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Abstract

Atmospheric rivers (ARs) drive hydrometeorological variability, influencing precipitation, river
discharge and water temperature. This study quantifies how ARs contribute to precipitation and
hydrology in the Gaat Héeni (Silver Salmon River) Watershed, a key migration corridor for
Sockeye Salmon. I integrate ERAS5-Land reanalysis and the SIO-R1 AR catalog with in-situ
hydrometric measurements and biological monitoring data, including video observations at a
waterfall barrier and escapement counts from a weir. This approach enables me to evaluate how
AR-driven changes in hydrologic conditions subsequently influence Sockeye Salmon migration

SucCcCeEss.

Sockeye Salmon jump success, modelled using logistic regression, was primarily influenced by
river discharge, with peak success occurring at 10—-12 m? s! discharge levels. Jump success at
SR3-3 declined at discharge levels above 16 m* s™! or below 9 m? s™'. Although water
temperatures of 13—15 °C coincided with optimal jump success, water temperature was not a

statistically significant predictor, reducing confidence in its influence relative to discharge.

Results show that AR events contributed between 15.9% and 39.1% of seasonal precipitation
from 1991 to 2023, with the highest contributions in fall (37.9%) and winter (24.1%). During the
2024 monitoring season, an AR event on 22-24 July triggered a discharge surge from 8.7 to

30.0 m* s7! within two days, reflecting the watershed’s rapid hydrologic response. Centroid lag
analysis revealed a median discharge lag of 1.6 days following AR-driven precipitation,

underscoring the sensitivity of discharge timing to ARs.
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Glossary

Atmospheric River (AR): A synoptic-scale corridor of intense moisture transport (>1500

km), linked to extratropical cyclones and strong low-level winds.

ERAS-Land: A high-resolution (0.1°) reanalysis dataset from the European Centre for
Medium-Range Weather Forecasts (ECMWF), reconstructing historical land-atmosphere

interactions.

Escapement: The proportion of Salmon that successfully migrate upstream to spawn is

provided at an annual timescale.

Gaat (Sockeye Salmon; Oncorhynchus nerka): A keystone anadromous salmonid in the

Taku River Basin, highly sensitive to hydrological shifts.

Gaat Héeni (Silver Salmon River): The river addressed in this research serves as a critical

migration corridor for Gaat.

Gaat Aayi (Silver Salmon Lake): A primary spawning habitat within the Taku River Basin
and the spawning location of Gaat migrating up the Gaat Héeni. It holds high ecological
and cultural significance as the only lake-spawning habitat accessible by the Taku River

Tlingit First Nation without aircraft.

Integrated Water Vapour Transport (IVT): A standardized metric quantifying atmospheric

moisture flux (kg m™ s') to classify AR strength and assess precipitation potential.



Optimal Passage Conditions: The hydrometric thresholds defining the discharge and water

temperature ranges that maximize Gaat migration success.

SIO-R1 Atmospheric River Catalog: A dataset from Scripps Institution of Oceanography

tracking AR landfalls along the North American West Coast.

SR3-3: A hydrodynamic barrier within the Gaat Héeni canyon, featuring obstructions and

high turbulence that hinder Gaat passage.

xi



1. INTRODUCTION GAAT MIGRATION UP THE GAAT HEENI

Chapter 1: INTRODUCTION
1.1 Territorial Acknowledgement
I begin by acknowledging that the land on which this research occurred is the traditional and

unceded territory of the Taku River Tlingit First Nation (TRTFN).

1.2 Motivation

The motivation for this project is rooted in the unique characteristics of the Gaat Héeni River
(Silver Salmon River; Figure 1.1). The Gaat Héeni River, characterized by its steep canyon
constriction, multiple natural barriers, continuous meteorological and hydrometric monitoring,
and a multi-decadal record of culturally significant Gaat (Sockeye Salmon; Oncorhynchus nerka)
escapement, provides an opportunity to quantify how atmospheric rivers (ARs) drive hydrologic

variability and influence migration success.

Gaat Aayi (Kuthai Lake), one of the four major Gaat spawning lakes in the Taku River
Watershed, is critical to TRTFN and is the location of one of their focal Gaat monitoring
programs. As the only spawning lake TRTFN can access without aircraft, Gaat Aayi has high
cultural and food security value. From 2006 to 2023, the number of Gaat reaching Gaat Aayi
remained low, with partial run collapses in 2018 and 2021. In contrast, 2024 exhibited a marked
resurgence, with a record escapement of 13,375 Gaat (Figure 1.2). Field work by the TRTFN
Fisheries Department has determined that the canyon in the lower Gaat Héeni presents a
migration barrier to Gaat under both low and high discharge (Taku River Tlingit Fisheries
Department, 2017). Additionally, observations from TRTFN fisheries staff have shown an
increase in the frequency with which the Gaat Héeni Watershed experiences these low and high

discharge conditions (Taku River Tlingit Fisheries Department, 2019).
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Figure 1.1: Map illustrating the extent of the Gaat Héeni Watershed (grey polygon) in northwestern British Columbia, Canada.
Key monitoring infrastructure is highlighted, including meteorological (orange triangles), snow survey (blue circles), and video
monitoring (green squares) stations. The inset map (top right) shows the study area's location within the broader context of
British Columbia and the Yukon border region.
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Figure 1.2: Annual escapement of Gaat (Oncorhynchus nerka) into Gaat Aayi from 1980 to 2024. Gaat Aayi is the only major
spawning lake in the Taku River Watershed accessible to the Taku River Tlingit First Nation without aircraft. Escapement has
remained consistently low from 1991-2023, with near collapses in 2018 (13) and 2021 (26). In contrast, 2024 recorded the
highest escapement on record, with 13,375 Gaat returning to spawn. No escapement data were collected from 1982 to 1991.

The selection of this region for my work is driven by the limited research coverage on ARs and
impacts on meteorological variables in the area, the potential impact of ARs to the hydrology of
the Gaat Héeni, and the effect of river discharge and water temperature on Gaat. The presence of
the Gaat Héeni canyon as a significant migration obstacle for Gaat (Taku River Tlingit Fisheries
Department, 2022), further underscores the importance of investigating the influence of ARs on
hydrologic conditions in the region. By examining the impacts of ARs on Gaat migration and
hydrologic variability, the study aims to contribute to the conservation of culturally important
Gaat populations and inform management strategies in the face of changing environmental

conditions.

1.3 Gaat Héeni Watershed Physiography
The Gaat Héeni Watershed lies on the lee side of the Coast Mountains, resulting in lower
precipitation and runoff compared to more western watersheds (Taku River Tlingit Fisheries

Department, 2017). Gaat Aayi, shaped by subglacial processes, has substrates of chert,
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limestone, and argillite (Aitken, 1958) favorable for Gaat spawning (Eiler et al., 1992).
Downstream of Gaat Aayi, Gaat Héeni meanders through an alluvial deposit, creating large
groundwater aquifers that enhance conditions for Gaat spawning and rearing (Taku River Tlingit
Fisheries Department, 2017). For the final 700 m before its confluence with the Nakina River,
Gaat Héeni descends steeply through a canyon characterized by multiple geomorphic barriers,
including the obstruction designated as SR3-3 (Taku River Tlingit Fisheries Department, 2017,

Figure 1.3).

The Gaat Héeni canyon is divided into three sub-reaches (Taku River Tlingit Fisheries
Department, 2017) based on geomorphic features and channel obstructions that influence water
flow and fish movement. The first segment, Sub-reach 1 (SR1), extends approximately 150 m
upstream from the Nakina River confluence. It is a boulder channel comprising a series of pools
with a gradient of about 11%, tightly confined by bedrock and large boulders (Taku River Tlingit
Fisheries Department, 2017). Sub-reach 2 (SR2) has a length of around 420 m with a gentler
gradient of 4% and does not present any significant migration barriers (Taku River Tlingit
Fisheries Department, 2017). The final segment, Sub-reach 3 (SR3), represents the upper canyon
portion, extending for approximately 110 m with an 11% slope (Taku River Tlingit Fisheries
Department, 2017). Segment SR3 contains five rated obstacles; SR3-3 is the most pronounced,
serving as the principal geomorphic constraint. SR3-3 consists of a protruding drop with the
vertical height between pools being approximately 2.5 m (Taku River Tlingit Fisheries

Department, 2017).
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...

Figure 1.3: Photograph of SR3-3, the primary hydraulic barrier in the Gaat Héeni canyon. SR3-3 consists of a cascading drop
with a vertical separation of approximately 2.5 m between pools (Taku River Tlingit Fisheries Department, 2022).

Except for its alpine ridges and scattered wetlands, the Gaat Héeni Watershed is largely forested
and spans an elevation gradient of 303 m to 1766 m. Lacking long-term hydrometric stations,
hydrologic parameters are calculated by utilizing reanalysis data (Section 3.1). United States
Geological Survey (2024) data for the Taku River, a station near Juneau, Alaska, highlights
typical spring snowmelt runoff and fall storm-influenced high flows, excluding summer glacial

outbursts (Figure 1.4).
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Figure 1.4: Hourly discharge (m?® s™') from the Taku River near Juneau, Alaska, recorded by the United States Geological Survey
(USGS) between 2018 and 2020. The hydrograph reveals a consistent seasonal pattern dominated by spring snowmelt and late
summer to fall rainfall events. Discharge exceeds 1000 m® s! multiple times yearly, reflecting contributions from snowmelt and
intense precipitation events. (United States Geological Survey, 2024)

1.4 Objectives

The objectives of this research are:

1. To assess the contribution of ARs to meteorological variables within the Gaat Héeni
Watershed.
2. To identify the water temperature and river discharge conditions that allow for the

successful transit of Gaat to Gaat Aayi.
3. To provide fisheries managers with tools to identify impactful flow and/or water

temperature values.
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1.5 Thesis Structure

This thesis is structured into seven chapters, each contributing to the discussion of how ARs
influence hydrological variability and Gaat migration. Chapter 2 provides a literature review
covering AR dynamics, climate change, and hydrological variability, emphasizing the role of
ARs in shaping freshwater ecosystems and Gaat migration. It also examines the strengths and
limitations of reanalysis datasets, including the ERAS5-Land reanalysis product. Chapter 3
outlines the datasets used within this work, including ERA5-Land (Mufioz-Sabater et al., 2021),
in-situ meteorological and hydrometric data from stations within the Gaat Héeni Watershed, the
SIO-R1 AR catalog (Gershunov et al., 2017) and escapement records from the Taku River Tlingit
First Nation Fisheries Department. Chapter 4 validates ERAS5-Land reanalysis data against in-
situ observations, outlines the analytical methods used to identify AR events, quantifies their
effects on discharge and precipitation, and models how discharge and water temperature
influence Gaat migration success. Chapter 5 presents the results, including validation of ERAS-
Land precipitation and temperature data, characterization of AR climatology and impacts in the
study region, analysis of AR-driven changes in daily precipitation and discharge, and statistical
relationships between AR-driven hydrologic variability and Gaat migration. Chapter 6 discusses
these findings in the context of hydrological change, fisheries management, and Gaat
conservation. Finally, Chapter 7 synthesizes the thesis’s key conclusions, limitations, and future

direction.
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Chapter 2: LITERATURE REVIEW

This literature review examines hydrometeorological factors shaping hydrological variability and
Gaat escapement. The review begins by exploring the impacts of climate change, including
shifting temperature regimes, altered precipitation patterns, and evolving snowmelt dynamics. It
subsequently analyzes ARs, discussing climatology, moisture transport mechanisms, and
influence on precipitation and river discharge. The review then explores the impacts of climate
change, including shifting temperature regimes, altered precipitation patterns, and evolving
snowmelt dynamics. It also evaluates the applicability and limitations of reanalysis products,
such as ERAS5-Land, in modelling hydrometeorological trends. Additionally, it investigates Gaat
physiology, focusing on metabolic constraints, behavioural adaptations, and environmental
stressors affecting migration. Finally, the literature review synthesizes research on the effect of

river discharge and water temperature on Gaat.

2.1 Changing Climate

Climate change is a long-term alteration in climate patterns, identifiable through statistical
analysis of changes in mean and variability of climate properties, persisting for decades or longer
(IPCC, 2025). It can result from natural processes, such as volcanic eruptions (Gerlach, 2011), or
anthropogenic influences, notably increasing greenhouse gas concentrations and land use
changes (Wood et al., 2023). These changes manifest as rising global temperatures, altered
precipitation patterns, and more frequent extreme weather events (Frandsen & Hasselbalch,

2024).

Climate change is significantly affecting British Columbia, Southeast Alaska, and Yukon

(BCSAKY), particularly through shifts in temperature, snowfall, and precipitation patterns
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(Fraser & Jackson, 2018; Hawcroft et al., 2012). Rising temperatures are causing earlier spring
thaws and shifting vegetation dynamics, with projections indicating a 3.9—6.9 °C increase in
mean air temperature from 1961-1990 by the end of the twenty-first century (Reid et al., 2022;
SNAP-EWHALE, 2012). Warming also alters snow accumulation and melt timing (Foster et al.,
2016). The proportion of rain and rain-on-snow events is accelerating, leading to reduced spring
snowpack and earlier melts (Arora et al., 2025; Thériault et al., 2023), which heightens spring
flood risks and reduces water availability in drier months (Hay & McCabe, 2010; Foster et al.,
2016). Additionally, increased rainfall intensity is expected to exacerbate flooding and disrupt

ecological systems reliant on stable precipitation patterns (Hay & McCabe, 2010).

The Yukon River, whose headwaters lie adjacent to the Gaat Héeni Watershed, is experiencing
rapid climate change, with rising precipitation and air temperatures (Hay & McCabe, 2010).
Higher water temperatures are inducing heat stress in Chinook Salmon (Oncorhynchus
tshawytscha) during spawning migrations (Cunningham et al., 2018; Howard & Von Biela,
2023). These changes are impacting both freshwater ecosystems and marine habitats in the

Pacific Ocean bordering the BCSAKY region (Feddern et al., 2023).
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2.2 Meteorological Phenomena

The meteorological phenomenon examined in this thesis is the atmospheric river (Figure 2.1).
ARs are defined as elongated (>1500 km) bands of atmospheric moisture transport, typically
associated with strong low-level winds ahead of the cold front of an extratropical cyclone
(Gimeno et al., 2012; Gomis-Cebolla et al., 2023; Ralph et al., 2020; Sharma & Déry, 2020). A
key characteristic of ARs is their high integrated water vapour transport (IVT), which quantifies
the total water vapour flux through a vertical column of the atmosphere. Studies have established
an IVT threshold of > 250 kg m™ s™' for AR classification (Espinoza et al., 2018; Gershunov et

al., 2017; Ralph et al., 2019).

(a) L Atmospheric River: Plan View
‘|‘ higher A,
ot .,
atitude £
S
- =
=— e =
Average characteristics -
850-kmwide
3-km deep
5 %108 kg 57" flux
T (kg mrt 571)
250-450 [
450-550 |:|
650350 -

20 em WY ———]

Figure 2.1: Schematic summary of the structure and strength of an atmospheric river, illustrating integrated water vapour
transport (IVT) and integrated water vapour (IWV; Glossary of Meteorology, 2022). ARs are narrow corridors of intense moisture
flux, typically >1500 km in length, linked to extratropical cyclones and low-level jets.

Strong low-level winds in ARs often precede the cold fronts of extratropical cyclones,
influencing weather patterns and precipitation (Payne et al., 2020). These winds enhance
moisture transport in the lower troposphere, where ARs interact with the low-level jet stream

(Park et al., 2021). When moist air is lifted over topography or converges with frontal systems,

10
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extreme precipitation can result (Lavers et al., 2020). Additionally, extratropical cyclones
facilitate the development of low-level jets, which transport warm, moist air from the tropics into
mid-latitudes (Guo et al., 2020). This interaction drives heavy precipitation and intensifies
cyclogenesis, reinforcing storm development (Eiras-Barca et al., 2018). Understanding these

processes is essential for understanding the formation of ARs (Lavers et al., 2020).

ARs provide significant contributions to total precipitation (Sharma & Déry, 2020) and
fluctuations in river discharge (Dettinger, 2011; Ralph et al., 2020). Landfalling ARs trigger
increases in river discharge, often producing rapid runoff and flooding in affected basins (Ralph
et al., 2019). Within the British Columbia and southeastern Alaska (BCSAK) region, ARs
contribute between 11% to 22% of river runoff (Sharma & Déry, 2020). Moreover, these events
can elevate runoff levels by 12.5 times compared to non-AR-related runoff (Zhou et al., 2025).
The heightened runoff accelerates water transport into river systems, resulting in elevated
discharge levels (Davie & Quinn, 2019). ARs also contribute between 5% and 33% of total
precipitation in the BCSAK region (Sharma & Déry, 2020). As the frequency of ARs increases,
particularly in the fall season, their associated precipitation is expected to rise through 2100
(Radi¢ et al., 2015). These shifts are likely to heighten the risk of flooding and other hydrological
hazards, with significant environmental and societal consequences (Rahman et al., 2023). This
finding is corroborated by Sobral & Déry (2024), who reported that ARs significantly influenced
the water budget in the Nechako River Watershed, situated in northern British Columbia. Their
study revealed that ARs account for 21% of the basin's annual precipitation, with contributions

reaching up to 45% of seasonal rainfall and 24% of seasonal snowfall.

Data provided by Sagar (2023) and supported by the SIO-R1 AR Catalog (Gershunov et al.,
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2017) identified an AR event on 1 December 2020 at the Llewellyn Glacier weather station
(Figure 2.2). This event resulted in 106.6 mm of rain at Llewellyn Glacier (Sagar, 2023). This
observed AR may have contributed to the 209% of seasonal Snow Water Equivalent (SWE;

Figure 2.3) seen in Atlin during March 2021 (Kolot et al., 2021).

TRTFN Fisheries observed elevated flows through the Gaat Héeni canyon during the 2021 Gaat

migration period, which may have resulted from the earlier AR event and subsequent snowpack

conditions.
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Figure 2.2: Time series of daily rainfall (mm) recorded at the Llewellyn Glacier meteorological station. An atmospheric river
event on 1 December 2020 delivered 106.6 mm of rainfall (Sagar, 2023).
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Figure 2.3: Spatial distribution of snow water equivalent (SWE) as a percentage of the historical median across Yukon
Territory. SWE values in the southern and central Yukon were substantially above average, with widespread measurements
exceeding 130%. Elevated SWE in Atlin, 209% of seasonal, indicates deep snowpack storage potential preceding the spring

freshet (Kolot et al., 2021).

2.3 Reanalysis Products

Reanalysis products are comprehensive datasets that provide a detailed record of various
meteorological and surface variables over a historical period. These products integrate model
data with in-situ observations, including ground-based and satellite measurements, to produce a
consistent global dataset (Hersbach et al., 2020). Reanalysis products such as ERAS (Hersbach et
al., 2020), ERA5-Land (Mufioz-Sabater et al., 2021), CaSPAr (Mai et al., 2020), Daymet

(Thornton et al., 2022), and ClimateNA (Wang et al., 2016) provide comprehensive datasets for

meteorological and surface variables over historical periods.

Given its centrality to my research, I will provide a more detailed discussion of the ERAS
(Hersbach et al., 2020) and ERAS5-Land products (Mufioz-Sabater et al., 2021). The fifth

generation of the ECMWF Reanalysis (ERAS), developed by the European Centre for Medium-
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Range Weather Forecasts (ECMWF) as part of the Copernicus Climate Change Service, is a
prominent reanalysis product (Hersbach et al., 2020). ERAS assimilates a broad range of satellite
and in-situ measurements to develop a numerical model. This methodology generates hourly
global datasets with a horizontal resolution of 0.25" x 0.25° (~27.75 km x 27.75 km) for the
atmosphere and 0.5 x 0.5” (~55 km x 55 km) for ocean waves (Hersbach et al., 2020). ERAS
provides a high-resolution record of the global atmosphere, land surface, and ocean waves from
1950 to the present, with data updated in near real-time, offering an invaluable resource for
climate and weather analysis (Hersbach et al., 2020). ERAS exhibits improved agreement with
observations in terms of temporal and spatial correlations compared to other reanalysis products,

making it a valuable resource for climatological and meteorological studies (Tarek et al., 2020).

ERAS5-Land enhances the capabilities of the ERAS dataset by providing a higher spatial
resolution of 0.1° (~9 km) and focusing on land surface variables, offering up to 53 parameters
related to the water and energy cycles (Mufioz-Sabater et al., 2021). This refined dataset is useful
in mountainous regions and winter months due to its ability to distinguish between rain and

snow, improving the representation of precipitation dynamics (Mufioz-Sabater et al., 2021).

2.4 Gaat Physiology

Gaat, Sockeye Salmon (Oncorhynchus nerka), is one of the smaller species of Pacific Salmon,
typically measuring ~50 to ~80 cm in length and weighing between ~2 to ~7 kg (Beacham et al.,
2004; Fisheries, 2025). A 2009 study of Fraser River (British Columbia) Gaat reported a mean

fork length of ~59 cm and an average weight of ~2.5 kg for adult fish sampled (Thomas, 2010).

Gaat follow a complex life cycle, requiring physiological adaptations throughout its three to five-

year lifespan (Fisheries, 2025; Hruska et al., 2010). Most Gaat populations exhibit a "lake-type"
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life history, where the fry emerge from river gravel, migrate to a lake for 1-3 years before
becoming smolts and migrating to the Pacific Ocean to grow (Beacham et al., 2004; Fisheries,
2025). After two to five years at sea, they return to freshwater to spawn and die (Beamish et al.,
2016; Fisheries, 2025; Quinn, 2005; Ruggerone & Irvine, 2018). This spawning typically occurs

over the summer or fall (Beacham et al., 2014; English et al., 2005).

Anatomically, Gaat have a broad head, large eyes, and a terminal mouth lined with sharp teeth
(Fisheries, 2025). Gaat have large eyes positioned to the sides of their heads that allow them to
spot prey, but are also adapted to see a wide range of light, including ultraviolet. Spawning phase
males develop an exaggerated snout as well as a humped back referred to as a kype (Fisheries,
2025; Morton, 1965). At the juvenile stages, Gaat's diet consists primarily of zooplankton and
shifts to encompass a variety of organisms after they migrate to the ocean (Farley et al., 2007;
Fisheries, 2025). These organisms include squid, decapod larvae, Pacific sandlace (Ammodytes
hexapterus; Tyler et al., 2001), and micronektonic organisms (Radchenko & Mathisen, 2004).
Upon beginning their upriver migration to spawn, Gaat cease feeding (Rand et al., 2006) and rely

on endogenous energy stores (Eliason et al., 2011).

Gaat exhibit a striking transformation in coloration during their spawning phase, transitioning
from a silvery-blue oceanic appearance to vibrant red bodies and greenish heads (Khrustaleva,
2024). The bodies of male Gaat turn bright red, and their heads take on a greenish hue,
enhancing their visibility and appeal to females (Foote et al., 2004). Females also undergo a
colour change, becoming redder, though their coloration is typically less intense than that of

males (Hanson & Smith, 1967).

The swimming performance of Gaat influences their growth and reproductive success (Burt et
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al., 2012; Kocan et al., 2006). Migration over long distances imposes significant energetic
demands, requiring Gaat to maintain sustained aerobic activity and exert bursts of anaerobic
power to navigate turbulent river currents and natural obstacles (Birnie-Gauvin et al., 2023).
Numerous studies have documented the adverse effects of environmental stressors such as rising
water temperatures, infectious diseases, and pollutants on swimming ability, which ultimately
reduce migration success and increase physiological strain (Burt et al., 2012; Kocan et al., 2006;

Wagner et al., 2005).

During their upriver migration, Gaat rely on lipid reserves accumulated during their oceanic
phase, which are metabolized to support the sustained effort required for migration (Crossin et
al., 2009; Eliason et al., 2011; Magnoni et al., 2006). Migration speed varies considerably among
Gaat populations, driven by environmental conditions and population-specific physiological
traits (Crossin et al., 2004; Hinch & Bratty, 2000; Quinn, 1988). In the Fraser River, the average
swimming speed of migrating Gaat has been estimated at 2.4 km h! (Quinn, 1988). This
supports work showing that the most efficient swimming speeds for mature Gaat are estimated at
1.8 km h!, with efficient swimming occurring within the range of 1.0-2.6 km h™! (Hinch &
Bratty, 2000). Factors such as water temperature and river discharge exert a significant influence
on energy expenditure during migration, with elevated temperatures accelerating metabolic rates
and hastening depletion of energy stores, thus increasing the risk of premature exhaustion
(Carey et al., 2019; Groot, 1995; Prystay et al., 2020; Rand et al., 2006). Furthermore, migration
conditions such as elevated river discharge conditions further strain these energy reserves,
contributing to elevated mortality rates in this critical upriver migration phase (Crossin et al.,

2009; Rand et al., 2006).
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As ectothermic fish, Gaat’s body temperature is in direct thermal equilibrium with the water they
inhabit, meaning their metabolic rate is tightly coupled to water temperature (Crossin et al.,
2008). This thermal equilibrium directly influences the metabolic and physiological processes of
Gaat, including: metabolic rate (Crossin et al., 2008; Young et al., 2006), migration speed
(Hanson et al., 2008), and swimming performance (Eliason et al., 2011; Farrell, 2009). The
relationship between environmental temperature and metabolic rate in salmon is well-
established, with warmer water leading to higher energy demands (Hanson et al., 2008), reduced
oxygen uptake (Brett, 1971; Steinhausen et al., 2008) and increased physiological stress (Eliason
et al., 2011). Supporting this, Eliason et al. (2011) found that at least 50% of the aerobic scope is
needed for the Coastal Weaver Gaat populations to reach their spawning area. These ectothermic
characteristics limit Gaat's ability to maintain optimal physiological function when
environmental conditions deviate from historical norms (Crossin et al., 2008). In response to
rising temperatures, specific populations of Gaat have adjusted their migration timing or sought
out cooler water refugia, showing behaviour modification to environmental stressors (Goniea et
al., 2006; Mathes et al., 2010). For example, Coastal Weaver Gaat have shifted their migration
period up to six weeks earlier from 1995 to 2008 (Eliason et al., 2011). Additionally, modelling
has shown that with a projected 2 °C increase in river temperature by 2100, Fraser River Gaat
will migrate ~10 days earlier than Gaat in 2010 (Reed et al., 2011). Finally, Gaat in the
Columbia River system now initiate their migration 10.3 days earlier than in the 1940s, likely as

a direct response to warming water temperatures (Carey et al., 2017; Crozier et al., 2011).

2.5 Effects of Hydrologic Variability on Gaat
Variation in river discharge influences Gaat migration success, timing, and survival to spawning

grounds (Henderson et al., 1992; Quinn et al., 1997; Rand et al., 2006). The magnitude and
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seasonality of these discharge patterns are affected by hydrometric inputs including changes in
snowfall (Déry et al., 2016; Kang et al., 2014), rainfall (Milliman et al., 2008; Modarres &
Ouarda, 2013), air temperature (Bloschl, 1991), and anthropogenic disturbances (Bathurst et al.,
2017; Graf, 2006; Huang et al., 2015). Moreover, as discussed in Section 2.1, meteorological
phenomena including ARs can further amplify runoff, increasing it by up to 12.5 times (Zhou et

al., 2025).

Building on this, watershed characteristics further modulate how hydrometric inputs affect river
discharge. In boreal forests, the seasonal freeze-thaw cycle increases runoff and infiltration when
soils are frozen, while also limiting groundwater recharge (Shanley & Chalmers, 1999).
Meanwhile, the structure and composition of forest stands influence soil infiltration capacity,
with mature forest cover enhancing water retention and reducing surface runoff (Rahmat et al.,
2018). However, differences in forest age, soil type, and vegetation characteristics affect the
extent to which watersheds can absorb and store water (Rahmat et al., 2018). Clearcutting in
Finland’s boreal forests led to elevated runoff rates, gradually returning to baseline levels as
forest cover regenerated (Ide et al., 2013). Climate change further complicates watershed-scale
hydrology, with warmer temperatures leading to increased snow accumulation and earlier
snowmelt, increasing spring discharge in high-latitude areas (Adam et al., 2009; Fallot et al.,

1997).

The timing, frequency, magnitude, and duration of discharge events (Poff et al., 1997) shape a
range of fluvial habitat characteristics. These include channel morphology (Hauer et al., 2011;
Mosley, 1982), sediment transport (Lenzi et al., 2006; Turcotte et al., 2011), flow refugia

(Mathers et al., 2022; Sueyoshi et al., 2014), thermal refugia (Mathers et al., 2022), bank erosion

18



2. LITERATURE REVIEW GAAT MIGRATION UP THE GAAT HEENI

(Hooke, 1979), extensive woody debris recruitment (Comiti et al., 2016), water quality
(Mattikalli et al., 1996), hydrologic connectivity (Grantham, 2013), and the thermal regime
(Dickson et al., 2012; White et al., 2017). In the Tagliamento River, a large gravel-bed system
draining the Italian Alps, floods approaching 200% of bankfull discharge mobilise the entire
braid-belt, entirely reworking high bars and islands (Surian et al., 2009). These elevated
discharge levels drive bank retreats up to 6 m, forcing channel realignment and redistribution of
coarse bed material (Surian et al., 2009). Additionally, maintaining hydrologic connectivity
requires minimum discharge thresholds that vary for each section of a river. Grantham (2013)
found that flow requirements for sustaining connectivity varied among different sections of

Sausal Creek, a tributary of California’s Russian River Basin.

Variation in river discharge influences the bioenergetic feasibility of Gaat migration and
subsequent spawning success (Hinch & Rand, 1998; Rand et al., 2006). Elevated Fraser River
discharges in 1997 (7500 m> 5!, ~50 % above the 1956 low-flow benchmark) led to simulated
energy depletion in Gaat 1000 km upstream (Rand et al., 2006). In 2001, under lower discharge
levels (5400 m? s), Gaat reached the spawning grounds with energy reserves within normal
ranges (Hinch & Rand, 1998). Yet it is prolonged sub-bankfull flows that most acutely constrain
migrations. In British Columbia's Koeye River, mature Gaat avoided freshwater during periods
of low water, delaying until rainfall restored river discharge (Atlas et al., 2021). Similarly, low
discharge contributed to the near-complete failure of the Snake River Gaat run in 2015 (Crozier

et al., 2020).

Within the same watershed, the Taku River Tlingit Fisheries Department has observed that both

high and low discharge on the Gaat Héeni River can obstruct migration, documenting cases of
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fish holding downstream during extreme flood and drought events (TRTFN Fisheries

Department, 2022).

2.6 Effects of Changing Water Temperature

Water temperature influences the migration of Gaat by affecting metabolic rates (Atlas et al.,
2021; Islam et al., 2019), aerobic scope (Eliason et al., 2011), stress responses (Mathes et al.,
2010), and behavioural decisions (Jeffries et al., 2012; Martins et al., 2012). Field and modelling
studies have demonstrated thresholds and dose-response relationships between temperature and

migration success in natural watersheds (Atlas et al., 2021; Eliason et al., 2011).

River discharge influences water temperature, with high discharge buffering rivers against
heating by adding volume and accelerating downstream transport. Low river discharge can result
in shallow, slow-moving water that warms rapidly. In the Koeye River, discharge levels below

4 m? s! elevated water temperatures by 2-3 °C, resulting in the mortality of half the Gaat
population (Atlas et al., 2021). Modelling in the Fraser River showed a 20 % summer-flow
decline yields ~0.9 °C warming and doubles days >20 °C (Islam et al., 2019). Thus, elevated
summer discharge tempers peak water temperatures, while drought-level lows intensify thermal

stress on migrating Gaat.

Across decadal time frames, persistent elevation of water temperature in the Fraser River has
intensified metabolic stress on migrating Gaat (Islam et al., 2019). Sustained exposure of Gaat to
water temperature >19 °C has been causally linked to prolonged en route holding, delayed arrival
at spawning grounds, and heightened pre-spawn mortality (Jeffries et al., 2012; Martins et al.,

2012).
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Telemetry and escapement records for the Columbia—Snake River corridor reveal contrasts in
successful Gaat migration. During the hot, low discharge summer of 2015, only 8-12 % of adult
Snake River Gaat reached their headwater spawning grounds after passing Bonneville Dam,
compared with the typical 60—-80 % survival (Crozier et al., 2020). River temperatures held at
22-23 °C for prolonged periods, forming a thermal barrier that halted migrations and triggered

mass stranding and disease outbreaks (Crozier et al., 2020).

Behavioural studies confirm that Gaat actively avoid elevated water temperatures by seeking
thermal refugia. Telemetry studies of early-run Gaat in the Harrison River reveal a marked
thermal constraint on migration success. When river temperatures reached highs of 21.5 °C,
16% of tagged Gaat reached their natal grounds. In contrast, when entry temperatures remained
below 18 °C, 72% of migrating Gaat completed the journey without resorting to thermal refuge

(Mathes et al., 2010).

Emerging evidence suggests Gaat are adapting to changes in water temperature

(Armstrong et al., 2016; Eliason et al., 2011; Reed et al., 2011). In the Fraser River, Gaat
populations traversing long, high-energy corridors possess greater aerobic scope and higher
thermal optima than coastal Gaat from shorter, cooler routes (Eliason et al., 2011). Fraser River
field studies likewise show that warm migration years favour individuals with superior
cardiorespiratory performance, strengthening selection for these traits (Armstrong et al., 2016).
In contrast, eco-evolutionary simulations for Columbia River Gaat (Snake River stock) project
that the first upstream entry could advance by ~10 days under a +2 °C scenario, cutting quasi-

extinction risk by 83 % relative to non-evolving populations (Reed et al., 2011).
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Chapter 3: DATA

Chapter 3 presents the datasets used in this thesis. For additional details on the region's
physiography, refer to Section 1.3 and Figure 1.1. The datasets introduced below include:
reanalysis datasets (Section 3.1), meteorological data (Section 3.2), hydrological data

(Section 3.3), the SIO-R1 Atmospheric River Catalog (Section 3.4), and escapement data from

Gaat Aayi (Section 3.5).

3.1 Reanalysis Data

ERAS-Land (Mufoz-Sabater et al., 2021) data were extracted over the Gaat Héeni Watershed
domain (55°N-58.5°N, 132°W-134°W) to assess long-term meteorological variability. The
dataset, with a 0.1° (~9 km) spatial resolution, was extracted at an hourly timescale for 1991—
2024 and aggregated to daily values for comparison with in-situ meteorological and hydrometric

records.

The extracted variables were air temperature ('C), snow depth (cm), SWE (mm), total
precipitation (mm), geopotential (m? s 2), and snowfall (m of water equivalent). These variables
were used to analyze seasonal and interannual variability in precipitation phase partitioning,

snow accumulation, and temperature trends.

3.2 Meteorological Data

Meteorological data were obtained from four stations in and around the Gaat Héeni Watershed to
characterize temperature, precipitation, snow depth, and SWE. These stations, listed in Table 3.1,
include: Llewellyn Glacier, Atlin (ECCC Station 1200560), Gaat Héeni, and the Atlin Lake
Snow Survey site (Government of British Columbia Station 4E02B), each providing hourly

meteorological observations.
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The Llewellyn Glacier Station (2013-2024) records total rainfall (mm), whereas the Atlin Station

(1981-2021; ECCC Station 1200560) provides a long-term record of air temperature ('C), snow

depth (cm), and total rainfall (mm). The Gaat Héeni Station, installed in 2024 (Section 4.1),

records total precipitation (mm), wind speed (km h™"), air temperature ('C), relative humidity (%)

and atmospheric pressure (hPa). The Atlin Lake Snow Survey Station (2004—2024; Government

of British Columbia Station 4E02B) provides SWE (mm) and snow depth (cm) measurements.

Table 3.1: Meteorological station metadata (Environment and Climate Change Canada, 2024; Government of British Columbia,

2024).

Station

Climate ID

Variables

Latitude (°N),
Longitude (°W)

Elevation (m)

Period of
Record

Llewellyn Glacier

N/A

Rainfall (mm)

59.1054, 134.0379

890

2013-2024

Atlin

1200560

Snow Depth (cm)

Air Temperature (°C)

Total Precipitation (mm)

Snowfall (cm)

Rainfall (mm)

59.5780, 133.6895

696

1981-2021

Gaat Héeni

N/A

Total Precipitation (mm)

Wind Speed (km h!)

Air Temperature (°C)

Relative Humidity (%)

Atmospheric Pressure (hPa)

59.1538, 133.0428

533

2024

Atlin Lake

4E02B

SWE (mm)

Snow Depth (cm)

59.5886, 133.7102

730

2004-2024
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3.3 Hydrologic Data

Hydrologic data from two stations in the Gaat Héeni Watershed monitor water temperature, river
discharge, and river level (Table 3.2). Each station records data at an hourly resolution, allowing
for detailed analysis of hydrological variability. The Lower Gaat Héeni Station records hourly
water temperature ('C) from 2021 to 2024 whereas the Gaat Héeni Station, installed in 2024,

measures hourly river discharge (m?s™), level (m), and velocity (m s™).

Table 3.2: Hydrologic station metadata (C. Sergeant, personal communication, 15 January 2024).

Station Variables Latitude (°N), Longitude (°W) | Elevation (m) | Period of Record
Lower Gaat Héeni| Water Temperature (°C) |59.1152, 133.0025 315 2021-2024
Gaat Héeni Discharge (m? s™) 59.1538, 133.0428 533 2024
Level (m)
Velocity (m s™)

3.4 SIO-R1 Atmospheric River Catalog

Although multiple AR identification tools exist at both global and regional scales (Gershunov et
al., 2017; Guan & Waliser, 2019; Vallejo-Bernal et al., 2023), this thesis uses the Scripps
Institution of Oceanography's (SIO)-R1 AR Catalog (Gershunov et al., 2017;
http://cw3e.ucsd.edu/Publications/SIO-R1-Catalog/, accessed 5 March 2025) to characterize AR
activity and IVT. The SIO-R1 catalog was constructed using 6-hourly specific humidity and
wind data at a 2.5" x 2.5 spatial resolution, derived from the NCEP-NCAR (National Centers
for Environmental Prediction—National Center for Atmospheric Research) reanalysis dataset
(Kalnay et al., 1996). AR events are identified using an IVT threshold > 250 kg m™ s™', ensuring
a consistent framework for detecting moisture transport events. The catalog provides information
on AR frequency, duration, and landfall locations, with data covering the North American West

Coast (20°'N to 60°N) from January 1948 to December 2024. Validation by Gershunov et al.

24



3. DATA GAAT MIGRATION UP THE GAAT HEENI

(2017) against Neiman et al. (2008) employed Special Sensor Microwave Imager (SSMI)
observations and demonstrated strong agreement between the datasets, reinforcing its reliability

for AR analysis.

For this study, I focus on 1991 to 2024, aligning with extracted ERAS5-Land data (Section 3.1) to
facilitate a robust assessment of AR-driven hydroclimatic impacts. AR landfall locations were

extracted from 55°N to 60°N, aligning with the study region.

3.5 Escapement Data

Escapement data for Gaat are monitored at a weir located downstream of Gaat Aayi, managed by
TRTFN. TRTFN Fisheries (2024) collects and shares these data with the Department of Fisheries
and Oceans Canada. Escapement counts are obtained through a weir structure, with the sole
passage point continuously monitored by both a motion capture camera system and field
technicians. Data from 1980-1981 and 1992-2024 have been collected, with observations
occurring annually between July and September (Figure 1.2). For 2024, Fisheries and Oceans

Canada provided daily arrival counts of Gaat at Gaat Aayi.
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Chapter 4: METHODS

This section outlines the methodologies that will be used to investigate hydroclimatic variability,
reanalysis data validation, AR climatology, and passage dynamics. A meteorological station
(Section 4.1) has collected meteorological and hydrological measurements, including air
temperature, atmospheric pressure, wind speed, total precipitation, relative humidity, discharge,
river level, and river velocity. ERA5-Land reanalysis data will be extracted and validated against
in-situ observations (Section 4.2) using bias, root mean square error (RMSE), and the coefficient
of determination (R?). The climatology of the Gaat Héeni Watershed will be characterized
(Section 4.3) by analyzing long-term trends in air temperature, precipitation, and snowpack
conditions. AR climatology will be examined using the SIO-R1 AR Catalog (Section 4.4),
applying spatial and temporal classification criteria to identify and track AR landfall events. The
impact of ARs on watershed scale hydroclimatic conditions will be assessed (Section 4.5) by
quantifying AR contributions to total precipitation and evaluating seasonal and interannual
variability. Section 4.6 outlines the methods used to quantify the timing and sensitivity of daily
discharge responses to precipitation events in the Gaat Héeni Watershed during the 2024
monitoring period. The analysis applies event-based classification of AR and non-AR
precipitation, constructs dual-axis hydrographs, and calculates precipitation centroid lags to peak
discharge to characterize event-scale hydrological responses. Finally, video monitoring and a
logistic regression with a logit function will assess how discharge and water temperature
influence Gaat passage success through SR3-3 (Section 4.7). Section 4.8 outlines the methods
used to quantify the influence of daily jump success at SR3-3 on Gaat arrival anomalies at Gaat

Aayi using linear regression models at lag intervals of one, two, and three days.
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4.1 Installation of Meteorological Station

An initial review of meteorological and hydrometric stations within and adjacent to the Gaat
Héeni Watershed revealed a lack of verifiable data. To address this gap, the first phase of this
research involved installing a hydrometric station on the Gaat Héeni (Figure 4.1). Located on the
west bank of the Gaat Héeni River at 533 m above sea level, this station records air temperature
(°C), atmospheric pressure (hPa), wind speed (m s™), total precipitation (mm), relative humidity
(%), discharge (m? s'), river level (m), and river velocity (m s™'). Instrumentation is anchored on
a 3 m stainless-steel tripod, which supports the R.M. Young Wind Monitor 05103 (wind speed
and direction) and a Meter Group ATMOS-14 sensor (air temperature, relative humidity, and
atmospheric pressure). Data are recorded by an XLINKS500-IR-1 datalogger with integrated
Iridium telemetry, powered by a 50 W solar panel and a 120 Ah AGM battery in a weatherproof
enclosure. A separate scaffold, erected 4 m from the tripod, supports the OTT Pluvio? total
precipitation gauge to ensure unobstructed catchment and minimal flow disturbance. A non-
contact radar flow-meter system (Sommer RQ-30a) is deployed on an adjacent structure to
measure river discharge continuously. All sensors log data at 15-minute intervals and transmit
hourly to the Hydromet Cloud network. Data collection began on 17 June 2024 and continues to

the present, with discharge measurements suspended for the winter starting on 15 October 2024.
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Figure 4.1: This year-round meteorological station, photographed on 9 October 2024, monitors meteorological and hydrological
conditions in the Gaat Héeni Watershed. It records total precipitation (mm), wind speed (m s™'), air temperature (°C), relative
humidity (%), and atmospheric pressure (hPa), with data collected by an OTT Pluvio?, RM Young wind monitor, and ATMOS-14
sensor. A 50-watt solar panel supplies power, and an XLINK500 datalogger with Iridium telemetry transmits data remotely. A
nearby OTT RQ-30a radar sensor provides measurements of river discharge (m* s™), level (m), and velocity (m s™).

4.2 Extraction and Validation of Reanalysis Data

Reanalysis data for the Gaat Héeni Watershed and adjacent regions (Figure 1.1) were extracted
from the ERAS-Land reanalysis product (Mufioz-Sabater et al., 2021) for the period 1991-2023.
The extracted variables were air temperature at 2 m (K), snow depth (cm), snow depth water
equivalent (m of water equivalent), total precipitation (mm), geopotential (m? s 2), and snowfall
(m of water equivalent). ERAS5-Land data, available on a 0.1° (octahedral) reduced Gaussian grid
with hourly resolution (Copernicus Climate Change Service, 2019), were extracted for grid cells
encompassing in-situ validation sites and aggregated to a daily timescale. To ensure consistency,
in-situ observations were converted from Pacific Standard Time (PST) to Universal Coordinated

Time (UTC) prior to validation (Clelland et al., 2024).
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Daily ERAS5-Land values for air temperature, snow depth, and snow depth water equivalent were

calculated by averaging the extracted hourly values over each 24-hour period.

Air temperature at 2 m (in degrees Kelvin [K]) was converted to degrees Celsius (°C) by
applying the linear relation (Hall et al., 2024; Preston-Thomas, 1990) shown in Equation 1:

Toc = TK - 273.15 (1)

Daily total precipitation and snowfall values were computed using Equation 2, where #p
represents total precipitation in millimeters and d is the day of interest (Copernicus Climate
Change Service, 2019). The value of #p at d+1 00 UTC accounted for the total precipitation

accumulated during the preceding 24-hour period.

tp [mm] = tpg41 0ourc [m] x 1000 (2)

Snow depth water equivalent (SWE) in ERAS-Land is expressed in meters of water equivalent
and represents the depth of water that would result across the grid cell if the entire snowpack
melted (Kouki et al., 2023; Mufioz-Sabater et al., 2021). To convert SWE to from meters (m)

millimeters (mm), the SWE values are multiplied by 1000.

ERAS5-Land performance was assessed at two meteorological stations: Atlin (ECCC Station
1200560) and Atlin Lake (Government of British Columbia Station 4E02B). A date-matched
dataset was created to ensure a robust comparison by aligning daily in-situ observations with
daily aggregated ERAS5-Land outputs. Accuracy was quantified using bias (mean difference),
root mean square error (RMSE), coefficient of determination (R?), and the p-value to assess

statistical significance.
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Surface elevation for each ERAS5-Land grid cell was derived from the geopotential (m?s™2),
which represents gravitational potential energy per unit mass (Gershunov et al., 2017).
Geopotential elevation (m) was obtained by dividing geopotential by standard gravitational

acceleration (g = 9.80665 m s72; Copernicus Climate Change Service, 2019).

To account for elevation differences between ERA5-Land grid cells and in-situ meteorological
stations during air temperature validation, a standard lapse rate correction of —6.5 °C km™ was
applied (Kattel & Yao, 2018; Li et al., 2015). This correction adjusts ERAS5-Land air temperature
outputs to better reflect in-situ elevations by compensating for the typical decrease in air

temperature with altitude.

The elevation difference, 4Elev (m), was calculated as the in-situ elevation minus the ERAS-
Land grid cell elevation. For example, at Atlin (ECCC station 1200560), the station elevation
was 697 m, while the ERA5-Land elevation was 673.6 m, resulting in a AElev of 23.4 m. The
unadjusted ERAS-Land air temperature is Ttr45 (°C), and the resulting elevation-adjusted air

temperature is 7uq; (°C). The lapse rate—adjusted air temperature was calculated as:

-6.5
Tadj = TERAS + (m) X AElev (3)

SWE and snow depth were validated at a daily temporal scale using in-situ data from Atlin Lake
(Government of British Columbia Station 4E02B) collected between 2004 and 2023. To improve
agreement between ERAS5-Land outputs and observed values, bias correction was applied

following the approach outlined by Chen et al. (2013).

Bias was calculated as the difference between the ERAS5-Land values and the corresponding

in-situ observations (Equation 4a). This metric quantifies the over- or underestimation in the
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ERAS5-Land dataset. The number of paired observations is denoted by N, ERA5Land refers to the

modelled values, and InSitu refers to the observed values. Bias was calculated as:
Bias = — YN.(ERA5Land — InSitu) (4a)

The bias-corrected value, BiasCorr, was then derived by subtracting the Bias calculated in 4a

from each ERAS5-Land value. The bias-corrected ERAS5-Land value was calculated as:
BiasCorr = ERA5Land — Bias (4b)

Time series plots were used to analyze seasonality and long-term variability in snow depth (cm)

and SWE (mm).

ERAS-Land precipitation and snowfall data were validated against in-situ measurements from
the Atlin (ECCC Station 1200560) meteorological station at daily and monthly timescales.
Scatter plots incorporating a 1:1 line were used to visualize the relationship between modelled

and observed values.

4.3 Climatology of the Gaat Héeni Watershed

The ERAS5-Land data validated in Section 4.2 were used to characterize the climatology of the
Gaat Héeni Watershed. ERAS-Land reanalysis data, including daily temperature, snowfall, SWE,
total precipitation, snow depth, and geopotential, were extracted for 1991-2023. Data were
spatially averaged across all ERA5-Land grid cells whose centroids intersected the Gaat Héeni
Watershed boundary to produce a representative climatological overview. Spatially averaged
data were computed across grid cells at the native hourly resolution (UTC scale) before any

temporal aggregation. For air temperature, an elevation correction was applied (Equation 2) to
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account for the difference between the mean elevation of the ERAS-Land extracted grid cells

(915 m) and the Gaat Héeni Watershed’s mean elevation (955 m).

Monthly air temperature data were visualized using a box and whisker plot, while SWE and
snow depth were visualized through time series plots to assess interannual variability. Rainfall
was derived by calculating the difference between total precipitation and snowfall (Espinoza et

al., 2018).

Total precipitation and snowfall extracted from ERAS5-Land were visualized using a stacked bar
chart to illustrate the annual distribution of rainfall and snowfall. Rainfall was derived by
subtracting snowfall from total precipitation (Jeoung et al., 2022; Li et al., 2025). Monthly
distributions of total precipitation, snowfall, and rainfall were also represented using box and

whisker plots to highlight seasonal patterns, interquartile ranges (IQRs), and outliers.

Annual and monthly precipitation trends were analyzed to assess long-term variability in
moisture input and phase partitioning between rain and snow. Total precipitation and snowfall
were plotted as a stacked bar chart to illustrate the annual distribution of rainfall and snowfall.
Monthly distributions of total precipitation, snowfall, and rainfall were visualized using box and

whisker plots to illustrate seasonal patterns, IQRs, and outliers.

4.4 Atmospheric River Climatology

Section 4.4 investigates the spatial distribution, frequency, and intensity of ARs making landfall
between 55°N and 60°N from 1 January 1991 to 31 December 2023. This period corresponds to
meteorological and hydrometric data availability, as outlined in Sections 3.3 and 3.4. The

SIO-R1 AR Catalog (Gershunov et al., 2017) was adapted for daily resolution to identify and
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classify AR landfall events. The methodological framework follows the approach outlined by
Gershunov et al. (2019), incorporating a set of specific criteria. Each daily time step was
analyzed for spatial patterns of contiguous grid cells with IVT > 250 kg m™" s! to identify ARs.
Only events extending at least 1500 km in length and intersecting the coastline were classified as
ARs. The coastal grid cell exhibiting the maximum IVT was designated as the landfalling
location for each event. To maintain temporal continuity, the landfalling location of a single AR
event could not shift more than 1000 km (~8.9° latitude) between consecutive days.
Additionally, two ARs making landfall in the same general coastal region were classified as
distinct events if separated by at least 24 hours. The SIO-R1 AR catalog was used to analyze

seasonal variability, interannual trends, and changes in AR intensity across the study period.

To assess the seasonal distribution of ARs, I calculated the monthly frequency of AR landfall
events and the associated mean net IVT for each month from 1991 to 2023. The net IVT for each
month was determined by summing the IVT values of all AR landfall events occurring within
that month across the 33 years, providing a cumulative measure of moisture transport associated
with ARs. Monthly statistical distributions, including mean, median, IQR, and total range, were
computed, with outliers defined as values exceeding 1.5 times the IQR (Gautam & Singh, 2022).
To further explore potential decadal-scale shifts in AR activity, the study period was divided into
three sub-periods (1991-2001, 2002-2012, and 2013-2023), with each sub-period analyzed

separately using the same statistical metrics applied to the full dataset.

4.5 Impact of ARs on the Study Region
Building on the methodology outlined in Sections 4.3 and 4.4, Section 4.5 quantifies AR

contributions to seasonal and annual precipitation in the Gaat Héeni Watershed. The analysis
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covers January 1991 to December 2023, aligning with the SIO-R1 AR Catalog and the ERAS5-

Land reanalysis dataset extracted in Section 4.2 (Gershunov et al., 2017; Sharma & Déry, 2020).

Following the methodology outlined in Section 4.4, ARs are defined as contiguous grid cells
with an IVT > 250 kg m™' s7!, extending at least 1500 km and intersecting the coastline between
55°N and 60°N (Gershunov et al., 2017). To quantify the portion of precipitation attributed to
ARs, I identify the initial AR landfalling day and the following day (Gershunov et al., 2017).
This accounts for the lag time as ARs move inland from the coast (Sobral & Déry, 2023) and
mitigates some uncertainty related to UTC-to-local time differences in precipitation datasets

(Sharma & Déry, 2020).

I integrate AR landfalling events from the SIO-R1 AR Catalog with ERAS-Land precipitation,
snowfall data, and the derived rainfall calculated in Section 4.3. To ensure spatiotemporal
consistency, ERAS5-Land data are averaged across the Gaat Héeni Watershed (Sharma and Déry,
2020) with precipitation classified as AR-driven when the IVT criterion is met (Equation 5). The
fraction of precipitation attributed to ARs (F4r) is then calculated as the ratio of total

precipitation during AR landfall days (P4, mm) to the total seasonal precipitation (Prozi, mm).
Fa = (5)

The seasonal variability of AR-driven precipitation is calculated by computing the fraction of
total precipitation attributed to ARs for each season, revealing seasonal dependencies in AR
contributions. Seasons are delineated as spring (March—May), summer (June—August), fall
(September—November), and winter (December—February) (Sobral & Déry, 2023). To evaluate

long-term variability, the study period is stratified into three sub-periods (1991-2001, 2002—
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2012, and 2013-2023), ensuring consistency with the AR climatology trend analysis outlined in

Section 4.2.

I constructed a stacked bar chart spanning the 33-year study period (1991-2023) to visualize
interannual variability in AR-driven and non-AR-driven precipitation. This plot quantifies annual
precipitation totals attributable to AR events (blue bars) and non-AR precipitation (grey bars).

I also calculated decadal means for 1991-2001, 2002-2012, 2013-2023, and the whole 1991—

2023 period to contextualize longer-term patterns.

Furthermore, a Mann-Kendall (MK) test (Kendall, 1948; Mann, 1945) is employed at both
annual and seasonal scales to detect monotonic trends in AR-driven precipitation, with statistical
significance assessed at the 95% confidence level. A significance threshold of 0.05 indicates that
results with p-values of 0.05 or below are deemed statistically significant (Ravi & Odorico,
2005). This approach enables the identification of potential shifts in AR frequency and their

contribution to total precipitation over time.

4.6 Discharge Sensitivity to Daily Precipitation and AR Events

Section 4.6 describes the methodology used to examine how daily discharge and precipitation in
the Gaat Héeni Watershed are influenced by AR events, with a specific focus on event-scale
hydrological responses. The objective is to determine the timing and sensitivity of discharge to

AR-driven precipitation during the 2024 monitoring season.

Identification of AR events followed the IVT threshold approach outlined in Section 4.4, using
landfall data from the updated SIO-R1 AR Catalog (Gershunov et al., 2017). Events were

classified as ARs when IVT >250 kg m™' s™* along a contiguous corridor of at least 1500 km in
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length. The AR also had to land on the North American west coast between 55°N and 60°N to be
included in the analysis. Following the approach in Section 4.5, precipitation was attributed to

AR activity if it occurred on the AR landfall day or the following day.

Daily precipitation and discharge data were aggregated from hourly data collected at the Gaat
Héeni meteorological and hydrometric stations (Sections 3.2 and 3.3). Daily data were used to
align with the daily resolution of the SIO-R1 AR catalog. Each day in the dataset from 17 June to
10 October 2024 was classified as either AR-driven or non-AR-driven, enabling the partitioning
of precipitation by source. To summarize precipitation distribution, grouped bar charts were used
to compare cumulative AR and non-AR contributions, consistent with the seasonal AR
precipitation quantification methods described in Section 4.5. These classifications were used to
construct a dual-axis hydrograph (Mathai & Mujumdar, 2022), in which daily discharge is

overlaid with AR-driven and non-AR-driven precipitation.

Defining the hydrological response in the Gaat Héeni Watershed involved quantifying the lag
between the precipitation centroid and peak discharge based on daily precipitation and discharge
records. Precipitation events comprised one or more consecutive days with >1 mm of
precipitation, separated by at least one precipitation-free day (Li et al., 2023). For each identified
event, the precipitation centroid time (zwc) was computed to represent the effective timing of
water input into the system. The precipitation centroid time (zwc) is the weighted mean timing of
precipitation during an event, representing when the majority of the event’s precipitation
occurred. Precipitation centroid time was calculated using Equation 6, where P; is the
precipitation (mm) recorded during the ith hour, # is the timestamp (in days), and # is the total

number of daily observations within the precipitation event (Dingman, 2015).
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To evaluate the hydrologic response of the Gaat Héeni Watershed to each precipitation event, the
time of peak discharge, #,x, was identified as the timing of the maximum observed streamflow
following the precipitation event. The timing of the precipitation input was characterized using
the precipitation centroid time (¢wc). The lag between the precipitation centroid and the resulting
discharge peak, referred to as the centroid lag to peak discharge (#.prs), measures the watershed’s

response time. This lag, expressed in days, is expressed in Equation 7:

trps=tex—twc (7)
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4.7 Quantifying Optimal Hydrological Conditions for Successful Gaat Barrier Passage
Section 4.7 discusses how water temperature (7, °C) and river discharge (Q, m? s!) influence

Gaat jump success at obstruction SR3-3. The methodological workflow is summarized in Figure

4.2.

Video monitoring: 5-30 July 2024
12:00-18:00, 15-min intervals

{

Extract river discharge (Q) and water
temperature (7) aligned to video monitoring
blocks

{

Calculate proportion of successful jumps per
monitoring block

{

Logistic Regression with logit function: log :—;i =Bo + BiT; + B, T2 + B30Q; + B,Q;°

{

Generate heatmap across 7 and Q ranges

i

Perform Wald Z-Tests

Figure 4.2: A flowchart outlining methods shown to determine optimal hydrologic conditions for the successful jump of Gaat at
SR3-3.

Previous assessments by the Taku River Tlingit Fisheries Department (2017) had identified
SR3-3 as a key migratory barrier (Section 1.4; Figure 4.3). Video monitoring of SR3-3 was
conducted from 5 to 30 July 2024, with observations carried out from 1200-1800 local time
(UTC-7) on each monitoring day. During the first 15 minutes of every hour, a Nikon Zf full-

frame camera fitted with a Tamron 150—500 mm {/5-6.7 zoom lens captured 4 K UHD

38



4. METHODS GAAT MIGRATION UP THE GAAT HEENI

(3840 x 2160 px) footage at 60 fps from a fixed tripod. Focal length was adjusted to 200 mm to
frame the wetted jump face. Although daily filming was planned, field constraints limited data
collection to 110 15-minute observation blocks distributed over 19 monitoring days (six blocks
on each of 17 days and two blocks on 23 July). During this period, a total of 92,687 jump
attempts was recorded. No footage was obtained on 15 July, 18 July, or 24-27 July owing to crew
fatigue and hazardous river conditions. Each jump attempt recorded on video was scored as a
binary outcome: 1 for a successful jump or O for a failure. A successful jump was defined as

Gaat landing with forward momentum (Lauritzen et al., 2005) in a laminar flow region (Mueller

et al., 2008).

i
-
o

July 5 -14.93 m? 57! July 17 - 10.69 m? s™

Figure 4.3: Photographs on 5 and 17 July 2024 comparing discharge conditions at SR3-3, a canyon constriction that is a
migration barrier for Gaat (Sockeye Salmon; Oncorhynchus nerka). Discharge at 1200 hours on 5 July 2024 was 14.93 m* s™!,
while discharge decreased to 10.69 m? s! by 1500 hours on 17 July 2024. Red polygons in each image delineate areas of laminar
surface flow.

To analyze water temperature and discharge trends, I extracted averaged hourly discharge

(Q, m?s") data from the Gaat Héeni hydrometric station and utilized hourly water temperature
(T, °C) data from the lower Gaat Héeni (C. Sergeant, personal communication, 2024). Data were
extracted between 5 and 30 July 2024 to align with the video monitoring periods. A composite

figure was produced in which the daily jump-attempt count is shown as a vertical bar chart, and
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the daily mean river discharge (m?® s') and daily mean water temperature (°C) are each overlaid
as a point joined by a continuous line. Hourly discharge and water temperature measurements
recorded during each day’s observation window were first averaged to yield a single mean value

per day.

To assess how hydrologic conditions affected Gaat jump success, a logistic-regression model
(Dockery et al., 2017) with a logit link was fitted to the jump data. The logit link function
transforms the probability of a binary outcome into log-odds, allowing for a linear relationship
between predictors and the transformed response, while constraining predicted probabilities to
values between 0 and 1 (Hosmer et al., 2013; Peng et al., 2002). In this model, p represents the
probability of a successful jump (Hosmer et al., 2013). The probability of jump success was
modelled as a function of water temperature (7, °C) and river discharge (Q, m*s™), including
both linear and quadratic terms for each predictor (Maynard et al., 2017). Quadratic terms were
retained because passage success typically peaks at intermediate flows and water temperatures
and declines at extremes (Cruz-Jesus et al., 2017; Haro & Castro-Santos, 2012). To mitigate
observer bias and pseudo-replication arising from repeated jump attempts within 15-minute
monitoring blocks (Bolker et al., 2009; Harrison et al., 2018), all jump attempts recorded in each
15-minute monitoring interval were aggregated into a single binomial observation (Lazic et al.,
2020). Each aggregated data point thus represents the proportion of successful jumps (S;) relative
to total jump attempts (NV;) observed in that interval, explicitly defining the probability (p;) used

in the logistic regression model (Equation 8);

pi = == 3

Equation 9 is a logistic regression with a logit function and incorporates four hydrologic
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predictors: water temperature (7, °C), river discharge (Q, m® s!), and their respective quadratic
terms (7% and Q). In this formula, the logit of the jump-success probability is expressed as a

linear combination of five regression coefficients: the intercept fo, which provides the baseline
log-odds of success when all predictors equal zero, the linear terms /1 (water temperature) and
[3 (discharge), which quantify first-order effects, and the quadratic terms /> (water temperature

curvature) and f4 (discharge curvature).

108% = Po + B1(T) + B2(Ti*) + B3(Q0) + Bu(Qi) ©)

i

To visualize the model’s behaviour over the range of observed temperature (7) and discharge (Q)
conditions, I generated a two-dimensional prediction grid using the ggplot2 package in R

(R Core Team, 2024; Wickham, 2016). Water temperature (7, °C) and river discharge (Q, m?s™)
were separated into 250 equally spaced values spanning their empirical minima and maxima. For
each node on this grid, the linear (7, Q) and quadratic (72, O?) predictors described in Equation 8
were computed. These values were combined with the predicted probabilities (p;) to predict jump
success. The resulting heatmap illustrates the relationship between environmental variables and

jump success probability and utilises a uniform and colourblind friendly palette.

In R (R Core Team, 2024), the maximum and minimum predicted probabilities on the prediction
grid were identified using which.max() and which.min(), extracting the corresponding water
temperature and discharge values (Bolker et al., 2009; Harrison et al., 2018). The 110 fitted
block-level probabilities were then summarized with the summary() function to obtain the

minimum, first quartile, median, mean, third quartile, and maximum.

Wald z-tests were used to evaluate the statistical significance of each coefficient f;j in the model
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(McArdle, 1988). The Wald z-test is defined in equation 10 where f; is the maximum likelihood
estimate of the coefficient and SE(f)) is its standard error (Hosmer et al., 2013). Predictors with

p-values > 0.05 are considered nonsignificant within this analysis.

_ _B
A7 S5 (19)

4.8 Influence of Jump Success on Gaat Arrival at Gaat Aayi

This section aims to determine how the daily jump success at SR3-3 influences the arrival of
Gaat at Gaat Aayi. Daily jump success (ps) was calculated by aggregating total successful jumps
and jump attempts from all 15-minute observation intervals recorded each monitoring day
(Equation 11). Su represents successful jumps in block i on day d, Ny indicates total jump

attempts in block 7 on day d.

Pa = 2(Sai)/ X(Ng;) (11)

To isolate daily variations in the arrival of Gaat at Gaat Aayi, daily arrival anomalies (44) at the
Gaat Aayi weir were computed as daily arrival counts (44) minus the mean daily arrival count

(4) recorded over the observation period (Equation 12):
AA=A4—A (12)

A linear regression model was fitted, which tested relationships between observed daily jump
success (pq) and arrival anomalies 4A at lag intervals (n) of one, two, and three days (Equation
13). Equation 14 was derived by algebraically rearranging the original linear regression
(Equation 13) to isolate the regression coefficient (). Due to the absence of empirical migration
time data, it was assumed that Gaat would take one, two, or three days (n) to swim 22.5 km from
SR3-3 to Gaat Aayi. This assumption aligns with previously discussed Gaat migration speeds

(Hinch & Bratty, 2000; Quinn, 1988), but introduces inherent uncertainty, as actual swim speeds
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may vary considerably due to hydrological conditions or individual fish physiology. The error

term (&) accounts for residual variation that the model does not explain.

AA, = BXpg+e (13)
AAp £
=5 o (14)

R? and statistical significance (p-values) of the regression coefficient f were examined at lag
intervals of one, two, and three days to determine the lag at which jump success most strongly

and significantly predicted upstream arrival anomalies.
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Chapter 5: RESULTS

The results presented in this chapter synthesize the meteorological, hydrological, and climatic
factors shaping the Gaat Héeni Watershed from 1991 to 2023. Particular emphasis is placed on
precipitation, air temperature, river discharge, and ARs. Section 5.1 initiates the analysis by
presenting data collected from the meteorological station located in the upper Gaat Héeni
Watershed during the period of 17 June to 10 October 2024. Section 5.2 validates ERAS5-Land
reanalysis data through comparison with in-situ measurements, providing a foundation for
subsequent analyses. Building upon this, Section 5.3 explores the climatological characteristics
of the region, elucidating long-term trends and seasonal variations. Section 5.4 delves into the
patterns and dynamics of ARs, highlighting their frequency, intensity, and seasonal distribution
in the Gaat Héeni Watershed. In Section 5.5, the influence of ARs on key meteorological
variables is quantified, revealing their significant role in modulating regional precipitation.
Section 5.6 analyzes daily precipitation and discharge during the 2024 monitoring period to
quantify the short-term hydrological response of the Gaat Héeni Watershed to AR and non-AR
events. Section 5.7 applies the aforementioned findings to assess the optimal hydrometric
conditions for Gaat, identifying key thresholds and environmental factors influencing migration
success. Finally, Section 5.8 quantifies the relationship between daily jump success at SR3-3 and
daily arrival anomalies at Gaat Aayi, determining the lag intervals at which jump success most

significantly predicts arrival variability.

5.1 Meteorological Data
To illustrate the short-term dynamics of meteorological and hydrological conditions in the Gaat
Héeni Watershed, Figure 5.1 presents hourly observations recorded at the Gaat Héeni station

from 18 June to 10 October 2024. It shows temporal variations across meteorological and
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hydrological parameters including air temperature (°C), atmospheric pressure (hPa), wind speed
(m s™), total precipitation (mm), relative humidity (%), discharge (m?® s™), river level (m) and
river velocity (m s!). Recorded air temperatures ranged from —5.6 °C to 27.4 °C, with

atmospheric pressure values between 912.4 hPa and 945.3 hPa.

Hydrological variability was evident in both precipitation and discharge data. A pronounced
precipitation event occurred between 22 and 24 July 2024, during which 47 mm of rainfall was
recorded. This precipitation event resulted in a rapid hydrological response, with river discharge
increasing from 8.7 m® s to 30.0 m® s™! over the same period and river level and velocity

showing similar increases.
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Figure 5.1: Hourly meteorological and hydrometric data from the Gaat Héeni Station, collected between 18 June and 10 October
2024, provide a detailed record of summer hydroclimatic conditions. The figure presents air temperature (°C), atmospheric
pressure (hPa), wind speed (m s™), total precipitation (mm), relative humidity (%), discharge (m* s™), river level (m) and river

velocity (m s™).
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5.2 Extraction and Validation of Reanalysis Data
The validation of ERAS-Land reanalysis data for air temperature, SWE, and snow depth was
conducted using in-situ data from Atlin (1991-2021; ECCC Station 1200560) and Atlin Lake

(2004-2023; Government of British Columbia Station 4E02B).

At Atlin (1991-2021; ECCC Station 1200560), daily ERAS5-Land air temperature exhibits a bias
of -2.1 °C relative to observed values, with a root mean square error (RMSE) of 3.5 °C, an R? of
0.9, and a p-value of 0.039 (Figure 5.2). After adjusting for elevation at the same daily scale, the

bias is reduced to -1.9 °C, RMSE improves to 3.4 °C, and the R? remains at 0.9, with a p-value

of 0.035.
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Figure 5.2: Hourly ERAS-Land reanalysis air temperatures are compared with air temperatures from the Atlin station (ECCC
Station 1200560) from 1991-2001. Panel a) shows unadjusted ERA5-Land values, while panel b) displays air temperatures
corrected for elevation using a standard lapse rate of —6.5 °C km™. Elevation correction reduced the mean bias from —2.1 °C to
—1.9 °C and decreased the RMSE from 3.5 °C to 3.4 °C. In both cases, the strength of the linear relationship remained high (R* =
0.9) with a p-value of 0.035.
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The validation of SWE extracted from ERAS-Land highlights underestimation in the ERAS-
Land dataset (Figure 5.3). At Atlin Lake (2004-2023; Government of British Columbia Station
4E02B), ERA5-Land has a bias of 283.1 mm, RMSE of 290.9 mm, and an R? of 0.33 with a
p-value of 0.52. After bias correction (Equations 3a and 3b), the bias diminishes to 0.0 mm, and

RMSE improves to 67.0 mm. R? remains at 0.331 with a p-value of 0.52.
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Figure 5.3: Comparison of the observed SWE measurements from the Atlin Lake Snow Survey Station (Government of British
Columbia Station 4E02B) with ERAS5-Land reanalysis data for the exact dates. Three datasets are shown: observed SWE
(orange), original ERA5-Land SWE (green), and bias-corrected ERAS5-Land SWE (blue). The original ERAS-Land product
substantially overestimated SWE, with a mean bias of 283.1 mm and a root mean square error (RMSE) of 290.9 mm. Following
bias correction, the mean bias was eliminated and the RMSE was reduced to 67.0 mm, while the coefficient of determination (R?

=0.33) remained unchanged.

The snow depth data from ERAS-Land demonstrate a consistent overestimation at Atlin Lake
(2004-2023; Government of British Columbia Station 4E02B), as illustrated in Figure 5.4.
Initially, the ERAS5-Land dataset shows a bias of 82.5 cm, an RMSE of 83.6 cm, and an R? of
0.70 with a p-value of 0.34. After applying bias correction (Equations 3a and 3b), the bias is

reduced to 0.0 cm, and the RMSE improves to 13.5 cm. The R? remains unchanged at 0.70, with
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a p-value of 0.34.
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Figure 5.4: Comparison of ERAS5-Land reanalysis snow depth with manually collected in-situ observations from the Atlin Lake
Snow Survey Station (Government of British Columbia Station 4E02B) from 2004-2023. Before bias correction, ERA5-Land
exhibits a mean bias of 82.5 cm and a root mean square error (RMSE) of 83.6 cm. The coefficient of determination (R?) was 0.70,
with a p-value of 0.34, reflecting moderate agreement. After applying bias correction, the mean bias became 0 and RMSE
improved significantly to 13.5 cm, while R? remained unchanged.

Figure 5.5 compares daily precipitation from Atlin (1991-2021; ECCC Station 1200560) and
ERAS5-Land. The analysis shows a poor correlation: R* of 0.002, p-value of 0.92, and an
RMSE of 4.58 mm. This relationship suggests that ERAS5-Land poorly captures daily

precipitation at Atlin, consistent with previous work (Goswami et al., 2024; Wu et al., 2023).
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Figure 5.5: Total daily precipitation from ERAS5-Land reanalysis and in-situ measurements at the Atlin meteorological station
(ECCC Station 1200560) from 1991-2020. ERAS5-Land data were extracted for the grid cell overlapping the station and
temporally aligned with the in-situ observations. ERA5-Land demonstrates limited skill in capturing daily precipitation
variability, with a weak correlation (R? = 0.002, p = 0.92), a root mean square error (RMSE) of 4.58 mm, and a mean bias of 1.14

mm.

Despite the poor agreement at a daily scale, at a monthly scale, Atlin (1991-2021; ECCC Station

1200560) and ERAS5-Land at a monthly scale (Figure 5.6) show a moderate correlation with an

R? 0f 0.42 and a p-value of 0.04. This suggests that while ERA5-Land does not capture daily

precipitation, it represents long-term variability when daily errors are aggregated over time

(Wu et al., 2023).
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Figure 5.6: Comparison of total monthly precipitation from ERAS-Land reanalysis with monthly aggregated in-situ observations
at the Atlin meteorological station (ECCC Station 1200560) for 1991-2020. ERAS-Land data were spatially and temporally
aligned with station records. Monthly aggregation improves agreement compared to the daily scale, with a stronger correlation
(R*=0.42, p <0.05), a reduced RMSE of 22.3 mm, and a mean bias of 9.7 mm. These results indicate that ERAS5-Land is more
reliable for capturing precipitation variability at coarser temporal resolutions.

5.3 Climatology of the Study Region

Section 5.3 analyzes the climatological conditions in the Gaat Héeni Watershed from 1991 to
2023. During this period, the mean annual air temperature averaged —2.3 °C, with the coldest
year (1993) reaching —3.5 °C and the mildest year (2022) reaching —1.2 °C. Total mean annual
precipitation was 481.9 mm, varying from a minimum of 335.9 mm in 1995 to a maximum of
606.1 mm in 2004. The mean annual rainfall was 165.3 mm, with yearly totals ranging from

93.2 mm in 1992 to 235.6 mm in 2017.

For air temperature (°C), an elevation correction was applied using Equation 2 to account for the
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40 m elevation difference between the extracted ERAS5-Land grid cells (915 m) and the Gaat
Héeni Watershed mean elevation (955 m). This resulted in a 0.26 °C decrease in the extracted
ERAS-Land air temperature. The temperature cycle in the Gaat Héeni Watershed follows a
seasonal pattern (Figure 5.7) with cold winters, rapid spring warming, warm summers, and a
cooling autumn transition. Looking at monthly air temperature distributions, winter (December—
February) remains the coldest period, with January recording the lowest mean temperature
(-14.8 °C), reaching a minimum of -26.8 °C. February remains cold (-12.1 °C avg.), with lows of
-21.7 °C, while March (-8.5 °C avg.) signals the beginning of seasonal warming. Spring (April—
May) sees a sharp increase in temperatures, with April averaging -1.9 °C and May transitioning
to positive temperatures (3.3 °C avg.), reaching highs of 7.4 °C. Summer (June—August) reaches
peak warmth, with July recording the highest mean temperature (10.9 °C) and maximum highs

of 14.3 °C.
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Figure 5.7: Distribution of monthly air temperatures extracted from ERAS-Land in the Gaat Héeni Watershed (1991 to 2023).
Box and whisker plots capture each month's interquartile range, minimum/maximum values, median, and outliers, highlighting
the seasonal variability and spread of daily air temperatures.

The seasonal SWE (mm) and snow depth (cm) extracted from ERAS5-Land (Figures 5.8 and 5.9)
is characterized by a consistent cycle of accumulation and ablation. Peak SWE occurs in

February to March, with an annual mean of 416.0 mm and observed annual peaks ranging from
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300.7 mm to 606.1 mm. Similarly, the mean annual snow depth is 175.3 cm with a maximum
snow depth of 260.2 cm in 2005 and a minimum snow depth of 100.1 cm in 1995. Complete

ablation typically occurs by May— June.
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Figure 5.8: Monthly Mean Snow Water Equivalent (SWE) in the Gaat Héeni Watershed (1991-2023) extracted from ERAS5-Land.
SWE accumulation begins in October and steadily increases through winter, peaking in March at a mean value of 416.0 mm. The
maximum SWE recorded was 606.1 mm in 2006, while the minimum was 300.7 mm in 1997.
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Figure 5.9: Monthly Mean Snow Depth across the Gaat Héeni Watershed (1991-2023). Extracted from ERA5-Land reanalysis
data, the mean annual snow depth is 175.3 cm, with a maximum of 260.2 cm in 2005 and a minimum of 100.1 cm in 1995.

The seasonal precipitation distribution follows a well-defined pattern. Snowfall dominates winter
months, and rainfall becomes the primary precipitation phase during the warmer seasons (Figure

5.10 and Figure 5.11). Winter (November—March) is characterized by high snowfall
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accumulation, with December (52.7 mm), January (50.1 mm), and February (35.2 mm) recording
the highest monthly mean snowfall totals. Spring (April-May) marks a transition from snowfall
to rainfall, with April reporting 25.1 mm of mean monthly precipitation, predominantly as snow
(0.6 mm rainfall), while May sees an increased rainfall fraction (13.8 mm) out of a mean total
precipitation of 26.4 mm. Summer (June—August) is entirely rainfall-driven, with mean monthly
precipitation increasing progressively from June (34.4 mm) to August (39.4 mm), reflecting
enhanced convective activity and storm-driven precipitation variability. Autumn (September—
October) represents a secondary wet season, with September (58.3 mm) and October (58.6 mm)

recording the highest mean monthly precipitation.
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Figure 5.10: Total annual precipitation is partitioned into rainfall and snowfall within the Gaat Héeni Watershed. Data are
extracted from ERAS-Land reanalysis data (1991-2023) and are spatially averaged across grid cells. Precipitation shows
interannual variability, with snowfall consistently contributing the majority of total precipitation.
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Figure 5.11: Monthly distribution of total precipitation (top), snowfall (middle), and rainfall (bottom) in the Gaat Héeni
Watershed from 1991 to 2023. Total precipitation and snowfall are extracted from ERAS-Land, while rainfall is the difference
between total precipitation and snowfall. Total precipitation shows peaks during autumn and early winter (October—January) and
a secondary rise in late summer (September—October). Snowfall dominates from October to April, peaking in January, and is
nearly absent by summer. In contrast, rainfall is minimal in winter but increases sharply from May to September, peaking in late
summer.
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5.4 Atmospheric River Climatology

ARs exhibit a distinct seasonal cycle across the study region with the highest frequency of ARs
occurring in summer and fall, specifically August, September, and October (Figure 5.12).
September recorded the highest frequency, averaging approximately four ARs per month,
followed closely by August. In contrast, the lowest AR activity was observed in March and

April, where the average number of AR landfalls remained below one event per month.
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Figure 5.12: Average number of atmospheric river (AR) landfalls per month between 55°N and 60°N from 1991 to 2023, based
on the SIO-R1 AR Catalog. Bar height represents the monthly AR frequency, while shading reflects the total monthly net IVT
(kg m™' s7"), with darker bars indicating higher cumulative vapour transport. AR activity peaks in late summer and early fall, with
September and August exhibiting the highest frequency of ARs.

IVT followed a similar seasonal pattern, with the highest values occurring in late summer and
early autumn. The net [IVT peaked in September, exceeding 10,000 kg m™* s™*, with August and

October also exhibiting elevated values (Figure 5.13).
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Figure 5.13: Climatological relationship between the mean monthly frequency of atmospheric river (AR) landfalls and the
corresponding net integrated water vapour transport (IVT, kg m™' s7') for the 55°N-60°N coastal sector from 1991 to 2023, using
data from the SIO-R1 AR Catalog. Each point represents a month, with its position indicating the mean number of AR events and
cumulative IVT, while colour denotes IVT magnitude.

The distribution of AR landfalls exhibited distinct seasonal and interannual variability, with
notable increases in frequency and dispersion occurring in late summer and early fall (August,
September, and October; Figure 5.14). The four-panel box and whisker plot illustrates the
interquartile range (IQR), median, and occurrence of outliers for ARs across four distinct

periods: 1991-2001, 2002-2012, 20132023, and 1991-2023.

Across all periods, the median number of ARs remained low from January through June before
increasing sharply in July and peaking between August and October. The highest median values
were recorded in September and October, consistent with climatological expectations of
heightened AR activity during late summer and early fall (Radi¢ et al., 2015). Outliers during
these months highlight the episodic nature of high-activity years, contributing to overall

interannual variability.
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Figure 5.14: Monthly distribution of atmospheric river (AR) landfalls for (a) 1991-2001, (b) 20022012, (c) 2013-2023, and (d) 1991—
2023. Box and whisker plots show AR counts with medians (black lines), interquartile range (grey boxes), and outliers (>1.5xIQR, black
dots). A consistent late-summer to early-autumn (August—October) peak is evident, with higher medians and greater variability in recent
periods (2002—-2023) compared to 1991-2001.

5.5 Impact of ARs on the Study Region

The contribution of ARs to total precipitation within the study region from 1991 to 2023 exhibits
seasonal and interannual variability (Figure 5.15). On average, ARs account for 15.9% to 39.1%
of seasonal precipitation, with the most significant contributions occurring in fall and winter. Fall
experiences the highest AR-driven precipitation fraction, with 37.9% of total seasonal
precipitation attributed to ARs from 1991 to 2023. This proportion has varied over the past three
decades, with the most recent period (2013-2023) showing an AR contribution of 39.1% in fall,
compared to 36.3% (2002-2012) and 38.3% (1991-2001). Seasonality is further evident by ARs
delivering 24.1 % of winter precipitation (1991-2023), 15.9 % in spring (1991-2023) and 22.9 %

in summer (1991-2012). These seasonal contrasts reflect the synoptic conditions governing AR
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occurrence and landfall intensity.
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Figure 5.15: Seasonal contribution of atmospheric rivers (ARs) to total precipitation across the Gaat Héeni Watershed, aggregated
by decade and over the whole study period using bias-corrected ERAS5-Land precipitation and the SIO-R1 AR Catalog. Panel a)
(top left) displays data for 1991-2001, with ARs contributing 20.5% of winter, 22.3% of spring, 24.1% of summer, and 38.3% of
fall precipitation. Panel b) (top right) represents 2002—2012, showing increased winter AR influence (25.0%) but reduced spring
and summer contributions (12.2% and 18.7%, respectively). Panel c) (bottom left) illustrates the most recent period, 20132023,
where ARs account for 26.7% of winter, 13.5% of spring, 26.0% of summer, and 39.1% of fall precipitation. Panel d) (bottom
right) shows the overall climatology for 1991-2023, highlighting that ARs contribute the largest share in fall (37.9%), followed
by winter (24.1%), summer (22.9%), and spring (15.9%).

On an annual scale, AR events contributed between 16.4% and 37.8% of total annual
precipitation in the Gaat Héeni Watershed from 1991 to 2023 (Figure 5.16). Annual AR-driven
precipitation ranged from a minimum of 55.0 mm in 1995 to a maximum of 230.0 mm in 2004,
while total annual precipitation varied from 330.0 mm (1996) to 610.0 mm (2004). When
considering decadal means, AR-driven precipitation remains stable: 132 mm yr™' (27 %) in 1991-

2001, 129 mm yr (25 %) in 2002-2012, and 137 mm yr* (27 %) in 2013-2023. Combined,
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these yield a mean of 133 mm yr!, representing 26.4 % of total precipitation for 1991-2023.
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Figure 5.16: Annual total precipitation partitioned into AR-driven and non-AR-driven components for the Gaat Héeni Watershed
from 1991 to 2023. Blue bars represent precipitation totals (mm) attributed to atmospheric river (AR) landfall events.

Heatmaps of monthly AR contributions over the 1991-2023 period illustrate the variability in
AR-driven precipitation (Figure 5.17). Consistent with seasonal trends, AR activity is

concentrated in the late summer to fall (August-November).
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Figure 5.17: Monthly percentage contribution of atmospheric rivers (ARs) to total precipitation across three latitudinal bands
within the study region, from 1991 to 2023. Panel a) (left) corresponds to the 55°-57.5°N band, panel b) (centre) to 55.0°N, and
panel ¢) (right) to 57.5°N. Each heatmap cell represents a month's AR contribution as a percentage of total monthly precipitation,
with colour intensity ranging from 0% (purple) to 50% (yellow). Clear seasonal patterns emerge in all panels, with the highest
AR contributions typically occurring in fall and early winter (September—December).

To assess long-term trends, a Mann-Kendall (MK) test was applied to annual and seasonal AR-
driven precipitation (Figure 5.18). No significant trends were found at the annual scale
(p =0.765), suggesting that while AR contributions fluctuate, they do not exhibit a statistically

significant increase or decrease over the entire period.

At the seasonal scale, while winter (p = 0.202), summer (p = 0.126), and fall (p = 0.415) show
trends of increasing precipitation, none approach significance. In contrast, spring precipitation
exhibits a decreasing trend (p = 0.158), though it remains statistically insignificant. Collectively,
these non-significant trends imply that interannual variability governs AR precipitation,

precluding the emergence of a coherent long-term trend.
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Figure 5.18: Mann-Kendall trend test results for atmospheric river (AR) related precipitation across four time intervals (1991—
2001, 2002-2012, 20132023, and 1991-2023), disaggregated by season and annually. Each cell displays the p-value of the test,
with triangle markers indicating the direction of the trend: blue upward-facing triangles denote increasing trends, and red
downward-facing triangles indicate decreasing trends. No trends across any time scale or season reach the conventional threshold
for statistical significance (p < 0.05).

5.6 Discharge Sensitivity to Daily Precipitation and AR Events
To investigate the short-term hydrological impacts of ARs, daily precipitation and discharge data
were analyzed for the 2024 monitoring season (17 June—10 October). This approach enabled

evaluation of discharge sensitivity to AR-induced precipitation events.

Figure 5.19 presents the net precipitation (mm) for five temporal periods separated into
AR-driven and non-AR-driven precipitation. AR events contributed to total precipitation in July
(87.7%), early October (75.5%), and September (40.3%), indicating that a minority of days
accounted for a substantial proportion of rainfall. In contrast, the late June period (17-30 June)

showed minimal AR influence (19.3%).
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Figure 5.19: Monthly partitioning of precipitation into total precipitation and atmospheric river (AR) driven precipitation at the
Gaat Héeni meteorological station for the 2024 observation period. Light gray bars represent total precipitation and black bars
show the AR-driven subset, defined as precipitation occurring on the day of AR landfall and the subsequent day. Percentages
indicate the proportion of monthly precipitation attributable to AR activity. The June and October labels reflect partial months of
data coverage (17-30 June and 1-10 October).

Figure 5.20 illustrates daily discharge (m?® s™') overlain with AR-driven and non-AR-driven
precipitation. Distinct discharge responses were observed following high-intensity AR events,
such as the 2224 July event, when AR-driven precipitation triggered a sharp increase in

discharge from 8.7 m* s7! to 30.0 m*s™.
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Figure 5.20: Daily discharge (m?® s™'; navy line) and precipitation (mm; inverted bars) at the Gaat Héeni meteorological station
from 17 June to 10 October 2024. Precipitation is partitioned into AR-driven (dark blue) and non-AR-driven (blue) totals, with
each bar representing cumulative daily rainfall. Discharge reflects mean daily values derived from continuous measurements.
Following snowmelt-driven attenuation in June, baseflows stabilize at low levels throughout late summer and early autumn,
punctuated by a major AR event in mid-July and more minor rainfall-driven fluctuations in late September and early October.

Centroid lag to peak discharge was calculated for precipitation events across the 2024
observation period to characterize the timing between precipitation inputs and resultant river
discharge response. Time between the centroid of precipitation and resulting discharge peak
ranged from 0.2 to 5.7 days, with a mean of 2.1 days and a median of 1.6 days. These values

highlight the rapid and variable response of the Gaat Héeni Watershed to precipitation inputs.

5.7 Quantifying Optimal Hydrological Conditions for Successful Gaat Barrier Passage
Between 5 and 30 July 2024, 1 conducted daily video monitoring at obstruction SR3-3 on the
Gaat Héeni to quantify jump success (Figure 5.21). Hourly discharge and water temperature
measurements recorded during each day’s observation window were averaged to yield daily
means, ranging from 10.57 °C to 14.11 °C and 8.85 m*® s to 28.02 m* s™'. These hydrological
conditions provide the framework for interpreting temporal patterns in passage behaviour under
baseline and elevated discharge events. Observational coverage was curtailed during the peak

discharge interval (24—27 July) owing to safety constraints imposed by an AR event (Figure
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5.21), resulting in data gaps precisely when discharge and temperature reached their maximum

values.
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Figure 5.21: Composite daily time series of Gaat passage success at obstruction SR3-3 on the Gaat Héeni (5-30 July 2024).
Vertical grey bars show total daily jump attempt counts recorded by video monitoring, over which daily mean river discharge
(blue circles and solid line) and daily mean water temperature (orange square and dashed line) are overlaid. Six 15-minute
monitoring blocks were conducted each day except on 23 July, when only two blocks were run. The percentages above each bar
indicate the daily percentage of successful jumps rounded to the nearest percent. Monitoring was suspended on 15 and 18 July
due to crew fatigue and on 24-27 July under unsafe river conditions. The 22—24 July interval corresponds to an atmospheric river
event during which both discharge and temperature peaked.

To quantify how water temperature and river discharge jointly influence Gaat jump-success
probability, I fitted a logistic-regression model that includes linear and quadratic terms for
temperature (7, °C) and discharge (Q, m? s™'), as detailed in Section 4.7. Figure 5.22 presents the
model’s predicted probability surface as a two-dimensional heatmap. The colour gradient, from
deep purple through magenta to yellow, indicates the probability of successful jumps. On the
prediction grid, the model yields a maximum probability of 0.157 at a water temperature of 15.22
°C and river discharge of 12.15 m? s™'. Across the 110 observed 15-minute blocks, fitted
probabilities range from 0.016 (minimum) to 0.15 (maximum), with a mean of 0.06, a median of
0.06, and interquartile values of 0.04 (1st quartile) and 0.07 (3rd quartile).

Predicted success peaks (~0.13—0.16) at temperatures of 14—15 °C combined with moderate
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discharges of 10—-12 m® s™!, whereas probabilities fall below 0.05 under extremes of high

discharge (> 16 m? s™') or low temperature (< 11 °C).
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Figure 5.22: Heatmap of predicted jump success probability from a logistic-regression model (with linear and quadratic terms for
water temperature 7 and discharge Q) fitted to 15-minute block observations collected at obstruction SR3-3 (5-30 July 2024).
Colour intensity (deep purple to yellow) reflects the modelled values, which range from a minimum of 0.01 at 7= 9.66 °C and
0=12.85m’s'to amaximum of 0.16 at 7= 15.22 °C and Q = 12.15 m? s'. White circles represent the water temperature and
discharge conditions observed during each video monitoring block.

To assess the individual contributions of each predictor within the fitted logistic regression

model, I evaluated coefficient estimates using Wald z-tests (Table 5.1).
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Table 5.1: Wald Z-Test Results for Hydrologic Predictors of Gaat Jump Success at SR3-3

Predictor Estimate (p) Std. Error z value p-value
(Intercept) —10.61 2.09 =5.07 <0.001
T +0.38 0.28 +1.33 0.182
7 —0.0028 0.011 —-0.26 0.796
+0.66 0.099 +6.69 <0.001
0? —-0.029 0.0043 —6.71 <0.001

Among the predictor variables, discharge (Q) showed a significant positive linear effect on jump
success (f = 0.66, p <0.001). This suggests that increasing discharge increases the likelihood of
a successful jump, likely by improving hydraulic depth and discharge. Furthermore, the quadratic
term for discharge (%) was also significant and negative (f = —0.029, p <0.001), confirming the
presence of a non-linear discharge relationship. Together, these terms indicate that passage

success increases with discharge up to a peak, after which excessive discharge reduces success.

In contrast, temperature (7) and temperature squared (77) were not statistically significant
(p=0.182 and p = 0.796, respectively). This suggests that within the observed summer water

temperature range, water temperature had no strong linear or curvilinear effect on jump success.

5.8 Influence of Jump Success on Gaat Arrival at Gaat Aayi
The relationship between daily jump success (ps) at SR3-3 and arrival anomalies (44) at Gaat
Aayi was investigated using linear regression models with lag intervals of one, two, and three

days.

The regression results revealed a significant, positive relationship between daily jump success

and Gaat arrival anomalies at all lag intervals. The model with a 1-day lag exhibited an R? value
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of 0.640 and a p-value of < 0.01, indicating that daily jump success accounted for approximately
64% of the variation in arrival anomalies at the 1-day lag. The model with a 2-day lag showed an
even stronger relationship, with an R? of 0.709 and a p-value of < 0.01, suggesting that jump
success was a more reliable predictor of arrival anomalies after a 2-day delay. Finally, the 3-day
lag model had an R? of 0.431 and a p-value of < 0.01, which, although weaker than the 2-day
model, still demonstrated a statistically significant association between jump success and arrival

anomalies at longer lags.
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Chapter 6: DISCUSSION

AR-driven precipitation influences hydrological variability in the Gaat Héeni Watershed, shaping
seasonal and annual precipitation patterns and influencing river discharge (Section 6.1). As AR
frequency, intensity, and seasonal distribution shift, these changes influence Gaat migration
(Section 6.2). High and low AR-driven discharge have been linked to run collapses, underscoring
the need to establish hydrological thresholds for successful arrival of Gaat at Gaat Aayi (Section
6.3). Fluctuations in river discharge, partly driven by ARs, together with variations in water
temperature, determine the feasibility of passage through critical geomorphic barriers. To better
understand these impacts, video monitoring was employed at SR3-3 to assess Gaat passage

success (Section 6.4).

6.1 Contribution of ARs to Seasonal and Annual Precipitation

ARs contribute to seasonal and annual precipitation variability, particularly in coastal and
mountainous regions (Ralph et al., 2019; Sharma & Déry, 2020). In the Gaat Héeni Watershed,
ARs account for 15.9% to 37.9% of seasonal precipitation from 1991-2023 (Figure 5.15), with
the highest contributions occurring in fall (37.9%) and winter (24.1%). Notably, the fraction of
fall precipitation attributed to ARs (Figure 5.15) has varied only slightly across decades with no
statistically significant trend. On an annual scale, AR-driven precipitation in the Gaat Héeni
Watershed ranged from 55.0 mm in 1995 to 230.0 mm in 2004, with a mean annual contribution
of 139.6 mm over the 1991-2023 period (Figure 5.16). These events accounted for 16.4% to
37.8% of total annual precipitation, highlighting their influence on the hydrology of the Gaat
Héeni Watershed. If fall AR precipitation increases (Radi¢ et al., 2015), it could enhance SWE
accumulation (Figure 5.11), elevating spring discharge volumes. Additionally, elevated AR

activity during summer can generate abrupt river discharge and water temperature increases
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during the Gaat migration period. For example, during the 2024 observation period, an AR made
landfall from 22 to 24 July, accounting for 88% of that month’s precipitation (Figure 5.19) and

increasing discharge from 8.7 to 30.0 m® s ! (Figures 5.20 and 5.21).

Interannual variability in AR frequency and intensity further influences precipitation patterns.
Although no statistically significant trend (p = 0.765) in total AR-driven precipitation is present
at an annual scale (Figure 5.18), seasonal shifts are evident. The Mann-Kendall test (Figure 5.18)
suggests a possible increase in summer (p = 0.126) and fall (p =0.415) AR contributions,
though neither trend is statistically significant. These findings align with research showing
enhanced AR activity in late summer and fall along the North Pacific Coast (Gershunov et al.,

2019; Sobral & Déry, 2023).

6.2 The Impact of Changing Atmospheric River Patterns on Gaat

Changes in the distribution and intensity of ARs shape the hydrological conditions of the Gaat
Héeni Watershed, with potential consequences for the daily arrival of Gaat at Gaat Aayi and
annual escapement. The frequency, duration, and intensity of ARs modulate precipitation
patterns, river discharge, and water temperature. These are key variables governing the ability of
Gaat to navigate critical migration barriers (Cannon et al., 2017; Ralph et al., 2019). Section 6.2
examines how these hydrological factors may influence escapement trends by integrating
escapement and hydrological records from 1991 to 2023. Notably, escapement data reveal partial
run collapses in 2018 and 2021, with only 13 and 26 Gaat reaching Gaat Aayi, respectively,

compared to the long-term average of 3031 Gaat (Figure 1.2).

River discharge during the Gaat migration period is influenced by snow accumulated in the fall

(August to November) and precipitation from the current year. In 2017, the Gaat Héeni
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Watershed received 117 mm of AR-driven precipitation, representing 22% of that year’s total,
and in 2018, 115 mm of AR-driven precipitation, accounting for 30% of annual precipitation
(Figure 5.16). The two-year average of 116 mm yr' (26%) falls below the decadal mean of

137 mm yr' (27%) for the period 2012-2023 (Figure 5.16). This depressed AR-driven
precipitation input occurred alongside subdued summer discharge conditions (Taku River Tlingit
Fisheries Department, 2019), which were associated with higher jump heights at key barriers and
reduced hydraulic connectivity. These conditions likely impeded upstream movement by
elevating fallback rates and prolonging migration durations, consistent with observations from

other watersheds (Padilla et al., 2015; Mathes et al., 2010).

In 2020, the Gaat Héeni Watershed recorded 214.8 mm of AR-driven precipitation, representing
36.4% of annual precipitation, while in 2021, AR-driven precipitation totaled 118.6 mm,
accounting for 22.5% of annual precipitation (Figure 5.16). The two-year average of

166.7 mm yr! (29.4%) exceeds the decadal mean of 137 mm yr' (27%) for the period 2013—
2023 (Figure 5.16). This elevated AR-driven precipitation contributed to elevated snowpack
accumulation during the 2020-2021 winter (Kolot et al., 2021), leading to elevated summer
discharge (Taku River Tlingit Fisheries Department, 2022). These high discharge conditions
disrupted migration success and resulted in higher-than-normal numbers of Gaat holding below
SR3-3 (Taku River Tlingit Fisheries Department, 2022). Similar to findings in other watersheds,
elevated discharge and turbulence reduce passage success, particularly at steep-gradient canyon

sites where hydraulic complexity is elevated (MacNutt et al., 2006).

Analysis from Section 5.8 demonstrates a temporal linkage between jump success at SR3-3 and

the arrival of Gaat at Gaat Aayi, with the strongest correlation (R = 0.709; p < 0.001) observed
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at a two-day lag interval. During the 2024 monitoring season, a prominent AR event (22-24 July)
increased river discharge from 8.7 m® s7! to 30.0 m? s! (Figure 5.20), surpassing optimal
discharge thresholds (10—12 m? s') identified in Section 5.7. Before this AR event, holding
pools immediately downstream of SR3-3 were already observed to be at high capacity, indicating
significant Gaat accumulation and emphasizing the potential impact of rapidly increased
discharge in delaying migration. Given the identified two-day lag from passage success at SR3-3
to the arrival of Gaat at Gaat Aayi, it is likely that the AR-driven discharge increase on 22-24
July significantly influenced short-term outcomes. However, I cannot make a clear statistical

linkage as observations at SR3-3 did not begin until 28 July 2024, four days after the AR event.

While the timing of these escapement events aligns with notable hydrologic variation, this thesis
acknowledges the absence of a comprehensive statistical linkage between AR-driven hydrologic
extremes and longer-term escapement trends. The observational nature of these findings means
that explicit attribution of escapement solely to AR activity remains speculative and requires

further analysis.

These findings suggest high and low AR-driven precipitation extremes are associated with
escapement variation at Gaat Aayi. Given projections of increasing AR frequency and intensity
(Arora et al., 2025; Radi¢ et al., 2015), understanding the hydrological mechanisms regulating

Gaat escapement success will be essential for sustaining populations.

6.3 Hydrological thresholds for Gaat Arrival at Gaat Aayi
The Gaat Héeni Watershed exhibits a rapid and variable hydrological response to precipitation,
reflecting the steep gradients and confined channels. Discharge sensitivity analysis from Section

5.6 found that the lag between the centroid of precipitation and the corresponding discharge peak
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ranged from 0.2 to 5.7 days, with a mean of 2.1 days and a median of 1.6 days. This underscores
the watershed’s quick runoff response, meaning shifts in precipitation timing, particularly those

driven by ARs, can have rapid implications on river discharge.

Gaat escapement in the Gaat Héeni Watershed is influenced by the hydrological constraints of
water temperature and river discharge, which determine the feasibility of passage through
geomorphic barriers, including SR3-3 (Taku River Tlingit First Nation Fisheries Department,
2017). However, escapement is also shaped by extrinsic factors, including ocean survival
(Beamish et al., 2016; Crossin et al., 2008), pre-spawn mortality (Jeffries et al., 2012), and
interannual variability in run strength. Data collected from 5-30 July 2024, not including 15, 18,
24,25, 26, and 27 July, indicate optimal jump success was seen with discharge levels between
10-12 m® s (Figure 5.22). Notably, an increase in river discharge during video monitoring from
8.7 m?s ' to a peak of 18.05 m? s™! from 22-24 July coincided with an AR event on 22 July
(Figure 5.20). Although river discharge rose to 30 m? s™', jump behaviour was not recorded
during this interval due to safety constraints. These observations illustrate how AR events can

rapidly alter hydrological conditions, potentially constraining passage success.

Water temperature is a critical factor influencing the arrival of Gaat at Gaat Aayi (Atlas et al.,
2021; Hague et al., 2011). Within the range observed in July 2024, no water temperatures
exceeded 15.28 °C, and jump success was highest between 13—15 °C (Figure 5.22). However,
statistical analysis (Table 5.1) shows that water temperature was not a statistically significant
predictor of jump success at SR3-3 (linear term p = 0.182; quadratic term p = 0.796), reducing
confidence in conclusions drawn from temperature data alone. While laboratory studies and

migration data suggest that performance declines above 19 °C (Keefer et al., 2008; Quinn et al.,
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1997), this study did not observe or model behaviour at higher temperatures. Projected warming
trends (Arora et al., 2025; Reid et al., 2022; SNAP-EWHALE, 2012) suggest that rising summer
temperatures may further constrain the thermal window required for the successful arrival of

Gaat at Gaat Aayi.

In contrast to water temperature data, river discharge was a statistically significant predictor of
jump success at SR3-3 (Table 5.1; linear term p < 0.001; quadratic term p < 0.001). Discharge
fluctuations strongly determine whether Gaat can successfully overcome migration barriers.
During the 2021 partial run collapse, high discharge may have increased the hydraulic
complexity of SR3-3, contributing to the low escapement observed that year (26 fish). Gaat are
forced to expend greater energy at high discharge to maintain their position and overcome
obstacles (Hinch & Rand, 1998). This effect is particularly pronounced at SR3-3 (Taku River
Tlingit Fisheries Department, 2022), where the absence of alternative migration routes prevents
bypassing turbulent flow zones and reduces passage success (Caudill et al., 2007; Enders et al.,

2009; Rand et al., 2006).

Conversely, when discharge falls below 9 m® s™!, hydraulic connectivity between pools and
passage corridors is disrupted. This increases the vertical height of obstacles such as the SR3-3
waterfall feature, making passage more challenging. The precise threshold at which connectivity
breaks down may vary depending on site-specific conditions. For example, in 2018, escapement
decreased to 13 individuals during a low-discharge year, but in 2019, 605 individuals passed
under similar discharge conditions. This suggests that other factors, including channel
modifications at SR3-3 (Taku River Tlingit Fisheries Department, 2019) or interannual

differences in run size, may influence passage outcomes.
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6.4 Evaluating the Effectiveness of Video Monitoring for Assessing Fish Passage Success
Video monitoring at SR3-3 during the 2024 migration season yielded detailed insights into Gaat
jump success by capturing fish behaviour under varying discharge and temperature regimes.
Using a fixed camera at a consistent vantage point, this non-invasive approach recorded
individual jump attempts and, when paired with concurrent measurements of river discharge and
water temperature, allowed us to identify specific hydrological thresholds linked to successful
passage. This method helped characterize the hydrological thresholds associated with observed

jump success by integrating video observation with river discharge and water temperature.

Although beneficial, video monitoring at SR3-3 had several limitations. Waterfall spray and
turbulence from SR3-3 obscured portions of the video footage, particularly at higher discharges.
This reduced the number of fully observable jump attempts and likely led to underestimating
total passage attempts and success rates. Additionally, Gaat probably ascended via routes hidden
behind SR3-3, making it challenging to quantify total passage accurately. Turbidity following
AR-driven precipitation events further reduced video clarity. Finally, the labour-intensive
manual review of footage required frame-by-frame analysis to assess passage attempts,

introducing potential observer bias and misclassification errors.
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Chapter 7: CONCLUSION

7.1 Summary

This study examines the influence of ARs on hydrologic variability and its subsequent effects on
Gaat migration in the Gaat Héeni Watershed. The research quantifies AR-driven precipitation's
seasonal and interannual variability by integrating ERAS5-Land reanalysis data, SIO-R1
Atmospheric River Catalog outputs, in-situ hydrometric observations, and escapement
monitoring records. It defines the hydrometric thresholds governing Gaat migration success.
Where appropriate, hydrologic and biological responses are presented as observational rather
than causal. These findings provide critical information for fisheries management in a region

increasingly impacted by hydrologic extremes.

Sections 5.2 to 5.3 establish the long-term climatological and hydrometeorological conditions of
the Gaat Héeni Watershed (1991-2023), revealing trends in precipitation, air temperature, and
seasonal hydrologic responses. Annual precipitation has increased at a rate of 0.93 mm per year,
with a distinct shift toward higher rainfall fractions after 2010. Before 2010, the mean annual
rainfall was 160.6 mm, whereas post-2010, it increased to 183.8 mm, marking a net gain of 23.2

mm per year.

The seasonal distribution of precipitation follows a predictable snowfall-to-rainfall transition,
with snowfall dominating winter months (December-February) and rainfall peaking during late
summer and early fall (August—October). The highest precipitation volumes occur between
September and November, with ARs accounting for up to 39.1% of fall precipitation (2013-
2023). The increasing late-season precipitation intensity suggests a growing influence of ARs on

discharge variability, particularly during the critical migration window for Gaat.
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Air temperature reanalysis records indicate a seasonal warming trend, with July exhibiting the
highest mean air temperature at 10.9 °C. The interaction between increased AR-driven
precipitation and rising air temperatures has resulted in more frequent high-discharge events in
the fall. However, whether these trends have translated to measurable long-term changes in

escapement remains uncertain.

Section 5.4 examines AR frequency, seasonal variability, and long-term trends using data from
the SIO-R1 Atmospheric River Catalog (1991-2023). Results confirm that AR landfalls exhibit a
distinct seasonal cycle, with peak activity occurring in late summer and early fall. The highest
AR frequency occurs in September, averaging four landfalling events per month, followed
closely by August and October. Net IVT values exceed 10,000 kg m™ s™" in September, making

this month the most hydrologically active.

Over the past three decades, the frequency of AR landfalls has increased, particularly in late
summer and fall. The most recent period (2013—2023) has shown a higher number of AR
landfalls than previous decades, with increased interannual variability. This trend suggests that
AR-driven hydrologic variability will continue to be a dominant force shaping precipitation

patterns.

Section 5.5 applied an event-based precipitation framework to quantify AR contribution to total
precipitation. Results indicate that AR-driven precipitation accounts for 15.9% to 39.1% of
seasonal precipitation, with the highest fractions occurring in fall and winter. Highlighting this,
fall precipitation is heavily influenced by ARs with contributions of ARs to total precipitation

ranging from 38.3% (1991-2001) to 39.1% (2013-2023).
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A Mann-Kendall trend analysis applied to annual and seasonal AR-driven precipitation found no
statistically significant trends at the annual scale (p = 0.765). However, at the seasonal scale, AR
contributions in fall, winter, and summer show increasing trends but do not reach statistical
significance at the 0.05 level. These findings highlight the high interannual variability of AR-
driven precipitation, reinforcing the need for adaptive hydrologic monitoring to anticipate

extreme discharge events.

High-resolution observations during the 2024 monitoring season revealed that the Gaat Héeni
Watershed exhibits a dynamic hydrologic response, with discharge reacting rapidly to AR and
non-AR rainfall events. As detailed in Section 5.6, the discharge response to precipitation during
the 2024 observation period was strongly modulated by AR activity. Additionally, centroid lag
analysis revealed that discharge peaks typically occurred within 0.2 to 5.7 days following
precipitation inputs, with a mean lag of 2.1 days and a median of 1.6 days, indicative of a
generally rapid but variable hydrological response. The most pronounced discharge event
occurred during the 22-24 July AR, when discharge rapidly increased from baseflow
(~8.7m?s™") to 30.0 m? s, exceeding the 16 m* s™! hydraulic threshold for upstream fish
passage at SR3-3. These findings underscore the nonlinear nature of runoff generation in this

steep catchment and its implications for passage timing and the arrival of Gaat at Gaat Aayi.

Observational data from Section 5.7 reveal a non-linear relationship between discharge, water
temperature, and jump success rates at SR3-3. Logistic regression modelling (Table 5.1)
demonstrated that river discharge influenced jump success (linear term, p < 0.001; quadratic
term, p < 0.001), whereas water temperature was not a statistically significant predictor (linear

term, p = 0.182; quadratic term, p = 0.796), reducing confidence in water temperature-based
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conclusions. Passage at SR3-3 was most successful at discharge levels between 10—12 m? s™*
(Figure 5.22), conditions that maintain laminar flow and facilitate efficient jumping. When river
discharge exceeds approximately 16 m? s™', increased flow turbulence and velocity gradients
reduce passage success. Conversely, low discharge conditions (<9 m?® s!') increase jump distance
requirements, thereby reducing passage success due to insufficient water depth and disrupted

hydraulic connectivity (Taku River Tlingit Fisheries Department, 2017).

Analysis in Section 5.8 clarified the temporal relationship between jump success at SR3-3 and
the arrival of Gaat at Gaat Aayi, identifying a significant and strong predictive relationship at a
two-day lag (R*=0.709, p < 0.001). Despite statistical relationships, monitoring gaps during
peak discharge periods (particularly during the 22-24 July AR event) limit the robustness of

these conclusions under extreme discharge conditions.

While river discharge emerged as the primary hydrological factor influencing jump success,
water temperature is known to affect migration efficiency and energy expenditure (Atlas et al.,
2021; Hague et al., 2011). Video monitoring at SR3-3 indicated higher passage probability
between 13—15 °C, although no statistically significant relationship was detected (Table 5.1).
Limited observational coverage at higher water temperatures (>15 °C) prevents robust
conclusions on the upper thermal limits of successful passage, where previous work has shown
impacts of elevated water temperature. Given projected regional warming trends (Reid et al.,
2022; SNAP-EWHALE, 2012), future increases in water temperature could further constrain the
already narrow discharge and water temperature conditions optimal for successful Gaat

migration.

From a fisheries management perspective, this study provides quantitative thresholds for
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discharge and water temperature that can be used to guide conservation efforts. Given the rising
frequency of ARs from August through October, it is likely that Gaat migration success will be
increasingly influenced by hydrologic variability. However, this study does not assess long-term
escapement data through formal statistical linkage to hydrometric records. To mitigate run
collapses, real-time hydrometric monitoring at SR3-3 should be prioritized. Additionally,
integrating traditional Taku River Tlingit First Nation (TRTFN) knowledge with hydrologic
modelling will strengthen conservation efforts and ensure management approaches align with

empirical data and traditional ecological insights.

Ultimately, this work underscores the intricate relationship between ARs, river hydrology, and
Gaat migration success. Defining hydrometric thresholds for successful passage provides
scientific evidence to support conservation policy and fisheries management decisions in the

Gaat Héeni Watershed.

7.2 Study Limitations

While this study provides insights into the influence of ARs on hydrologic variability and the
arrival of Gaat at Gaat Aayi, limitations will be discussed below. These relate to hydrometric
data's spatial and temporal resolution, the range of observed temperature and discharge
conditions, temperature and discharge extremes, video monitoring, and climate change
considerations. Many patterns observed, particularly those involving Gaat passage, should be
interpreted as preliminary, given the absence of formal causal analyses. Addressing these
constraints in future research will improve our ability to predict and mitigate the impacts of AR-

driven hydrologic extremes on Gaat migration.

One limitation concerns the discharge measurement location in relation to the video monitoring
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location. Hydrometric data were collected above the confluence of Katina Creek, meaning that
the discharge conditions at SR3-3 were inferred rather than directly measured. This introduces
potential discrepancies in discharge estimates at the actual migration site. While the general
trends in discharge variability are captured, local discharge conditions at SR3-3 will differ due to
tributary inflows such as Katina Creek. Future research should deploy sensors to measure
discharge at SR3-3, allowing for real-time discharge measurements at the precise location of
Gaat passage. This would improve the accuracy of jump success models and provide a clearer

understanding of site-specific hydrodynamics.

Another limitation relates to the resolution and reliability of ERAS5-Land reanalysis data,
particularly for precipitation. While ERA5-Land provides a consistent long-term dataset, it has
documented biases in complex mountainous terrain, often underestimating extreme precipitation
events and misrepresenting orographic effects. As a result, some AR-driven discharge responses
may be underrepresented in the dataset. This limitation is particularly relevant for Section 5.6,
which showed disproportionate discharge increases under high daily precipitation. Users of these
results should recognize that modelled AR contributions likely represent conservative estimates

of true hydrologic extremes.

A significant constraint in this study is the lack of conclusive results for extremely high and low
water temperatures and river discharges. While mid-range conditions (13—15 °C and 10-12 m?

s ') were identified as optimal for Gaat passage, data on passage success under more extreme
conditions (>16 m* s! or <9 m? s™* discharge, and >15 °C or <9 °C water temperature) remain
insufficient. This is partly due to logistical challenges in monitoring fish passage under extreme

conditions and the migration window not aligning with suboptimal periods. This results from

81



7. CONCLUSION GAAT MIGRATION UP THE GAAT HEENI

monitoring gaps and natural migration timing, which limited observations during the most
physiologically challenging conditions. Future studies should extend video monitoring efforts
across a broader range of discharge and water temperature conditions, possibly using Passive

Integrated Transponder (PIT) tagging to track passage attempts over multiple years.

While valuable for quantifying passage success, the study's video monitoring approach is limited
by field-of-view constraints and sampling frequency. Cameras were deployed to observe jump
success at SR3-3, but Gaat behaviour outside the immediate jump zone was not fully captured.
Turbidity during peak discharge occasionally reduced video clarity, leading to potential
undercounting of failed passage attempts. Additionally, the inability to safely conduct
observations during periods of elevated discharge (the 22-24 July AR event) further limited data
collection under elevated hydrologic conditions. Future research should consider alternative
monitoring techniques, such as PIT tagging (Hemeon et al., 2024) or infrared imaging

(Hiebert et al., 2000), which may provide more consistent passage observations under various

hydrologic conditions.

Finally, this study does not include future climate projections, which limits long-term
conservation planning. While historical AR frequency and intensity trends were analyzed, the
study does not predict how future warming and altered precipitation patterns may affect Gaat
migration conditions. Incorporating climate scenarios would enhance the applicability of these

findings for proactive fisheries management and long-term habitat planning.

7.3 Future Direction
The recognition of changing AR intensity and spatial distribution (Gershunov et al., 2019; Payne

et al., 2020), alongside their demonstrated local hydrometric impacts, underscores the urgency of
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acquiring high-resolution, year-round hydrometric and biological data in salmonid-bearing
watersheds vulnerable to extreme events (Bellmore et al., 2023). Improved monitoring capacity
is essential to anticipating, understanding, and mitigating the ecological consequences of

intensifying AR regimes under climate change.

One research priority is the expansion of long-term, individual-based tracking across variable
discharge conditions. PIT tagging enables continuous monitoring of fish passage across
migration barriers (Hemeon et al., 2024), capturing repeat attempts, fallback events, and
movement patterns with acceptable temporal resolution (Haro & Castro-Santos, 2012).
When coupled with antenna arrays strategically installed at hydraulic constriction points such as
SR3-3, PIT tagging serves as a complementary and non-invasive method to video monitoring,
particularly under turbid, low-light, or spray-obscured conditions (Bateman et al., 2009). Future
PIT-based studies should span multiple migration seasons to capture interannual variability in
fish behaviour and barrier navigability, with antennas also deployed downstream of Katina Creek

to resolve discharge dynamics influencing passage feasibility.

To refine visual monitoring, future work should trial multi-angle video arrays to enhance
detection coverage, especially for Gaat passage events that occur behind the waterfall or under
variable visibility conditions. While thermal or infrared imagery may marginally improve
detectability in low-light or obscured conditions (Hiebert et al., 2000), their efficacy remains
uncertain due to the ectothermic nature of Gaat. Machine learning—assisted video classification
(Saberioon et al., 2017) offers significant potential to automate behavioural annotation, reduce
manual processing time, and increase consistency across reviewers. These tools should be

validated against PIT or sonar-based observations to evaluate detection accuracy and
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classification precision under variable discharge and lighting regimes.

It is important to note that escapement reflects cumulative freshwater and marine influences,
including ocean survival, predation, and pre-spawn mortality (Rand et al., 2006). As such,
hydrologic factors observed here represent only one potential constraint within a broader suite of
environmental pressures. While descriptive comparisons of paired hydrologic and escapement
years highlight possible linkages, the current dataset does not support inferential testing. Future
efforts should explicitly test these relationships with multi-decadal escapement, discharge, and

water temperature datasets.

To address these limitations, future research should focus on advancing predictive, multi-scale
modelling approaches, expanding long-term fish tracking technologies, and integrating climate
change scenarios into Gaat migration assessments. These long-term datasets will be invaluable
for understanding how Gaat populations respond to shifting AR-driven hydrology over multiple
generations. To support this, a hydrometric station should be installed below the Katina Creek
confluence to account for potential discharges affecting SR3-3. Existing measurements upstream
of the confluence may underestimate the actual discharge conditions encountered by migrating
Gaat at the SR3-3. Future studies could develop predictive models using deep learning
algorithms to forecast migration success based on real-time hydrometric conditions. This would
enable fisheries managers to implement adaptive conservation strategies that optimize passage

success during critical migration windows.
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