murphy, Pigage, & Moynihan, 2016). The valley’s bottom and its northern
and northeastern slopes are made of sedimentary and volcanic rock formations from the
Cambrian-Ordovician. They are characterized by greywacke, conglomerates, and volcanic
breccia rich in sandstone, amphibolite, and greenstone, with traces of argillite and phyllite. The
areas underlying the Duke glacier and glaciers in the watershed B (south and southwestern side
of the valley) are sedimentary rock formations dating from the Devonian-Triassic and are
characterized by quartz-rich, micaceous, calcareous siltstone to sandstone with traces of
argillite, phyllite, limestone, gypsum, and anhydrite (Colpron et al., 2016). Moreover,
fieldwork observations have shown that both bedrock and moraine sediments are rich in iron,

as indicated by the frequent rust color on the rocks and by the presence of pyrite in the debris.
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Figure 5.1 Study watersheds and sampling plans. Panel (a) shows Upper
Duke River watershed and watershed B borders and the locations of time
lapse cameras and the automatic weather station. Panels (b) and (c)
present schematic maps of B and Duke watersheds, respectively, with
relative locations of sampling points. Dashed lines show sources that are
not directly connected above the surface with the main stream. In panel
(c), for streams fed by small glaciers, “a” identifies samples taken close
to the glacier tongue, and “b,” sample taken close to the confluence with
the Duke River
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5.2.2 Analysis of time lapse images

The goal of using TLC images was to capture icing formation events and to visually locate
sources that are contributing to icings’ growth throughout the winter season. Three TLCs were
installed at the study site during summer 2015 (Figure 5.1a). TLC1 was installed above the
Glacier B’s tongue and pointed toward the Glacier B’s proglacial field, proglacial icing (Icing
PF), and the right-side moraines of the Glacier B. TLC2 was installed in the Duke watershed
just above the Duke Glacier’s margin and pointed toward the Duke Glacier’s proglacial field
and the Duke River, where Icing 4 had formed. TLC3 was placed just above the proglacial
field — alpine meadow border, and it pointed toward the Duke glacier’s tongue and the upper
part of its proglacial field, thus featuring Icings 3 and 4. All cameras were set to capture four

visible color images per day at 8h, 11h, 13h, and 16h with a 72 dpi.

TLC analysis was performed visually and consisted of spotting the timing and the extent of
two different types of hydrological activity: flooding events and snowfalls. Flooding events
are associated with surface water or groundwater flow over the existing ice/snow surfaces.
They can be detected by observing either a darkening/bluing of the white ice/snow pixels due
to increased water content (e.g., Figure 5.2 b-d) or a sudden appearance of bright pixels due to
the formation of a reflecting layer on top of a previously low-reflecting one (e.g., Figures 5.3b
and f). Major snowfall events erase traces of flooding on images by whitening the scene, which
facilitates detection of subsequent floods. On the other hand, snowfalls occasionally cover the
lenses of the cameras, making observation impossible for several days. For each flooding event
detected in images, possible water sources were listed based on the flooding location. The
timeline of the detected flooding events was then superimposed on the air temperature time
series. Temperature time series were obtained from an automatic weather station installed on
the right shore of the Duke River upstream from the confluence with the Stream B (Figure
5.1a). It measured mean hourly air temperatures for the period 11 of July 2015 — 24 of June

2017 at a height of 1.5 m above the ground in a shielded case.
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Figure 5.2 Glacier B tongue and hydrological activities visible in the TLC1 images. Panel
(a) shows Glacier B’s tongue, proglacial field, proglacial icing and the right side of the
valley at the camera installation. Panels (b) and c) illustrate flooding events on the left (b)
and the right (c) side of the proglacial field; panels (d) and (e) show flooding occurring on
the left bottom side of the proglacial field
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Figure 5.3 The Duke proglacial field visible in the TLC3 images. Panel (a) shows icings 3
(right side of the image) and 4 (left side of the image) at the camera installation; panel (b)
shows an example of flooding originating from the Duke glacier; panels (c) and (d) show an
example of the darkening/bluing of pixels as a results of flooding; panels (¢) and (f) show an
example of flooding being detectable from reflective (brightening) pixels
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5.2.3 Sample collection

Waters originating from different sources (end-members) can have unique hydrochemical and
isotopic signatures as a result of the specific hydrological, geological, and biological processes
to which they have been exposed (Drever, 1997). Based on this principle, comparing the
hydrochemical signatures of icings with those of other hydrological components should

provide insights about the sources that contributed to icing formation.

During the field campaign of June 2016 in the Upper Duke River watershed, we observed and
sampled four icings remnants within the Duke riverbed (Figures 5.1a and c¢) and two in the
watershed B (Figures 5.1a and b). The icings in the Duke River were stretching along and, on
several occasions, above the stream. Two of them (Icings 3 and 4) were situated within the
proglacial field, and two others (Icings 1 and 2) within the alpine meadow (Figures 5.1a and
c). Icing lengths varied between 70 and 1980 m, and widths ranged between several meters
and several hundreds of meters. Where visible, ice thicknesses ranged from 0.5 m to 1.5 m.
The icings in the watershed B were smaller than in the Duke watershed. Icing B stretched along
the river and was 60 m long and 10 m wide. The second icing (Icing PF) was situated within
the proglacial field next to the glacier B’s tongue and was almost circular, ca 40 m in diameter
(Figures 5.1a and b). All icings were characterized by an alternating sequence of layers of blue
bubble-free and white bubble-reach ice, which result from slow and quick freezing of water,
respectively (Moorman & Michel, 2000). Icings 1 and 2 had layers of candle ice closer to their
tops, suggesting that melt events had already altered the ice (Stachnik et al., 2016). An ice
mound, feature that forms when the top surface layer bulges as a result of freezing of water
lenses trapped underneath (Carey, 1973), was still intact on Icing 4. Overall, 13 icing samples
were taken in June 2016 (Figures 5.1b and c, Table 5.1) either from supra-icing ponds/channels
(samples 1.1, 1.3, 2, 3, 4.2, 4.4, Icing B and Icing PF) or from water dripping from the icing
surface (samples 1.2, 4.1, 4.3).
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Table 5.1 Summary of samples collected in (a) watershed B and (b) Duke watershed. PF
stands for proglacial field and AM stands for alpine meadow

Sample type \ Sample location \ samples
a) Watershed B
Glacier B PF At the outlet of the immediate proglacial field 1

where the whole drainage system of the
glacier merges into one stream

Icing PF PF From supra-icing pond 1

Ice-cored moraine PF From purged ice wells made by steam-drill 2

Lake PF From lake situated on the left-side ice-cored 1
moraine

Hillslope tributaries PF Close to the outlet of small streamlets

Glacier-fed tributary PF Large tributary formed by water from other 1
glaciers in the watershed B

Icing B AM | From supra-icing pond 1

Solids AM | Atlcing B surface 1

b) Upper Duke River watershed

Duke glacier PF At glacier snout 1
From supraglacial stream 1

Icing 4 PF From supra-icing pond 2
From water dripping from the icing 2

Icing 3 PF From supra-icing pond 1

Buried ice and ice — PF From purged ice wells made by steam-drill 3

cored moraines From meltwater flowing on buried ice- debris 2
cover interface

Lakes PF From kettle moraine lakes 5

Streams fed by PF/AM | At the outlet stream close to glacier snout 6

small glaciers At the outlet stream close to the confluence 5
with Duke river

Hillslope tributaries | PF/AM | From small streamlets 13

Icing 2 AM | From supra-icing pond 2

Icing1 AM | From supra-icing pond 2
From water dripping from the icing 1

Suprapermafrost AM | From small ponds underlined by permafrost 3

layer water within the alpine meadow

Groundwater wells AM | From purged shallow (0.5 m) wells 2

Solids PF/AM | On Icing 1 and icing 3’s surfaces 2

Snow AM Taken from snow on the ground 2

Rain AM Liquid precipitation 2

Over the same period of time, potential contributors to icing formation were systematically

sampled as well (Table 5.1). In watershed B, the main glacier was sampled farther from the
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glacier snout at the edge of its immediate proglacial field. Both left and right lateral ice-cored
moraines were sampled from purged ice wells made by steam-drill. Within the left moraine
complex, we also sampled a lake situated above the main stream but not visibly connected to
it. In the downstream part of the watershed, hillslope tributaries originating from taluses were
observed and sampled close to their confluence with the main stream. Finally, a large glacier-
fed tributary was sampled as well, which represented the outflow from other two glaciers

within the same watershed (Figure 5.1a).

In the Duke watershed, Duke glacier samples were taken at the glacier snout as well as from
its supraglacial stream. Within the proglacial field, samples from ice-cored moraines and
buried ice formations were taken either from meltwater streamlets on buried ice (samples BI3,
ICM 2 and ICM 3) or from purged ice wells made by steam-drill (samples BI1, BI2 and ICM1).
Other potential sources within the proglacial field included moraine kettle lakes and hillslope
tributaries. The latter were also present within the alpine meadow part of the Duke watershed
(Figure 5.1a). To identify the role of the proglacial field in icing formation, we created
proglacial field (PFL) hillslope tributaries as a sample subgroup for the Duke watershed (13
samples). Streams fed by small glaciers in the Upper Duke watershed are also located within
both proglacial field and the alpine meadow (Figure 5.1a). They were sampled upstream close
to the glacier snout and downstream close to the confluence with the Duke River. Three water
samples were taken from small ponds within the right side of the permafrost-underlined alpine
meadow. Because of their positions, those samples are considered to represent the
suprapermafrost layer water. Groundwater at the left side of the alpine meadow was sampled
via purged shallow wells. Finally, rain-water and fresh snow samples were also collected over

the field campaign.

Water samples were taken from different hydrological sources in a very short period of time
following a synoptic sampling strategy (Mark & Seltzer, 2003). Samples were collected into
high-density polyethylene plastic bottles. Volumes of 30 mL were collected for stable water
isotope analysis and of 50 mL for solutes and dissolved organic carbon (DOC) analyses.

Samples for solutes and DOC were filtered using 0.45-micron filters and acidified with three
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drops of nitric acid 0.5M at the field. All bottles were filled to the brim, sealed, and kept in the
dark at 4°C prior analysis whenever possible (at least 90% of time). Water samples were

successively analyzed for isotopes, selected ions, as well as DOC.

During the field campaign of 2016, solid state samples were collected on Icings 1 and 3 in the
Duke watershed, and on Icing B in sub-watershed B (Figure 5.1b and c¢; Table 5.1). The aim
was to analyze cryogenic precipitates and, based on their composition, to learn about the
characteristics of the parent waters. Samples were collected where clear association between
the precipitate and the icing was possible. Around 5 g of samples were taken and stored into

celled 50 mL plastic centrifuge tubes.

5.2.4 Analysis of isotopes

Samples were analyzed for relative concentrations of stable isotopes of oxygen, §'%0, and
hydrogen, 8°H, using cavity ring down spectrometry (Picarro Analyzer L2130-I; guaranteed
instrumental precision is 0.03%o for §'%0 and 0.2 %o for °H). Both §'*0 and &°H were
expressed in per mil relative to Vienna Standard Mean Ocean Water standard (%o) (Coplen,
1996). For each sample six injections were performed but only the last three were averaged to
minimize the memory effect impact. The spectrometer was calibrated every 100 samples using
six laboratory standards. In addition, one standard was analyzed after every third sample to
verify the stability of measurements and eventually perform corrections. The results of §°H
were then plotted as a function of 3'30. The local meteoric water line (LMWL) was built thanks

to precipitation samples.

5.2.5 Analysis of selected ions

The anionic concentrations in the samples (F, CI" and SO4>") were measured using an ionic
chromatographer (Dionex ED50, Thermo Fisher Scientific). The equipment was calibrated
every 30 samples using seven standards ranging from 0.005 to 3.2 ppm for F-, from 0.1 to 50
for CI" and from 0.2 to 75 for SO4*". After every third sample, we inserted a standard (0.2 ppm
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for F-, 0.9 for Cl and 1.8 for SO4*) followed by a blank sample to guarantee analytical stability

and to correct results from an eventual drift in measurements.

Cationic concentrations (Li*, Na*, K*, Ca*", Mg?*, AI**, Ag®, Ba**, Cr’*, Cu**, Fe’", Mn**, Si*",
Sr**, Ti**, Zn®") were measured using an inductively coupled plasma optical emission
spectrometer (ICP-OES, 5110 Agilent). Calibration was performed every 23 samples using
nine standards ranging from 1 to 40 ppm for Ca?*, Si**, and Mg?" for some samples (those with
high concentrations), and from 0 to 10 ppm for other ions. Two standards (10 ppm for Ca*"
and 5 ppm for all other ions) followed by a blank sample were inserted after every third sample

to guarantee analytical stability and to correct results resulting from drift in measurements.

Connections between samples were investigated by conducting a principal component analysis
(PCA) on selected tracers. Tracers were selected based on their ability to segregate different
sample origins/types in bivariate plots (Baraer et al., 2015). The hydrochemical signature of
the icing samples depends not only on the hydrochemical composition of the sources
contributing to its formation, but also on cryochemical fractionation, such as solute rejections
or salt precipitation associated with the freezing of water (Wadham et al., 2000). For that
reason, based on the hypothesis that the proportions of ions remain constant through those
processes, the relative concentrations of solutes (ion concentrations divided by the sum of
anions/cations) were used instead of absolute concentrations in PCA (Baraer et al., 2015).
Alongside PCA, conceptual maps of dominant ions relative concentrations were created to
identify areas with particularly high concentrations of a given solutes. The upper quartile
calculated for each selected ion based on its relative concentrations was chosen as a threshold

value.

5.2.6 Analysis of dissolved organic carbon

Water sources originating from permafrost-underlined vegetated terrains are usually
characterized by higher concentrations of DOC than the nearby permafrost-free areas due to

extended exposure to the organic-reach suprapermafrost layer (Carey, 2003; Ma et al., 2019;
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MacLean et al., 1999). DOC represents therefore a good tracer for permafrost-related water
sources (e.g., Petrone et al., 2006; Toohey et al., 2016; Yoshikawa et al., 2007). In the present
study, DOC concentrations in sample were measured using an Apollo 9000 Combustion
Analyzer. Three injections were made for each sample, and calibration was performed every
20 samples by means of four standards ranging from 0 to 10 ppm. A standard was analyzed
every five samples to assess the stability of measurements. The detection limit for the analysis
was 1 ppm. Due to the low level of DOC in the majority of the samples, DOC results were

interpreted separately from the ions.

5.2.7 Analysis of solid samples

Cryogenic precipitate is commonly encountered on the icing surface (Lacelle, Lauriol, &
Clark, 2009). It is formed when sufficient concentrations of precipitating elements exist in the
freezing water (Zak, Onac, & Persoiu, 2008). Where such conditions are met, production of
mineral precipitates occurs by solute expulsion during freezing (Bukowska-jania, 2007;
Lacelle et al., 2009; Lauriol et al., 1991; Vogt, 1991). The most common mineral found at the
surface of the icings in the melt season are carbonates (CaCO3) and gypsum (CaSOs) (Lacelle
etal., 2009). In glacierized catchments, those cryogenic minerals have been shown to represent
a unique archive of the hydrologic conditions that prevailed at their formation (Thomazo et al.,

2017).

Two methods were applied to determine the chemical composition of solid samples: X-ray
fluorescence (XRF) (ThermoScientific, Niton XL3T Gold) and acid digestion followed by
anion and cation analysis. All samples were first dried at 110°C for 24h. For XRF, a smooth
and plain pellet was produced out of 2 g of sample using a pellet press. For acid digestion, 1 g
of dried sample was mixed with 4 mL of nitric acid (50%) and 10 mL of hydrochloric acid
(20%) and heated for 2 hours at 90°C. The resulting solutions were then analyzed by means of
ICP-OES (see above for the characteristics) for cationic concentrations. Both methods were
used to determine the relative abundance of ions. Parent sources were then tentatively

identified by comparing the XRF results and acid digestion products hydrochemical
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compositions with the ionic concentrations of water samples from different sources by means

of conceptual maps of selected ionic relative concentrations (Section 5.2.5).

5.3 Results of the watershed B

5.3.1 Time lapse images analysis

In general, the time lapse images showed that, in watershed B, the proglacial icing remnants
from the previous winters persisted late into the melting season (till the end of September 2016
and July 2017). For Icing PF, it was possible to detect episodes if hydrological activity

throughout the winters, whereas Icing B was not visible in TLC images.

Winter season 2015-2016 was characterized by consistent negative air temperatures between
late September and late March, except two warm events: 25-27 November and 30 December.
The first flooding event on the snowpack within the proglacial field occurred in mid-October
(Figure 5.4, top panel), and by the beginning of November, icing formation had been observed
on TLC images on the left side of the proglacial field. In general, flooding events over the icing
surface were observed mainly in two locations: until January, they occurred on the left side
(e.g., Figure 5.2b), where the main glacier outlet stream is observed in the summer; and after
January, they occurred on the right side (e.g., Figure 5.2c). On two occasions during this
season, namely 16 February and 6 March, flooding was observed next to the left-side lateral
moraine, which shows exposed buried ice in the summer. On 16 February, a stream forming at
the slope of this ice-cored moraine was observed (e.g., Figure 5.2d and 5.2e). As a moraine
lake was observed at the top of this moraine in the summer, differentiating between the lake

and buried ice origins based on the images was not possible.

In winter 2016-2017, air temperature stayed below zero between mid-October and mid-April,
with warm episodes occurring on 30 December and 2 January (Figure 5.4, bottom panel). The
icing’s extent increased in late fall, when air temperature dropped below zero. By the end of
October 2016, an icing had formed on the right side of the proglacial field (Figure 5.4, bottom
panel). Unlike the 2015-2016 season, flooding events mostly happened on the right side of the
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proglacial field before January, and afterwards - on its left side. During the 2016-2017 season,
signs of contribution of either the left ice-cored moraine or the moraine lake to icing formation,

were observed on 26 November and 28 March.

5.3.2 Analysis of stable water isotopes and ionic signatures

The results of stable water isotopes and ionic concentrations analyses are presented in Figure 5.5.
For better readability, results are presented in four sub-figures: Figures 5.5a and 5.5b
summarize the results for icings together with water sources identified as potential icing
contributors based on time lapse images; Figures 5.5¢ and 5.5d allow comparison to other
potential water sources. Figure 5.5a and 5.5c show the results for stable water isotopes together
with the Local Meteoric Water Line (LMWL), which was built based on fresh snow samples
taken during the field campaign. Figures 5.5b and 5.5d show the projection of water sample
data on the reduced space determined by PCA using Ca*"/SC*, Mg?*/SC", Li*+Na™+K*/SC",
SO4*/SA", Sr**/SC* and d-excess. These tracers were chosen based on bivariate plots since
they best separate icings and different water sources. For the watershed B, PC1 accounts for
0.47 of variance present in the dataset, and PC2 accounts for 0.36 of variance. Thus, together,

the first two principal components account for 0.83 of the total variance.

The sources identified based on TLC images are the main glacier, left ice-cored moraine, and
moraine lake (Figures 5.5a and 5.5b). In the §'%0 - §*H diagram, the sample that represents the
glacier runoff, Bgl, plots relatively close to the Icing PF sample. This means that potential
contribution of this glacier to Icing PF formation cannot be ruled out by means of isotopes
analysis. The sample from the left ice-cored moraine has a lighter isotopic than the sample
from the proglacial field icing, and plots a bit farther from the Icing PF sample. The sample
from the moraine lake, however, plots relatively close to the Icing PF sample and can be
considered as potential contributor to its formation. We thus hypothesize that lake water is
released during the winter from the moraine and supplies water for at least part of the icing
formation. In the PCA diagram, however, the sample from the Icing PF plots away from all

the other samples (Figure 5.5b), making it impossible to confirm the contribution from the
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main glacier, left ice-cored moraine, and moraine lake to Icing PF formation via hydrochemical

signatures.

Other potential water sources contributing to Icing PF’s formation have been evaluated from
Figure 5.5d. The sample from the right ice-cored side moraine, geographically close to Icing
PF, shows an isotopic signature depleted in light isotopes and plots at the lower left corner of
the '%0 - 8°H diagram (Figure 5.5c¢), far from the Icing PF sample. Similarly, that sample plots
far from the Icing PF (Figure 5.5d) on the PCA diagram. Thus, the contribution from this

source is not supported by those results.
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Figure 5.4 Hydrological activities observed in watershed B by the use of time lapse
cameras for the 2015-2016 season (top panel) and the 2016-2017 season (bottom panel).
Black solid lines show air temperature measured at the automatic weather station; half-
circles mark the timing of hydrological activity on the left/right side of the proglacial field,
and full circles represent the timing of hydrological activity related to either an ice-cored
moraine or a moraine lake
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Figure 5.5 Results for the watershed B. Panels (a) and (c) show results from stable water
isotope analysis. The straight line represents the Local Meteoric Water Line. Panels (b) and
(d) show results of hydrochemical analysis. Panels (a) and (b) show the locations of sources
identified by TLC; panels (c) and (d) show other potential sources for Icing PF and Icing B
formation

In subwatershed B, close to its conjunction with the Duke River, another icing, called Icing B,

was observed and sampled (Figure 5.1). This icing cannot be seen from TLC and thus can only

be studied by means of isotopic analysis and hydrochemical analysis of both water and solid

samples. In the §'%0 - §°H diagram, the sample from this icing (Icing B) is enriched in §'%0

and 8°H in comparison with Icing PF, and plots close to samples from hillslope tributaries s1-

5 (Figure 5.5c). Geographically, source sl is the closest and is situated just upstream of the
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icing (Figure 5.1). In the PCA diagram the sample from the icing B plots together with samples
from hillslope tributaries s3 and s4, and sl has a quite different hydrochemical signature and
plots away from other sources. Samples from alpine meadow groundwater wells, as well as
from glacier-fed tributary, plot away from Icing B sample in both the §'0 - §°H and the PCA
diagram (Figures 5.5c and 5.5d), and thus their contribution is not supported by those results.

5.3.3 Distribution of relative ionic concentrations

The conceptual map of relative ionic concentrations in water samples shows areas with high
concentrations of Ca**, SO4*, CO3*, Fe*', and AI** (Figure 5.6). The calculated thresholds for
relative concentrations of solutes (ion concentrations divided by the sum of anions/cations, [-
1) are 0.37 for Ca?*, 0.43 for SO4>, 0.42 for CO3*, 0.18 for Fe**, and 0.05 for AI**. In watershed
B, hillslope tributaries, namely samples s1-5, are characterized by high relative concentrations
of SO4* (Figure 5.6a), while high relative concentrations of Ca*" are only observed in
tributaries s3-5. Sample s2 differs from the rest of the streams, as it presents above-threshold
amounts of Fe*". Finally, the sample from the moraine lake close to Glacier B has noticeable

concentrations of both Fe** and AI**.
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Figure 5.6 Conceptual maps of ionic content of water samples. Colored boxes
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5.3.4 Analysis of solid samples

The solid sample taken on Icing B was brown-grey and, according to both methods, namely
XRF and acid digestion, presented high concentrations of AI*" and Fe** (Table 5.2). High
amounts of silicates were also measured by XRF. Those elements do not correspond to reported
compositions of cryogenic precipitates occurring naturally on the earth (Lacelle et al., 2009).
Thus, sampled solids were most probably made by sediments from the parent water. Unlike
for cryogenic precipitates, the relation of this sediment to icing formation cannot be
guaranteed. However, higher relative concentrations of both AI** and Fe*" in the watershed B

are obséived in'the' water sample from the moraine lake; and higher relative concentrations of
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Fe’" are observed in water sample s2 (Figure 5.6). Thus, these sources could potentially be

contributors to the formation of Icing B.

Table 5.2 Results of the analysis of solid samples
performed by X-ray fluorescence (Method 1) and acid

digestion (Method 2)
Most abundant ions
Icing Color
Method 1 Method 2
AP, ALO3,
B brown-grey | Fe’", Fex0s, A", Fe**
Si*", SiO2
Ca*", CaO,
3 white Ca’", SO4*
S%, SOz*
1 brown-grey Ca*", CaO Ca*", Fe**
5.4 Results for the Duke watershed

5.4.1 Time lapse images analysis

Only Icings 3 and 4 were visible in TLC images for the Duke watershed. In comparison with
watershed B, a larger number of water sources were identified as potential contributors to those
icings’ formation. These sources included the Duke glacier, two small glaciers (glaciers Gll1
and GI2) and two hillslope tributaries (s3 and s4) on the right side of the valley, and three
hillslope tributaries on the left side of the valley (s5, s6, and s7). In general, hydrological
activities detected by TLC images occurred when the air temperature was below zero. On some
occasions, several sources showed activity at the same time (on 29 November or 10 December,
Figure 5.7 top panel). It was also observed that all sources detected as active during the season

2015-2016 were also active during the season 2016-2017.
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For the 2015-2016 season, both Icings 3 and 4 melted away by the end of July. The next cold
season, icings were detected by the end of November. The Duke glacier’s hydrological activity
was observed in the form of flooding of the upstream portion of Icing 4 (Figure 5.7, top panel).
For the same season, hydrological activity of the small glacier Gl1 was detected on three
occasions in December-January. The small glacier G12 appeared to be less active than Gl1, as
only one flooding event was detected that winter (in November). Hillslope tributaries s4 and
s3 were observed being active before January only, and tributaries s5-7 demonstrate some
hydrological activity few times before January during the 2015-2016 season. As distinguishing
between sources s5, s6, and s7 based on TLC images in winter conditions was almost
impossible, they are represented by the same color in Figure 5.7. Those tributaries showed

some hydrological activity a few times before January during the 2015-2016 season.

The 2016-2017 icings formed at the beginning of November. Icing 3 had melted away by the
end of July, and Icing 4 persisted until the end of August (Figure 5.7, bottom panel). It seems
also that, in November 2016, Icings 3 and 4 made one larger icing. As was the case during
2015-2016, the Duke glacier’s hydrological activity was observed under negative temperatures
most of the time. Flooding at positive temperatures occurred only once, on 2 January 2017
(Figure 5.7, bottom panel). Hydrological activity of the small glacier Gl1 was observed on five
occasions during the 2016-2017 season: once in October, once in December, and three times
at the end of March. The small glacier GI2 exhibited hydrological activity twice that winter: at
the beginning of January, and in April, before the temperature rose above zero. Finally, sources

s5, s6, and s7 showed activity as from January only (Figure 5.7, bottom panel).
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Figure 5.7 Hydrological activities observed in the Upper Duke watershed by the use of
time lapse cameras for the 2015-2016 season (top panel) and the 2016-2017 season
(bottom panel). Black solid lines show air temperature measured at the automatic weather
station. Circles represent the timing of hydrological activity related to different water
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5.4.2 Analysis of stable water isotopes and ionic signature

The results from stable water isotope and ionic concentration analyses are presented in Figure
5.8. For readability, results’ presentation is split into six sub-figures. Figures 5.8a and 5.8b
show results for sources detected using TLC image analysis; Figures 5.8c and 5.8d show results
for potential sources within the proglacial field; Figures 5.8e and 5.8f show results for potential
sources within the alpine meadow. Figures 5.8a, 5.8c, and 5.8e show stable water isotope
analysis for the Duke watershed. The PCA results are shown on Figures 5.8b, 5.8d, and 5.8f.
PC1 accounts for 0.48 of the dataset variance, and PC2 accounts for 0.22 of variance. Thus,

together, the first two PCs account for 0.7 of variance.

First, the contribution of sources detected in TLC images to Icings 3 and 4’s formation are
confirmed as possible and even probable in some cases - by the §'30 - §°H and PCA diagrams
(Figure 5.8a and b). For Icing 4, those include the Duke glacier, small glaciers Gl1 and Gl2,
and hillslope tributaries s3 and s4, and for Icing 3 those include hillslope tributaries s5-7.
Indeed, on Figure 5.8a, samples taken from the Icing 4 plot together in the lower part of the
8130 - 8°H diagram, and are situated close to samples taken at the Duke glacier outlet. This is
particularly true for the most upstream icing sample 4.1. In the PCA diagram, samples from
Duke glacier plot in the vicinity of Icing 4 and Icing 3 samples. Thus, contribution of the main
glacier to Icing 3 and 4 formation remains a valid hypothesis. In both §'*0 - §°H and PCA
diagrams, samples that represent the stream fed by small glacier GI2, namely Gl2a and GI2b,
as well as samples s3 and s4 plot slightly closer to the sample from the icing 3 than to those
taken from Icing 4 (Figures 5.8a and 5.8b). Thus, while geographically and based on TLC
images, those sources were attributed to Icing 4, they should be considered as possible
contributors to Icing 3 as well. In the §'%0 - §*H diagram, the upstream sample from the stream
fed by glacier Gl1, namely Glla, plots away from both icings. Its downstream sample, Gl1b,
plots closer to the sample from Icing 3 but still has a different isotopic signature. In the PCA
diagram, samples from GL1 plot closer to Icing 3 sample. Thus, the flooding observed in TLC
images on Icing 4, which initially was attributed to the small glacier Gl1, is most likely related

to another hydrological source activity. Similarly, samples taken from the hillslope tributaries
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s5-7 plot together with the icing 3 sample in the §'30 - §*°H diagram (Figure 5.8a) but not in
the PCA diagram.

Other sources within the proglacial field that potentially contribute to the formation of Icings
3 and 4 can be hypothesized based on Figure 5.8c and d. Two samples taken from buried ice
formations plot close to the Icings 3 and 4 samples both in the §'*0 - §*H diagram and the PCA
diagram. These results suggest the potential contribution of areas with buried ice those icings.
In both §'%0 - §’H and PCA diagrams, samples from one of the PFL tributaries, identified as
PFL1, plot relatively close to the Icing 4 samples (Figures 5.8c and 5.8d). Finally, in the PCA
diagram, the sample from kettle moraine lake 5 plots close to Icing 4 samples. As for Icing 3,
on the §'%0 - §°H diagram, its sample plots close to hillslope tributary s2. In the PCA diagram,

however, s2 plots relatively far from Icing 3.

In Figure 5.8e and f, samples taken from Icings 1 and 2, which were not observed by the TLC,
do not appear as a homogeneous group, suggesting they might be of different parent waters.
Potential contributors to those alpine meadow icings can be proposed based on the §'%0 - §°H
and PCA diagrams. Sample 1.2 exhibit a very similar isotopic signature to one of the
groundwater well sample, namely Gw2. In the PCA diagram, however, the samples from
groundwater wells plot far from Icing 1 samples. Sample 1.3 has a similar isotopic signature
to the samples from Icings 2 and 3, and to samples from the stream fed by small glacier Gl4
and hillslope tributary s14 (Figure 5.8¢). The PCA results, however, do not confirm the
contribution of these sources (Figure 5.8f). Finally, sample 1.1 plots in the diagram close to
samples from streams formed by small glaciers G15 (samples Gl5a and GI5b) and Gl6 (Gl6b)
(Figure 5.8f). Small glacier Gl6 is located downstream from Icing 1 and thus cannot be the

source of its formation (Figure 5.1).
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Figure 5.8 Results for the Duke watershed. Panels (a), (¢), and (e¢) show results
from stable water isotope analysis. The straight line represents the Local
Meteoric Water Line. Panels (b), (d), and (f) show results of hydrochemical
analysis. Panels (a) and (b) show the locations of sources identified in TLC
images; panels (c) and (d) show sources within the proglacial field; panels (e)
and (f) show sources within the alpine meadow
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The sample taken from Icing 2 plots in the §'30 - 8°H diagram together with samples from
Icing 3, samples from small glaciers and proglacial field tributaries (Figure 5.8d). Based on
Icing 2 geographic location, one of the possible sources contributing to its formation can be
small glacier GI5. Both samples from this glacier, however, plot lower than sample 2 on the
LMWL (Figure 5.8¢) and relatively away in the PCA diagram (Figure 5.8f). Samples from
another small glacier, G14, which is 890 m farther upstream, plot very close to the sample 2 in
both 880 - §°H and PCA diagrams, and thus, this glacier potentially contributes to Icing 2
formation. Based on the geographical locations four other sources, namely s11-14, should be
verified as possible contributors to Icing 2. Among them, s11 and s14 plot very close to the
Icing 2 sample in the §'%0 - §*°H diagram and therefore might be considered as its feeding
sources (Figure 5.8e). The PCA diagram suggests that tributaries s11 and s13 can potentially
contribute to Icing 2, whereas s12 and s11 plot farther away. Thus, only s11 is confirmed by

both analyses.

In the PCA diagram, samples from both Icings 2 and 3 plot close to samples that are assumed
to be of suprapermafrost layer origin, namely P1-3. Geographically, these three samples cannot
be responsible for Icing 2 and 3 formation, and they plot away from icing samples in the 5'*0
- ’H diagram. However, they can be seen as the representatives of the group of hydrological
sources. This suggests that there might be some hydrological activity related to
suprapermafrost layer waters and that these waters might contribute to winter icing formation.

This suggestion will be verified by other methods.

54.3 Distribution of relative ionic concentrations

In the Duke watershed, the entire left part, except from samples from buried ice and from kettle
lakes, is characterized by high concentrations of SO4** (Figure 5.6b). As for the right side of
the watershed, relative concentrations of SO4> are high within the proglacial field as well, apart
from s1, and in sample s11 from the alpine meadow. All samples from buried ice, as well as
all samples from the suprapermafrost layer and sample s13, have high concentrations of Ca*".

As for carbonates, the entire right side of the alpine meadow (namely suprapermafrost layer
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water samples P1-3 and samples s11 and s13) and buried ice samples have high concentrations
of COs*. Finally, the sample from the supraglacial stream has high Fe’" and AI*',
concentrations. One of the ice-cored moraine samples, together with samples from small

13+

glacier Gl6, is also characterized by higher AI°" concentrations.

5.4.4 Dissolved organic carbon

Most of the samples taken from icings have DOC concentrations below the detection limit (1
ppm), with two exceptions. Sample 1.2 presents DOC concentrations at 5.9 ppm, and sample
2 at 2.3 ppm. Among the samples of potential parent water, high DOC concentrations are
observed in the samples from the alpine meadow ponds and those taken from groundwater
wells: P1 (8.6 ppm), P2 (5.4 ppm), P3 (5.4 ppm), GW1 (4.0 ppm), and GW2 (4.3 ppm). High
values of DOC suggest that those samples represent suprapermafrost layer water. Thus, those
results support the hypothesis that the suprapermafrost layer contributes to Icing 1 and,

possibly, Icing 2’s formation.

5.4.5 Analysis of cryogenic precipitate

The solid sample S3 from Icing 3 was white and presented high amounts of Ca** and S** when
analyzed with XRF and of Ca** and SO4> upon acid digestion (Table 5.2). Such composition
is characteristic of cryogenic gypsum, the second most common cryogenic mineral found on
icings (Lacelle et al., 2009). Figure 5.6b shows high relative concentrations of Ca*" in buried
ice samples (BI 2 and 3) and in samples from the suprapermafrost layer (P1-3) on the right side
of the alpine meadow. Samples with high relative concentrations of SO4* are observed
throughout the proglacial field, apart from samples of hydrological components that are related
to the Duke glacier (i.e. samples from buried ice and ice-cored moraines, Duke glacier sub-
and supra-glacial discharge). High SO4*concentrations were also found on the left side of the
alpine meadow. All the above mentioned sources can potentially reach gypsum saturation
during freezing and solute expulsion, except the samples that show high concentrations of
carbonates: buried ice samples and samples from suprapermafrost layer. The solubility

constant of calcite being more than 1000 times lower than that of gypsum (Zarga, Ben
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Boubaker, Ghaffour, & Elfil, 2013), cryogenic precipitate from those sources should be made
mainly of calcium carbonate. The results, therefore, rule out buried ice and the Duke glacier,
since buried ice is likely made of remains of the Duke glacier. In addition, water from the
suprapermafrost layer is not supported as the parent water of at least part of Icing 3since

samples P1-3 show high concentration of carbonates.

The solid sample collected on Icing 1 was brownish-grey and presented high concentrations of
Ca?*, with some traces of iron (Table 5.2). Figure 5.6 shows high relative concentrations of
carbonates and calcium in the upper part of the proglacial field in water samples from ice-cored
moraine and buried ice (BI2, BI3, ICM1, and ICM2) and on the right side of the alpine meadow
in samples of suprapermafrost layer water (P1-3) and sources s13 and s11. The distance from
buried ices makes their contribution to Icing 1 formation highly improbable. Thus, these results
suggest that either suprapermafrost layer water or tributaries s11 and s13 were at the origin of

the cryogenic precipitates’ formation on Icing 1.

5.5 Discussion

5.5.1 Summary of water sources detected for each icing

Table 5.3 provides a summary of the icing formation contributing sources suggested by each
method presented above. This summary is given for each studied icing. Overall, we observe
that all methods agree with each other’s in only 22% of the cases. On four occasions, the
methods unanimously support a potential source as a contributor to the icing formation:
hillslope tributaries for Icing B, glacier-fed tributaries and hillslope tributaries for Icing 3 and
the main glacier for Icing 4. On two occasions, no method supports the possibility of a given
potential source contribution: glacier-fed tributaries and groundwater wells for Icing B. Having
78% of the potential contribution evaluation with no consensus among the methods confirms
that the use of a multimethod approach is required for such study. Each method taken
individually presents a noticeable level of uncertainty, and thus the evaluation they produce
requires confirmation. Moreover, icings’ remnants which are observed in spring might not be

formed through a unique source/process but rather represent aggregated features formed as a
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result of multiple sources and processes. Where such a multi-origin situation occurs, non-
agreement between methods is legitimate. Taking into account those limits/difficulties, the
results summarized in Table 5.3 are interpreted as follows: where all applicable methods agree,
contribution to formation is considered as “most likely,” and where a majority of the applicable

methods support the contribution of a source, that contribution is considered to be “possible.”

As a consequence, Table 5.3 suggests that proglacial Icing PF in watershed B is possibly fed
by Glacier B and by the moraine lake water that seeps through the moraine during the winter
(Table 5.3). Icing B, observed downstream in watershed B, is most likely fed by hillslope
tributaries situated upstream from the icing (Table 5.3). In the Duke watershed, the most
upstream icing, namely Icing 4, is most likely fed by the Duke glacier possibly by buried ice
and ice-cored moraines, small glaciers (Gl1 and 2), and tributaries within the proglacial field
(Table 5.3). Icing 3 is situated downstream from Icing 4, and based on TLC images, together
they formed a unique icing at least once over the study period. This is probably the reason that
the sources responsible for Icing 3’s formation partly overlap with those contributing to Icing
4. Small glaciers (Gl1 and 2) and hillslope tributaries most likely contributed to the formation
of Icing 3, while the contribution of the main glacier is possible. There is no consensus among
methods about the parent water for Icing 2. However, tributaries fed by small glaciers (Gl 4
and 5), hillslope tributaries within the alpine meadow, and potentially suprapermafrost layer
water are possible contributors. Finally, the results for the most downstream icing, Icing 1,
indicate the possibility of contribution of water from groundwater wells. Contribution from the
suprapermafrost layer and tributaries fed by small glaciers cannot be rejected based on Table

5.3.

Table 5.3 Summary of sources identified as potential contributors to icings formation. For
each method (columns), the main potential sources identified for each icing are listed
(rows). “+” indicates sources that are supported by the method, and “-” indicates sources
that are not supported by the method. Potential sources supported by all applicable
methods are highlighted in green; those supported by no method are highlighted in red.
Grey cells indicate cases where particular method is not applicable
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Potential sources Time Water . . Dissolved
contributing to icing lapse stable . Tonic Solid organic
. . . signatures | samples
formation images | isotopes carbon
Sources for Icing PF
Main glacier + + -
Ice-cored moraine + - -
Moraine lake + + -
Sources for Icing B
- - +
Moraine lake - - +
Sources for Icing 1
Glacier-fed tributaries + - + -
Hillslope tributaries + - + -
Groundwater wells + - + +
Suprapermafrost layer water - - + +
Sources for Icing 2
Glacier-fed tributaries + + -
Hillslope tributaries + + -
PFL tributaries + - -
Groundwater wells - - +
Suprapermafrost layer water - + +
Sources for Icing 3
Main glacier + - + -
PFL tributaries - + - +
+ + + +
+ + + +
Suprapermafrost layer water - - + -
Sources for Icing 4
Buried ice - + +
moraine lake - - +
PFL tributaries - + +
Glacier-fed tributaries + + -
Hillslope tributaries + + -

5.5.2 Is glacier runoff the most important water contributor to icing formation and

winter baseflow?

Even if the results in Table 5.3 analysis lead only to a “possible” contribution of Glacier B to
Icing PF growth, the analysis of the TLC images in watershed B over the two study seasons
leaves no room for doubt about its contribution. Because of the proximity of the TLC to Icing

PF, TLC images represent a particularly solid method for that location. Those images show
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reoccurring flooding events at the proglacial field next to Glacier B outlet throughout the
winter season (Figure 5.4). Moreover, the resulting ice volume cannot be produced solely by
minor active sources, and according to the site’s geomorphology no water source other than
the glacier could produce such water volumes. This contribution is confirmed by the stable
water isotope analysis in the same watershed (Figure 5.5a). The fact that the ionic signatures
interpretation is not conclusive on that contribution has to be seen as a limit in the ionic method

detection ability.

In the Duke valley, all applied methods support the Duke glacier’s generation of Icing 4 parent
water. The Duke glacier is a polythermal glacier (Flowers et al., 2014; Wilson et al., 2013).
The formation of icings has been commonly associated with polythermal glaciers in the
Canadian Arctic (Moorman & Michel, 2000; Wainstein et al., 2008), Greenland (Yde &
Knudsen, 2005) and Svalbard (Bukowska-jania & Szafraniec, 2005; Hambrey, 1984; Sobota,
2016; Stachnik et al., 2016; Wadham et al., 200; Yde et al., 2012). Regarding the contribution
of the main glacier to Icing 3 formation, it can be considered as possible according to Table
5.3. For this icing, glacier-fed tributaries are one of the two categories that all four methods
identify as parent water. This can be seen as of particular interest, as unlike the Duke glacier
position versus Icing 4, Icing 3 forms at a distance of more than 1 kilometer from the tributary
glaciers. By forming so far from its contributing sources, Icing 3 shows a contrast with what
was observed with Icing PF and Icing B which formed right at the point where the parent water

was released from its source.

Liljedahl et al. (2016) suggested for Tanana River, Alaska, that ubiquitous glacier mass loss
leads to a continuous supply of meltwater, which is partly used for aquifer recharge. This
recharge can enhance permafrost thaw by heat advection, thus simultaneously increasing
aquifer storage capacity (Lamontagne-Hallé et al., 2018; McKenzie & Voss, 2013). As a result,
actual glacier retreat should lead to an increase in groundwater discharge during the winter
season. While detecting the contribution to icing formation from small glaciers located at a

distance from the icing, the present study does not identify if the contribution occurs via surface
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or underground pathways. The mechanism described here above could, however, explain why

icings did not form at the glacier snout but far downstream.

5.5.3 Role of suprapermafrost layer water in icing formation and winter baseflow

In Alaska and the Canadian Arctic, most of the studied icings have been shown to be fed by
subpermafrost water (Hu & Pollard, 1997; Kane & Slaughter, 1973; Kane, 1981; Pollard, 2005;
Yoshikawa et al., 2007). Several studies that addressed water provenance for icing formation
in regions with continuous and discontinuous permafrost explicitly concluded that
suprapermafrost water does not participate in icing formation (Kane, 1981, in central Alaska,
USA; Veiette & Thomas, 1979, in NWT, Canada; and Yoshikawa et al., 2007, in Brooks
Range, Alaska, USA). In this study, the results of DOC analysis confirmed the hypothesis that
the samples taken from alpine meadow ponds represent water from the suprapermafrost layer.
In addition, the contribution of suprapermafrost layer water to the formation of the alpine
meadow icing is shown to be possible based on the major ions analysis (Figure 5.8) and is
confirmed by the analysis of cryogenic precipitate for Icing 1 (Table 5.3) and DOC analysis.
While we detect the suprapermafrost layer’s contribution to Icing 1 formation, it is not possible
to say if suprapermafrost layer water contributes throughout the winter or only at the beginning
of winter season. As previously observed, icings fed by suprapermafrost water typically stop
growing before the end of the winter when the water stored in the suprapermafrost layer is

exhausted (Pollard, 2005).

An increase in suprapermafrost layer thickness in response to the changing climate leads to
aquifer’s increased storage capacity, which in turn can lead to increased winter discharge (Ge
etal.,2011; Toohey et al., 2016). In addition, talik formation activates the groundwater system,
which is otherwise shut down during the winter season (Lamontagne-Hallé et al., 2018).
Indeed, permafrost thaws in the study region (Smith, Lewkowicz, Ednie, Maxime, &
Bevington, 2015). Since our results show that suprapermafrost layer water is a probable source
of icing formation, it is reasonable to suggest that the observed permafrost thaw can contribute

to the increased winter discharge in the region.
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5.5.4 Are there other hydrological sources that contribute substantially to icing
formation and winter baseflow?

Hillslope tributaries in both watersheds were shown to be most likely contributing to winter
discharge (Table 3). As observed in ionic and isotopic signatures, most of these tributaries are
not fed directly by ice melt and therefore are of groundwater origins. Similarly to the
suprapermafrost layer water, their water storage capacity can potentially be increased by
delayed freeze-up (Rennermalm et al., 2010; Yang et al., 2002). If confirmed, those

contributions could increase with an increase in air temperature.

A similar mechanism will enhance winter runoff production from moraine debris in the
proglacial field. In addition, buried ice ablation in response to increasing temperatures will
increase the storage capacity of the debris layer. Several methods in both watersheds detected
potential contribution from buried ice formations and ice-cored moraines, suggesting that these

formations can contribute to an increase in winter discharge.

Finally, moraine lakes were suggested as water sources contributing to winter baseflow.
Moorman (2003) and Wainstein et al. (2014) in Bylot Island, Canada, concluded that marginal
glacier lakes did not freeze entirely, and due to pressure from the top and the presence of taliks,
the water from the lake contributed to the winter runoff. Formation of new taliks, expected in
response to changing climate, should thus enhance the contribution of moraine lakes to winter
discharge. Therefore, based on our results and existing literature, we can hypothesize that
hillslope tributaries, buried ice, ice-cored moraines, and moraine lakes can potentially

contribute to an increase in winter baseflow.

5.5.5 Limitation of the method

This study provides valuable information about the genesis of icings in the headwaters of two
subarctic glacierized watersheds of different size and complexity. Due to an extensive

sampling campaign during the summer of 2016, it was possible to obtain the hydrochemical
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and isotopic signatures of most of the water sources in watersheds as well as their DOC
concentrations, and hence analyze their contribution to icing formation. While this helped to
account for the spatial variability of hydrological components, it was only possible to account
for temporal variability of hydrological activity in the watershed by means of analysis of TLC
images. In addition, due to technical problems, one of the cameras in the Duke watershed
stopped working at the end of the 2015-2016 season, thus eliminating the possibility to
compare the number of events for each identified hydrological source between seasons (Figure
5.7, top panel). Moreover, several sources of uncertainty stem from the sampling procedure.
First, samples of hydrological components that potentially contribute to icing formation were
taken during the summer, whereas icings were formed during the winter. It is possible that due
to such processes as cryochemical fractionation, resulting from freezing of water, the
signatures of winter hydrological sources were altered. To address this issue, we accounted for
cryochemical fractionation by using relative concentrations of ions. The icing sampling
protocol can also represent a source of uncertainty. Indeed, icing remnants were sampled in a
way that water from different layers was mixing. This could lead to the averaging of
hydrochemical and isotopic signature of different layers of icing, and was not accounted for.

We argue, however, that using a multi-technique approach helps to decrease the uncertainty.

Under the assumption that the sources of icing formation are similar to the sources of winter
runoff, the results of this study helped to identify potential hydrological sources comprising
winter baseflow. However, for some of the identified sources, such as suprapermafrost water
and buried ice, it was not possible to confirm their activity throughout the winter. Finally,
despite being able to detect potential sources contributing to icing formation, the methods used
in this study cannot provide any quantitative estimate of their runoff. One potential way to
account for temporal variability in hydrological sources’ contribution to icing formation could
consist of sampling each icing layer separately. Analysis of major ions and stable water isotope
coupled with positioning the TLC closer to a particular icing could potentially provide a more

detailed representation of icing formation throughout the winter.



161

5.6 Conclusions

Icings form from hydrological sources that remain active during the winter and thus can be
seen as witnesses and chroniclers of winter hydrological processes in remote subarctic
watersheds. At the end of the winter season, they contain valuable information that can be used
to understand complex hydrological systems. In the present study, we applied a multi-
technique approach to “read” this information and to understand which hydrological sources
contribute to icing formation and thus potentially contribute to winter baseflow. Those
techniques were (a) analysis of time lapse images in conjunction with air temperature time
series, (b) water isotopes analysis, (c¢) water hydrochemical analysis, and (d) solid sample
analysis. A multi-technique approach was used to analyze icing remnants in two watersheds of
different scale and complexity in the headwaters of the Duke River watershed in the Canadian

St. Elias Mountains.

This study showed that it is possible to identify sources that remain active during the winter
by studying icings in the early stage of the melt season. The results suggest that proglacial field
icings in both watersheds are most likely fed by glacier runoff and runoff from hillslope
tributaries. Possible contribution from the suprapermafrost layer water was detected for icings
within the alpine meadow. Finally, contribution from water sources such as buried ice, ice-
cored moraines, and moraine lakes was supported by some of the methods that were used, but

not by all.

Even though watershed B is a small, highly glacierized catchment, it seems that the sources
contributing to icing formation, and thus winter hydrological processes occurring there, are
comparable to those present in the longer and wider Upper Duke watershed. Indeed, the icing
formations next to both the Duke glacier and Glacier B exhibit a strong influence of their
respective glacier, the signal of which weakens in icings further downstream from the glaciers.
The icings in those downstream sections of both studied watersheds have hillslope tributaries
as important sources. However, the Duke watershed shows a larger variety of sources, where

areas with buried ice and suprapermafrost layer water were also non-negligible component of
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winter runoff. The comparison between the B and the Duke watersheds shows that the size of
the watershed does not affect the spatial patterns of winter runoff generation, but a larger

watershed is more complex, and its sources are therefore more diverse.

In a context of ubiquitous winter discharge increase in arctic and subarctic regions, our results
show that icing remnants can help overcome the lack of direct observations in these remote
environments and provide new insights on winter runoff generation. The multi-technique
approach used in this study provided important information about the water sources active
during the winter season in the headwaters of glacierized catchments. A literature-based
analysis of the possible contribution mechanisms from the icings’ parent waters allows us to
propose that glaciers, directly or through the ground, the suprapermafrost layer and non-
glacier-related groundwater (via tributaries) could contribute to the observed regional increase

in winter discharge.
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CHAPTER 6

DISCUSSION

The aim of this project was to test the hypothesis that subarctic proglacial areas play an
important role in the hydrology of glacierized valleys, and that glacier retreat is not the only
driver of their hydrological response to climate change. The results of this project thus will
complement current knowledge necessary to accurately project the impact of environmental
changes on the hydrology of subarctic glacierized watersheds. By adopting a variety of
methods such as numerical modelling, statistical analysis and fieldwork-based techniques, and
by focusing on both regional and watershed scales, I was able to fulfill this aim. Following
sections address three research questions identified in the introduction, overall project

implications, its limitations and potential ways forward.

6.1 What is the role of shrinking glaciers in recent hydrological changes in the
southwestern Yukon and what are future hydrological changes in the region?

When estimating climate changes impacts on hydrology of glacierized watersheds, it is often
assumed that the evolution of glacier extent is the dominant factor for hydrological changes
(Hood et al., 2006). The concept of peak water (PW, see Chapter 1) illustrates well the
anticipated hydrological changes in response to a decrease in glacier cover. At the early stage
of glacier retreat the discharge from the watershed is projected to increase following initial
increase in glacier meltwater production triggered by temperature rise. Discharge then reaches
a turning point - PW - and starts decreasing following the decrease in glacier volume. In British
Columbia, Canada, most of the glacierized watersheds have already reached PW (Stahl &
Moore, 2006), whereas in Yukon it was reported that PW has not been reached yet (Huss &
Hock, 2018; Moore et al., 2009). For instance, the Yukon River Basin, headwaters of which
are situated within the study region, is projected to reach the turning point by the end of this
century (Huss & Hock, 2018). Chapter 3 addressed the PW analysis in a more precise way
aiming putting hydrological changes in the southwestern Yukon in a context of glacier retreat.

One specificity of the research described in Chapter 3 is that while there have been studies in
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the area based on trend analyses of discharge time series (Fleming & Clarke, 2003) as well as
numerical model applications (Huss & Hock, 2018) to obtain new insights into hydrological

changes, no study gave a thorough treatment to both.

The results of chapter 3 showed that there is a ubiquitous glacier retreat in the study area and
confirmed the fast rate of glacier area losses measured in other studies (Arendt et al., 2009;
Barrand & Sharp, 2010; Barrand & Sharp, 2010; Derksen et al., 2012). Moreover, it was
possible to show that some of the headwaters in the region, including the Duke (9.2%
glacierized) and Takhini River (2.1% glacierized) watersheds, have already reached PW. For
the Takhini watershed, however, it was not possible to determine if observed changes are due
to glacier retreat or change in precipitation (Chapter 3). A decade and a half ago, the Duke
watershed was still exhibiting an increase in annual discharge (Fleming & Clarke, 2003), which
suggests it has reached the PW relatively recently. As a result, it is anticipated that the
importance of glacier meltwater contribution to runoff has already started to decline at both
watersheds. For instance, Duke watershed post-PW ablation season discharge is projected to

decrease to 66% (IQR 60-74%) of its current levels.

Model outputs showed that the two watersheds with a glacierized area exceeding 30% and one
watershed with 2.9% glacierized area have not reached PW yet. Thus, unlike to what has been
previously proposed (e.g., Birsan et al., 2005; Fleming & Clarke, 2003; Hodgkins, 2009;
Pellicciotti et al., 2010), the position of watersheds in terms of PW phase does not depend on
glacierized area only, but rather on the rate of glacier retreat. Projected decline in post-PW
discharge, however, does seem to depend on the actual glacier cover. Peak discharge of
watersheds that are currently ca 30% glacierized is projected to drop even more: to 20-50% of

its levels at the end of the last century.

The conclusions from the first research question confirmed that glacier retreat does not explain
all the hydrological changes observed in the region. It showed, however, that increases in
yearly and ablation season discharge, decreases in flow variability and changes in ablation
season start are characteristics of watersheds where the hydrological response to climate

changes is dominated by the presence of glaciers (Chapter 3).
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The presence of watersheds characterized by lake regime, which shares common
characteristics with those with glacier regime (Chapter 3), and the complexity of the
relationships between glacier retreat and hydrological changes show that it is necessary to
conduct watershed-focused studies to characterize glacier retreat impact on water resources at
a specific site. Chapters 4 and 5 address this conclusion from Chapter 3. In particular, they
address water production in the subarctic and are focused on the headwaters of the Duke River

watershed.

Results from Chapter 4 for a small subwatershed of the Upper Duke River (watershed B) show
that glaciers are the dominant hydrological components of the watershed outflow during the
ablation season and provide 80-90% of the total runoff. However, when glaciers meltwater
production is partly shut down by snow cover, which was illustrated by the 2016 field season
sampling, half of the stream runoff is generated by other sources. Chapter 5 addresses winter
runoff generation of two watersheds of different complexity (Duke River watershed and B
watershed). The multi-technique approach used in this study helped to confirm that glaciers

also contribute to baseflow runoff throughout winter in both watersheds.

6.2 Which hydrological components play an important role in summer runoff
production in the headwaters of a subarctic watershed?

Results from Chapter 3 confirmed the second part of the hypothesis, namely that glacier retreat
does not entirely define the hydrological response of subarctic glacierized watersheds to
climate change. Based on the background research, I hypothesized that subarctic proglacial
areas play an important role in the hydrology of glacierized valleys. In order to confirm or
reject this hypothesis, I first looked at the summer hydrological components of the glacierized
watershed runoff at different times of the ablation season under different meteorological and

environmental conditions.

Results of both Chapter 4 and 5 confirmed presences of numerous hydrological components
within the hydrological systems of the B and Upper Duke River watersheds. In particular,

during the ablation season; such sources as areas with buried ice, hillslope tributary inputs,
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non-glacier fed streams and alpine meadow have been observed to be active in these glacierized

watersheds.

Chapter 4 focuses on B watershed - a small sub-watershed in Duke River headwaters that is
36.6% glacierized. Within this watershed, 1 aimed to obtain new insights into summer
hydrological process by disentangling the importance of various hydrological components (e.g.
glacier meltwater, areas with buried ice, talus slopes, and alpine meadow) to the total summer
runoff under different meteorological and environmental conditions. Those conditions
included the 2015 ablation season when the region was under the influence of the marine heat
wave nicknamed “Blob” (Aaron-Morrison et al., 2017; Blunden et al., 2016; Bond et al., 2015;
Alaska Ocean Observing System, 2016). The “Blob” led to the above-average summer
temperature in Yukon (Blunden et al., 2016). During the 2016 season, on the contrary, glacier

runoff was reduced due to the presence of snow cover on glaciers.

Chapter 4 showed that, despite the important glacier cover (36.6%) the watershed mainstream
is fed by other sources that, taken together can represent between 5.4+0.1% and 49.6+12% of
the outflows. Such water sources as alpine meadow groundwater, non-glacier-fed stream,

hillslope tributaries and buried ice areas have been shown to be among those contributors.

Thus, there are numerous hydrological components acting in a small 36.6% glacierized
subarctic watershed during the ablation season. Even though glacier meltwater is still the major
component of discharge, those other sources contribute substantially to the ablation season
runoff. Moreover, their hydrological roles will most likely increase while glaciers continue

losing their volume, as is the case for the Duke watershed (Chapter 3).

6.3 Which hydrological components are responsible for the generation of winter
baseflow in the headwaters of two subarctic watersheds of different
complexity?

The regional study summarized in Chapter 3 showed that some hydrological changes in
southwestern Yukon cannot be only explained by glacier retreat. An increase in winter

discharge magnitude and shifts in its timing were observed in all the watersheds independently
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on their hydrological regime (Chapter 3). Increases in winter discharges in response to climatic
changes have been previously observed for arctic and subarctic rivers in Eurasia (Danilovich
et al., 2019; Lammers et al., 2001; Rennermalm et al., 2010; Smith et al., 2007; Yang et al.,
2002) and in North America (Brabets & Walvoord, 2009; Jacques et al., 2009; Rennermalm et
al., 2010; Walvoord & Striegl, 2007; Wang, 2019; Woo & Thorne, 2014), but no consensus on
its main drivers has been reached. Just like for the ablation season, I hypothesized that subarctic
proglacial areas play an important role in the winter hydrology of glacierized valleys. In this
context, answering the third research question helps to obtain new insights into the generation
of winter baseflow and winter hydrological processes in the highly glacierized headwaters of
two subarctic watersheds of different complexity, namely the Duke and B watersheds. During
the 2016 summer field work, large icing remnants were observed in the study area. Icings are
formed during winter and thus it was decided to analyze their composition and their formation
in order to “read out” the contained information about the winter hydrological processes at

their origins.

A multi-technique approach allowed detecting winter hydrological activity within the
proglacial field and alpine meadow of both the Upper Duke River and B watersheds. This
methodology showed that both Duke and B1 glaciers contribute to the formation of icings in
their proglacial field. However, whereas Duke glacier seems to most likely contribute to the
most upstream icing formation in the Duke watershed, its signal is decreasing while moving
downstream from main glacier. Small side glaciers shall not be ignored, as they seem to also
contribute to downstream icing formations. Chapter 3 showed increases in winter runoff for
both glacierized and non-glacierized watersheds. Alongside with these results, the composition
of icings presented in Chapter 5 confirms that glaciers are important sources of winter runoff,
but not the only one. Other hydrological sources could therefore be at the origin of the observed

increases in baseflow.

Based on the results of Chapter 5 in each watershed (Duke and B watersheds), it was possible
to observe that, apart from the main glaciers and the snow cover, there are other sources
contributing to the icing formations. As during the ablation season (Chapter 4), Hillslope

tributary inputs within both the alpine meadow and the proglacial field most likely participate
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in building icings mass in both studied watersheds and thus are potentially involved in the
winter runoff generation (Chapter 5). While hillslope tributaries seem to contribute only to the
icing formation at the lower part of the B watershed, their contribution is detected for all icings
in the Duke watershed. In addition, ice-cored moraines, areas with buried ice and moraine lakes

seem to contribute to icing volume and thus potentially produce winter runoff (Chapter 5).

The initial goal to address this research question was to select two watersheds of different scale
and complexity. While the B watershed is a small highly glacierized catchment, it turned out
that the important winter hydrological processes occurring there are similar to those present in
the longer and wider Upper Duke watershed. Indeed, the icing formations next to both Duke
and B1 glaciers exhibit a strong influence of their respective glacier which weakens as icings
are further from the glaciers. Icings in the downstream sections of both studied watersheds
have hillslope tributaries as importance sources. However, the larger Duke watershed shows a
larger variety of sources, with groundwater also being a non-negligible component of winter
runoff. The comparison between the B and the Duke watersheds shows that the size of the
watershed does not affect the spatial patterns of winter runoff generation (i.e., icings close to
main glacier are mostly fed by glacier runoff, whereas as we move downstream, the
contribution from other sources becomes more detectable, and glacier signal is fading), but a

larger watershed is usually more complex and sources are therefore more diverse.

These new insights on winter baseflow sources presented in Chapter 5, alongside with the
second research question answered in Chapter 4, provide information about the sources
contributing to stream runoff in the headwaters of subarctic glacierized watersheds throughout
the year. It was found that contributing sources during the ablation season also seem to be
active in winter, hence highlighting the importance of the proglacial field for the hydrology of
headwaters independently of the season. However, some differences in the glacier contribution

to runoff exist between the ablation and winter seasons.
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6.4 Project implications

6.4.1 Theoretical implications

The findings regarding the glacier contribution of Chapter 4 and Chapter 5 seem to concord
with the findings of Chapter 3. Even though the scale and the context of these studies vary,
they all found that glaciers are not the unique components of subarctic glacierized watershed
hydrology and that they cannot be the only cause of the hydrological changes currently
occurring in these environments. While Chapter 3 proposed that other sources are at the origin
of these changes, Chapter 4 and 5 presented that, even for highly glacierized catchments, the
hydrological importance of a proglacial field should not be overlooked. To understand the
hydrological changes taking place in subarctic mountainous environments, the combination of
these three research questions proposes that more attention should be given to the headwaters

of glacierized watersheds without focusing only on glaciers’ contribution.

This project confirms that glacier retreat cannot explain all the hydrological changes in the
study region and illustrates the hydrological role of subarctic proglacial field on a watershed
scale by estimating the contribution of its hydrological components to the ablation season
runoff, and by detecting their hydrological activity during the winter season. Previous studies
that explored runoff production in the proglacial fields of other regions have either considered
only a limited number of hydrological features (e.g., Langston et al., 2011; McClymont et al.,
2011; Muir et al., 2011; Williams et al., 2006) or assumed that the non-glacierized portions of
the watershed only produce groundwater thus ignoring surface water production and storage
in other hydrological features (e.g., Brown et al., 2006; Engel et al., 2016; Hu et al., 2019;
Racoviteanu et al, 2013). This project provides an integrated view of subarctic hydrology and
shows that studies about runoff generation occurring in subarctic headwaters should consider

more than a glacier-, snowmelt and groundwater runoff.

Understanding the relative contribution of each water source is an important first step towards
projecting accurately the response of subarctic glacierized watersheds to climate. As shown in

the first part of this project, some watersheds in the area have reached their PW, which means
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that glacier melt will eventually lose its dominant role in watershed runoff generation. In
current watershed models, however, hydrological processes related to the presence of such
features as ice-cored moraines and buried ice, are not represented (Dochartaigh et al., 2019;
Levy et al., 2015). Consequently, those are not used for projections of watershed response to
changes in climatic forcing. By highlighting hydrological role of sources other than glaciers,
this project demonstrates that the inability to reproduce adequately runoff generation from the
subarctic glacierized watershed in a numerical model could lead to inaccuracies. Thus it is
important that these features are included in conceptual and numerical hydrological models.
Future research focus in mountainous hydrology should be put on identifying the role of those

specific hydrological features and components on a watershed scale.

6.4.2 Practical implications

Projected discharge changes for PW and post-PW phases, addressed in Chapter 3, give a good
indication of how future hydrological systems will evolve and thus can be used as guidelines
to help water resources management corporations adapt to future hydrological changes and
make informed decisions to ensure a sustainable development for subarctic communities. This
information can be particularly valuable for highly glacierized watersheds where discharge is
projected to increase by up to 50%, and then drop to 20% of its current (pre-PW) values.
Therefore, this project is also demonstrating the value of undertaking a PW analysis, which

can provide important information for adaptation strategies.

Moreover, the first part of the project provides an approach to perform PW analysis for
subarctic region that can be used for other watersheds. Most of the SWBM parameters are from
the literature, and, when losses to evapotranspiration and deep infiltration can be estimated,
the SWBM model can be applied to ungauged watersheds and provide valuable estimations of

future changes in water resources without relying upon climate projections.

The implications of these findings are not limited to the management of water resources for

local consumption. Historically, the remoteness of many subarctic communities has compelled
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them to rely on fossil fuels as their main source of energy (National Resources Canada, 2018).
However, in an effort to become more independent and to decrease greenhouse gases
emissions, local governments have started to develop hydroelectric plants and dams during the
last decades (Government of Canada, 2017). While the local power demand is likely to increase
in the future, knowing the location, the timing and the magnitude of future hydrological
changes is essential prior to the development of any hydroelectric project. The findings
provided in this project provide useful information not only to Yukon power companies, but

also to companies developing a project in a glacierized catchment.

6.5 Project limitation and ways forward

My approach has several limitations which are mainly related to fieldwork-based data
collection and transferability of the results to other watersheds. Regarding the data collection,
one obstacle was the short duration of field campaigns. This restriction led to limitation in
sampling. Namely, it was only possible to sample once per each ablation season. Even though
field campaigns were strategically planned to be conducted at different times of the ablation
season, resulted sampling coverage still underrepresents the variability of meteorological
conditions. A second obstacle is related to the equipment. For instance, two gauging stations
were installed in both B stream and Duke River in order to support the findings of the project
with absolute values of discharge for both the ablation and winter seasons. However, due to
high stream dynamics, it was not possible to use discharge measurements from neither of the
stations. In this context, more frequent field campaigns during the summer will help addressing
issues with monitoring equipment since equipment-related problems can be detected and
solved during the same summer season without the need to wait for the next one. Other
potential ways forward can include using ultrasonic measurements of water surface change, or

using backpack drill to attach gauging stations to large stable boulders.

A second group of limitations is related to the complexity of the studied watersheds and thus
the potential over-simplifications when making generalizations based on the results of this

project about other subarctic glacierized watersheds. Even though the fieldwork-based part of
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the project covered two watersheds of different size and complexity (Upper Duke River
watershed and B watershed), it is hard to judge if other watersheds in the area behave similarly.
In this context, a logical way forward would be conducting similar analysis in other glacierized

watersheds of the region to detect potential similarities.

Furthermore, it was not possible to quantify the relative contribution of the different sources
to winter baseflow and, for some of them, confirm their activity throughout the winter.
However, the main goal of this study was to determine if icing formations are coming from
one or many water sources. The results have shown that the water composing the icings have
various origins, which explains the complexity behind the winter runoff increase observed in

subarctic rivers.

In general, the results of this project suggest that, in the future, more research should be done
on quantifying the role of different hydrological features (i.e., areas with buried ice and ice-
cored moraines, hillslope tributaries from talus slopes) on a watersheds scale. In particular, this
project illustrates the need to understand better the changes in water storage capacity and water
path ways of the identified important hydrological features at different times during both winter
and summer seasons. This will in turn help to understand how the water production of these
features will be affected by climate change. In order to address the latter, it is necessary to
develop continuous monitoring systems in subarctic glacierized watershed to analyse the
evolution of the contribution for each hydrological feature throughout the year. Finally, the
results of this project highlight the need to develop a numerical model plug-in which will

represent a proglacial field in numerical hydrological models.



CONCLUSIONS

In this project I hypothesize that, to accurately project the response of subarctic glacierized
catchments to environmental changes, it is necessary to better understand the role of
hydrological components other than glacier meltwater in runoff production. I, thus, set out to

explore the role of the subarctic proglacial areas in the hydrology of glacierized watersheds.

The results confirm that glacier retreat, even if shown being of primary importance, does not
explain all the hydrological changes in the study region by itself. This project demonstrates
that hydrological components of proglacial areas such as hillslope tributaries, and possibly
buried ice areas, contribute significantly (up to 50%) to runoff production during the ablation
season. It was also found that the same contributing sources are, at least at certain times, active
during the winter, hence highlighting the importance of a proglacial field for the hydrology of
headwaters during both seasons. In addition, the results of this project demonstrate the benefits
of using a multi-technique approach to study complex and remote environments such as
glacierized subarctic watersheds. There is an uncertainty associated with each method which
can make their individual use potentially unconvincing. However, by applying several
complementary methods that converge to agreeing results, we are more confident in the
conclusions of this study. In the light of the above, this project shows that a multi-technique
approach is potentially more reliable and should be privileged to study hydrological processes

in the subarctic.

The findings of this project show that, in order to understand the hydrological changes taking
place in subarctic mountainous environments, more attention should be given to the headwaters
of glacierized watersheds, focusing on glaciers’ contribution of course but without omitting
the other water sources. Instead, future research should focus on identifying the role of specific
hydrological features and components, such as areas with buried ice and talus slopes, on a
watershed scale. Finally, the present thesis tends to demonstrate the importance of working

towards incorporating the important and complex hydrological components, such as buried ice
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formations, moraines and talus slopes, identified in this study in conceptual and numerical

hydrological models.
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