
Climate change impacts on a
eutrophying lake: Cultus Lake, British

Columbia, Canada
by

Mark Gregory Sumka

B.Sc., University of Alberta, 2014

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE

in

The Faculty of Graduate and Postdoctoral Studies

(Civil Engineering)

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

August 2017

© Mark Gregory Sumka 2017



Abstract

This study characterizes the thermal dynamics of Cultus Lake, British
Columbia, Canada, and assesses the impacts of climate change on criti-
cal habitat for species-at-risk Sockeye Salmon (Onchorynchus nerka) and
Cultus Lake Pygmy Sculpin (Cottus aleuticus). Historical field data span-
ning 1920s–1930s, 2001–2003, and 2009–2016 were analyzed and a one-
dimensional hydrodynamic model (General Lake Model) was calibrated us-
ing field data collected in 2016, and validated using field data from 2001–2003
and 2009–2016. The thermal structure of the lake was simulated to 2100
using outputs from the downscaled Canadian Regional Climate Model (Can-
RCM4) for two climate change scenarios (RCP4.5, moderate emissions sce-
nario; and RCP8.5, extreme emissions scenario). Historically (1923–2016),
the total lake heat content increased at a rate of 0.80 MJ m-2 a-1 and is
projected to warm by 2.0 MJ m-2 a-1 (4.2 MJ m-2 a-1) for RCP4.5 (RCP8.5).
Historically, the Schmidt stability increased by 2.2 J m-2 a-1 and is projected
to increase by 2.6 J m-2 a-1 (6.5 J m-2 a-1) for RCP 4.5 (RCP8.5). The dura-
tion of stratification has historically been increasing at a rate of 0.18 d a-1

and is projected to increase by 0.18 d a-1 (0.50 d a-1) for RCP4.5 (RCP8.5).
The onset of stratification is now two weeks earlier than the 1920s–1930s and
currently occurs around 23 March while the breakup date has not changed
and occurs around 15 December. However, it is predicted that there will
be no change in the date of onset of stratification while breakup will be
delayed to 12 January (25 January) for RCP4.5 (RCP8.5). Lake surface
temperature and outflow temperature is most important for salmon survival
in August through November corresponding with the salmon run. Histori-
cal change in mean monthly temperature ranged from 0 °C a-1 in November
to a maximum of 0.016 °C a-1 in August. This is predicted to increase to
0.016 °C a-1 (0.046 °C a-1) in November and 0.031 °C a-1 (0.069 °C a-1) in
August for RCP4.5 (RCP8.5). Projections indicate fundamental changes to
the thermal characteristics of Cultus Lake, which may further degrade wa-
ter quality, particularly in conjunction with ongoing eutrophication, eliciting
fundamental changes in the structural and functional attributes of critical
habitat for species-at-risk.
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Lay Summary

Cultus Lake is a popular recreational lake located in the eastern Fraser Val-
ley, British Columbia, Canada. Previous studies indicate increased nutrient
loading to the lake, resulting in ongoing cultural eutrophication. Changes
in the ecosystem are changing habitat for two species at risk of extinction:
Sockeye Salmon and Cultus Lake Pygmy Sculpin. The objectives of this
study are to 1) characterize the thermal characteristics of this warm mo-
nomictic lake; 2) track changes since the early 20th century; and 3) forecast
how Cultus Lake may respond to future climate change. Field data collected
in 2016 were used to calibrate a numerical model, which was validated on
historical measurements and used to forecast the thermal characteristics of
the lake under different warming scenarios. Increased warming of the lake
is expected to result in habitat modification and loss for two Canadian fish
species at risk of extinction.
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Chapter 1

Introduction

Cultural eutrophication, the artificial fertilization of water bodies with ex-
cess nutrients, is the most pervasive problem affecting the water quality of
lakes and rivers worldwide (Chambers et al. 2001; D. W. Schindler 2012).
Classic symptoms of lake eutrophication include increased aquatic plant
and algal growth, and deterioration of fisheries and recreational suitability
(Bartsch 1970; Anderson et al. 2002). While eutrophication occurs naturally
over very long time scales, many lakes are experiencing rapidly increased
eutrophication rates due to nutrient loading from anthropogenic sources
such as agriculture, urban runoff, and industrial sources (Bartsch 1970; An-
derson et al. 2002; V. H. Smith and D. W. Schindler 2009). Increases in
algal-limiting nutrient loading, especially phosphorus and nitrogen, com-
bined with sufficient sunlight penetration in lakes, results in excessive plant
and algae growth (cultural eutrophication; Vallentyne (1974) and Ander-
son et al. (2002)). When plants and algae in lakes senesce, they settle to
the bottom where bacterial aerobic decomposition of organic matter occurs
(Kankaala et al. 2002), consuming oxygen which can have impacts on deep-
water resident fish and benthos (Ficke et al. 2007).

Climate change is amplifying the symptoms of lake eutrophication (Jeppe-
sen et al. 2010; B. Moss et al. 2011). For instance, warmer water temper-
atures lead to reduced water column mixing, which isolates lake epilimnia
from hypolimna over a more protracted period, enhancing hypolimnetic oxy-
gen depletion (Matzinger et al. 2007). Hypoxic deepwater conditions can be
accentuated by decomposition of greater amounts of autochthonous organic
matter arising from nutrient-stimulated growth of macrophytes (Kankaala
et al. 2002) and algae, such as cyanobacteria (O’Neil et al. 2012). Such
fundamental abiotic and biotic changes in lakes can elicit upward cascading
effects on the lake ecosystem to valued ecosystem components such as fish
(Vincent 2009).

This thesis begins with a review of the mechanisms of seasonal thermal
stratification of lakes, followed by a review of the effects of climate change
on stratification and the potential effects of climate change on cultural eu-
trophication, narrowing in on the trophic status of Cultus Lake. Chapter 2
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provides a description of the site and the fieldwork involved in the devel-
opment of a one-dimensional Lagrangian hydrodynamic model, the General
Lake Model (GLM; Hipsey, Bruce, et al. 2014), along with a description
of the forecast model used, Canadian Regional Climate Model (CanRCM4,
Environment and Climate Change Canada 2017). Results of the 2016 field
campaign are provided in Chapter 3, in addition to modelled results for
the 2016 season and model validation using historical data (2001–2003 and
2009–2016). Chapter 3 concludes with a comparison of historical (1923–
2016) thermal observations to model hindcasts, and future projections un-
der two climate change scenarios. Chapter 4 describes the possible future
mixing conditions in the Cultus Lake under climate change, and associated
potential changes to lake ecosystem structure and functioning, with effects
on resident and anadromous species, as well as the potential effects of cli-
mate change on the trophic status of Cultus Lake. Options to mitigate
the ecosystem impacts of climate change through nutrient abatement are
explored.

1.1 Seasonal Thermal Stratification of Lakes

Thermal stratification is a physically forced phenomenon that develops sea-
sonally in most deep temperate lakes (Wetzel 2001). Lakes are classified
based on their seasonal stratification and mixing regimes where dimictic
lakes mix twice annually (in the spring and fall) and monomictic lakes un-
dergo a single annual mixing event (Wetzel 2001). Monomictic lakes can be
further classified as warm or cold, with lake temperatures at mixis exclu-
sively above or below 4 °C, respectively (Wetzel 2001). This study focuses
on a warm monomictic system, Cultus Lake.

Warm monomictic lakes are common in tropical and moderate temperate
climates, such as coastal regions that are influenced by oceanic climates
(Wetzel 2001; Kalff 2002). Warm monomictic lakes stratify vertically into
layers following insolative heating in the spring, a pattern that becomes more
intense through the summer, characterized by a warmer, less dense upper
layer (epilimnion) overlying a cooler, more dense bottom layer (hypolimnion)
(Wetzel 2001). These layers are separated by a region of rapidly changing
water temperature with depth, known as a metalimnion, which contains
the thermocline, defined as the plane of maximum rate of decrease of water
temperature with respect to depth (Wetzel 2001).

Once seasonal stratification is established, the epilimnion is exposed
to the atmosphere where oxygen can be dissolved into the water surface
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by diffusion. The epilimnion contains the upper euphotic zone (region
of photosynthetically-active light penetration) and is associated with au-
totrophic production by phytoplankton, which adds oxygen and seasonally
depletes nutrients from this lake region (Wetzel 2001). The density gra-
dient at the thermocline generally inhibits mixing between the epilimnion
and hypolimnion, but not the settling of senescent organic matter. Aerobic
decomposition of settling organic matter and internal loading from lake sed-
iments can result in somewhat lower hypolimnetic dissolved oxygen concen-
trations towards the end of the stratified period, and comparatively higher
hypolimnetic nutrient concentrations, the magnitudes of which scale with
lake trophic status (Wetzel 2001; Søndergaard et al. 2003).

Thermal stratification typically breaks down in the fall and winter as
surface water temperatures cool and wind stresses gradually mix the two
layers, ultimately resulting in isothermal conditions and complete vertical
mixing of the water column, known as lake turnover (Wetzel 2001). In mo-
nomictic systems, this complete mixing is maintained until the spring when
solar heating is sufficient to thermally re-stratify the lake. This complete
mixing of a lake is necessary to re-oxygenate the hypolimnion while at the
same time redistributing hypolimnetic nutrients to the epilimnion for use by
primary producers during the growing season.

1.2 Climate Change and Lakes

The direct primary influences of climate change on lake thermal structure
are mediated by heat exchanges with the atmosphere via solar radiation,
longwave radiation, latent (evaporative) heat, and sensible (convective) heat
(Imboden and Wüest 1995). Abiotic and biotic dynamics in lake ecosystems
are often tightly coupled with atmospheric processes and relatively small
changes in resultant lake temperatures could potentially elicit dispropor-
tionately large effects on the physical and ecological characteristics of lakes
(Adrian et al. 2009). Thus, any significant changes in climatic forcings of
lakes are expected to influence lake dynamics, and potentially be interactive
with other lake stressors (Christensen et al. 2006).

Past site-specific studies on lakes (e.g. Sahoo et al. (2015)) and lakes in
specific climatic regions (e.g. George et al. (2007)) have demonstrated that
climate change is altering the physical characteristics of lakes which has the
capacity to alter water quality and affect whole lake ecosystems, includ-
ing reducing habitat for cold-water fish. Additionally, comprehensive global
studies show an increasing trend in lake surface temperatures over recent
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decades (O’Reilly et al. 2015) along with air and ocean surface tempera-
tures (IPCC 2013). However, lake surface temperature and air temperature
correlations can vary regionally, and warming (or cooling) rates are depen-
dent on local climate and geomorphology (O’Reilly et al. 2015). Thus, there
is a need to assess the effects of climate change on lakes on a case-by-case
basis.

The thermal structure of lakes is a sensitive indicator of climate change
because of their responsiveness to climate forcings (Adrian et al. 2009). Epil-
imnetic temperatures are an indicator of local climate trends: warming in
the water surface increases as air temperature increases (Adrian et al. 2009).
Conversely, hypolimnetic temperatures do not necessarily increase with air
temperature and may in fact exhibit cooling trends, depending on lake mor-
phometry (Gerten and Adrian 2001; Adrian et al. 2009). Increased warming
is predicted to force stronger temperature gradients in lakes, intensifying and
prolonging stratification (Ficke et al. 2007; Adrian et al. 2009). Globally,
the strength and duration of lake stratification has been increasing in recent
decades with the largest increases found in warm, deep lakes (Kraemer et al.
2015). Stronger and prolonged stratification is particularly problematic for
warm monomictic lakes, where there is only one mixing season per year, as
reductions in thermal exchange, nutrient redistribution, and dissolved oxy-
gen regeneration occur. With sufficient warming, there is a possibility for
warm monomictic lakes to shift mixing regimes to oligomixis (i.e. incon-
sistent annual overturn) or even towards a non-mixing state (meromixis)
(Livingstone 2008), thereby limiting exchanges between the epilimnion and
hypolimnion. This non-mixing state reduces hypolimnetic dissolved oxygen,
and the decomposition of sedimented organic matter can increase hypolim-
netic salinity, further inhibiting mixing due to chemically-mediated increases
in density and stability, leading to meromixis (Kalff 2002).

Climate change can also elicit complex and often unpredicted lake eco-
logical responses through interactions with a variety of lake and watershed
drivers and stressors (Christensen et al. 2006). For instance, climate change
is accelerating the rate of natural and cultural eutrophication in lakes (B.
Moss et al. 2011). The increased frequency and strength of storms, predicted
with climate change, is expected to increase runoff and nutrient loading into
lakes (Adrian et al. 2009; Robertson and Rose 2011). Key limiting nutrients,
like phosphorus and nitrogen, can come from regions with high industrial,
agricultural, residential, or geological sources, while dissolved organic car-
bon fluxes can increase from runoff in heavily forested regions (Anderson et
al. 2002; Schelker et al. 2014; McGinley et al. 2016). The resultant increases
in nutrient inputs and changing stoichiometry (i.e. nitrogen to phosphorus
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ratio) can lead to algal blooming, and structural and functional changes in
algal and reliant zooplankton communities, including increases in problem-
atic algal taxa, such as cyanobacteria (O’Neil et al. 2012) and increased
growth rates of invasive plant species (Ficke et al. 2007). Moreover, warmer
water temperatures from increased heating may reduce oxygen concentra-
tion in lakes (Ficke et al. 2007). Prolonged seasonal lake stratification can
enhance organic matter delivery to lake hypolimnia, resulting in acceler-
ated depletion of hypolimnetic dissolved oxygen concentrations (Ficke et al.
2007). Warming hypolimnetic waters reduce the solubility of oxygen, fur-
ther diminishing deep water dissolved oxygen concentrations (Kalff 2002).
Together, increased nutrient loading and warmer water temperatures will
significantly change food webs and habitat for fish, likely enhancing fish
mortality for many cold-water species, and generally changing fish commu-
nity composition (Ficke et al. 2007). It is therefore important to study the
effects of climate change and eutrophication on lake ecosystems in order to
improve watershed planning, and develop mitigation strategies that mini-
mize the impacts on ecosystems and ecosystem services.

1.3 Cultus Lake

Cultus Lake, located in British Columbia’s Fraser Valley region, is expe-
riencing increased nutrient loading that is leading to lake eutrophication
(Shortreed 2007; Putt 2014; Chiang et al. 2015). Nitrogen and phosphorus
are being loaded into the lake from several key sources: wet and dry at-
mospheric deposition from major urban, industrial, and agricultural centres
upwind, upstream agricultural runoff from Columbia Valley and its uncon-
strained aquifer, septic leaching, and migratory gull guano (Putt 2014). The
lake has historically been classified as oligotrophic (Shortreed 2007), but ob-
servational data and state-based modelling indicate that increased nutrient
loading is transitioning the lake to mesotrophy (Putt 2014). Such funda-
mental changes in the ecosystem may be increasing threats to two resident
species-at-risk for which Cultus Lake is critical habitat: the Cultus Lake
Pygmy Sculpin (Cottus aleuticus; SARA 2002; COSEWIC 2010) and Sock-
eye Salmon (Oncorhynchus nerka; COSEWIC 2003). As the population of
British Columbia’s Lower Mainland grows, use of Cultus Lake by humans is
expected to increase along with associated anthropogenic nutrient loading.

The climate in the Fraser Valley has been warming since at least 1900, a
trend that is projected to continue changing in the future (Pacific Climate
Impacts Consortium 2012; British Columbia Ministry of Environment 2016).
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The mean air temperature in Southern Coastal regions of British Columbia
has increased by + 0.8 °C per century (British Columbia Ministry of En-
vironment 2016). A downscaled ensemble of climate change models under
various greenhouse gas emissions scenarios predict an expected mean tem-
perature increase of + 1.0 °C, + 1.8 °C, and + 2.8 °C for the 2020s, 2050s, and
2080s, respectively above a thirty year historical average in 1961–1990 (Pa-
cific Climate Impacts Consortium 2012). Annual precipitation has histori-
cally increased by + 14 % per century since at least 1900 (British Columbia
Ministry of Environment 2016) and is expected to continue increasing by
+ 4 %, + 7 %, and + 9 % for the 2020s, 2050s, and 2080s, respectively
above the same thirty year baseline with wetter winters and drier summers
(Pacific Climate Impacts Consortium 2012). Climate change is therefore
expected to significantly affect the thermal characteristics of Cultus Lake as
air temperatures increase and the watershed hydrological regime changes.

1.4 Thesis Objectives

Cultus Lake has been studied extensively since the 1920s because of its
Sockeye Salmon population (Foerster 1925; Ricker 1937). While more re-
cent studies have focused on nutrient loading (Shortreed 2007; Putt 2014),
climatically-forced physical limnological processes are likely to play a role
in enhancing the eutrophication of Cultus Lake. This study investigates the
following questions in more detail:

1. How are changing physical processes in the lake affecting eutrophica-
tion and critical habitat for species-at-risk?

2. How has climate change historically affected physical processes in Cul-
tus Lake?

3. How will Cultus Lake’s seasonal patterns of thermal stratification
evolve as climate change continues?

These questions are addressed through development and parameterization of
a one-dimensional Lagrangian hydrodynamic model (General Lake Model,
GLM; Hipsey, Bruce, et al. 2014) calibrated using field data from Cultus
Lake. The numerical lake model is coupled with the fourth iteration of the
Canadian Regional Climate Model (CanRCM4; Environment and Climate
Change Canada 2017) to predict how physical processes in the lake may
change in the future through 2100 AD. Additionally, the model is hindcast
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to assess how the lake has changed since the 1920s to validate more simplistic
state-based models (e.g. BATHTUB; Putt 2014).
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Chapter 2

Methods

2.1 Site Description

Cultus Lake is situated in the eastern Fraser Valley, British Columbia,
Canada, approximately 95 km east of Vancouver and due south of Chill-
iwack. The lake is a part of the ancestral territory of the Soowahlie Band
of the Stó:lō peoples. The lake is traditionally known by the Stó:lō peoples
as Sẃı:lhcha and was the location of the community of The’wá:ĺı (Trimble
2016). The lake is characterized as a single basin with a length of approxi-
mately 5.0 km and a width of 1.5 km. A recent bathymetric survey by the
Canadian Hydrographic Service (Section 2.2.3, Figure 2.1) in 2016 resulted
in a surface area of 6.3 km2, a mean depth of 32 m, and a maximum depth of
43 m. Cultus Lake is currently classified as a warm monomictic lake with a
long summer stratification period (Shortreed 2007), and has previously been
observed to inversely stratify but never for a prolonged period with rare ice
coverage (Ricker 1937). The lake is situated in the hanging Columbia Val-
ley above the Chilliwack River at an elevation of 45 m a.s.l., bounded by
Vedder Mountain to the west and International Ridge to the east. The total
catchment area is 75 km2 (Shortreed 2007), of which approximately 16 km2

is located in the United States state of Washington. A municipal park and
community is situated on the north shore of the lake and is overseen by the
Cultus Lake Park Board. The southern shore of the lake has been developed
as the community of Lindell Beach. Both the east and west shores of the
lake are within the boundaries of Cultus Lake Provincial Park which extends
up the slope of Vedder Mountain and International Ridge toward the United
States border. Cultus Lake is a popular recreation site due to its proximity
to major urban centres in the Lower Mainland. Between 2 and 3 million
people visit Cultus Lake every year with this number projected to grow as
population in the Lower Mainland increases (Delcan 2012 as cited by Putt
2014).

The Cultus Lake watershed has 11 major tributaries (Putt 2014), of
which the three largest were included in this study to parametrize GLM:
Frosst Creek, Watt Creek, and Smith Falls Creek. Inflows were deemed
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important for this study because of the short residence time of the lake
(1.8 years, Shortreed 2007) and the long time-scale of this study. The outlet,
Sweltzer River (sometimes referred to as Sweltzer Creek), drains Cultus
Lake northward to the Chilliwack River, a tributary of the Fraser River
which drains into the Strait of Georgia at Vancouver, British Columbia. A
detailed description of the inflows and outflow is provided in Appendix A.
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Figure 2.1: Map of Cultus Lake. Bathymetric survey was performed by
Canadian Hydrographic Service in UTM Zone 10N with NAD83 Datum.
Depths are at 5 m contour intervals. The waterline is estimated at 44.5 me-
tres above sea level. National Hydro Network and National Road Network
were obtained from Natural Resources Canada’s GeoGratis web-service.
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2.2 Data Collection

Various forms of data were collected to evaluate the thermal changes in
Cultus Lake with climate change. Historical observations dating to the
1920s were obtained to provide insight into changes in Cultus Lake over
the past century. More recent data were used to calibrate and validate
(hindcast) GLM which was used to investigate changes to the lake under
different warming scenarios projected through 2100.

2.2.1 Historical Data

The first major limnological surveys of Cultus Lake were performed in the
1920s and 1930s to study the propagation of Sockeye Salmon (e.g. Foer-
ster 1925). The historical data are useful to provide insight into how the
thermal characteristics of the lake have changed over the past century. Tem-
perature profiles were available from April 1923 through October 1923, and
January 1924 near the north end of the lake (marked “F” on Figure 2.1;
Foerster 1925). Monthly profiles were taken in June 1927–September 1929
by Dr. Foerster at a “central station” (Ricker 1937); further semi-monthly
profiles were taken at a central station (marked “R” on Figure 2.1) January
1932–January 1937 (Ricker 1937). In 1923, temperature measurements were
performed using a modified deep-sea thermometer equipped with a one-way
valve that let in water on descent. The thermometer was kept at the desired
depth for several minutes before being rapidly hauled to the surface (Fo-
erster 1925). For later studies, temperature measurements were performed
using a Negretti and Zambra deep-sea reversing thermometer with gradua-
tions to 0.2 °C, and readings typically made to the nearest 0.1 °C (Ricker
1937).

Additional historic conductivity, temperature, and depth (CTD) data
were provided by Fisheries and Oceans Canada (DFO). Monthly data were
collected from 18 April 2001–13 March 2003 and 17 February 2009–present
day as part of ongoing limnological surveys. The primary DFO study station
is at approximately the same location as station CL2 (Figure 2.1). CTD
casts were performed using an Applied Microsystems Ltd. MicroCTD and
an Applied Microsystems STD-12 Plus recording at 1 Hz.

2.2.2 Meteorological Data

Meteorological data were collected from several locations near Cultus Lake.
An Onset HOBO H21 weather station was installed on the roof of the Cultus
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Lake Marina at the northeast end of the lake on 12 August 2016 (Figure 2.1).
This site was chosen to minimize tampering while also capturing wind speeds
along the lake’s long-axis. The weather station was equipped with an Onset
barometric pressure sensor and anemometer set to measure the 10-minute
average pressure [mbar], and wind speed [m s-1] and wind direction [degrees
from North]. Table 2.1 provides the accuracy, resolution, and drift of the
weather station components. The elevation of the anemometer was esti-
mated to be 5 m above the ground so a correction to 10 m was required
assuming a log profile:

U10 = Uz
ln
(
10
z0

)
ln
(
z
z0

) (2.1)

where U10 is the wind speed at 10 m, Uz is the observed wind speed at
height z, and z0 is the aerodynamic roughness length (Wieringa 1992). For
winds between 140° and 310°, a roughness length of 0.005 m was assumed
for the smooth lake surface. Between 310° and 140°, a roughness of 2.0 m,
described as ‘chaotic’, was assumed due to the irregular topography and the
height of the surrounding trees. Due to the relatively late installation of
the weather station in the study, correlations of wind speed were required
for nearby Environment Canada reporting stations. Wind speed measure-
ments obtained at the marina provided insight into the dominant wind di-
rections and to determine the best fit for historical wind data and to fill
in the missing dataset. No strong correlations were found for wind speeds
between Cultus Lake and nearby weather stations. However, it was deter-
mined that wind speeds reported at the Abbotsford International Airport
(49.025°N 122.360°W, Elevation: 59.1 m, Climate ID: 1100030 & 1100031,
WMO ID: 71108, ICAO: CYXX) provided the best fit, though were slightly
stronger than those measured at the lake. Barometric pressure obtained at
the marina was used to develop a linear trend with nearby weather stations.
A strong correlation was found with the barometric pressure measured at
Agriculture Canada’s Agassiz Research and Development Centre (49.243°N
121.760°W, Elevation: 19.3 m, Climate ID: 1100119, WMO ID: 71113).
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Table 2.1: Accuracy, resolution, and drift of HOBO weather station instru-
ments (Onset Computer Corporation 2008, 2017a)

Instrument Measurement Accuracy Resolution Drift

S-BPA-CM10
Barometric
pressure
[mbar]

Maximum ± 5 0.1
Typical 1 per
year

S-WCA-M003

Wind
speed/gust
[m s-1]

± 0.5
± 3 % 17–30 m s-1

± 4 % 30–44 m s-1
0.19 N/A

Wind direction
[degrees]

± 5 1.4 N/A

Hourly temperature [°C] and relative humidity [%] were obtained from
the Environment Canada weather station located at the Cultus Lake Salmon
Research Laboratory (49.079°N 121.979°W, Elevation: 45.7 m, Climate ID:
1102221). Total daily precipitation [mm] was obtained from the Abbotsford
station. This measurement includes both rain and snow, where 1 cm of snow
is equivalent to 1 mm of rain. Cloud cover fraction was obtained from the
Abbotsford International Airport Meteorological Terminal Aviation Routine
Weather Reports (METARs). Three letter METAR abbreviations for cloud
cover were converted to oktas, or eighths of the sky that is occupied by
clouds, where CLR = 0, FEW = 2, SCT = 4, BKN = 6, OVC = 8 oktas.
METARs report cloud cover with increasing altitude, so the maximum value
was obtained for each measurement. Finally, hourly photosynthetically ac-
tive radiation (PAR [mol m-2 s-1]) obtained at the Cultus Lake Laboratory
was provided by DFO. Incident shortwave radiation [W m-2] was calculated
from PAR by dividing by 2.11 (Kalff 2002). Gaps in the shortwave radi-
ation data where the sensor malfunctioned were filled with the clear-sky
model described by Bird and Hulstrom (1981) and multiplied by a cloud
factor of (1 − 0.65C2), where C is the relative cloud cover of sky (Barry
and Chorley 1976). Atmospheric parameters used in the clear-sky model
are shown in Table 2.2.

Some historical meteorological data were obtained from different stations
than those described above. Temperature and relative humidity data prior
to 5 June 2012 (commissioning date of the Cultus Lake station) was obtained
from the Abbotsford Airport station. The air temperature correlation be-
tween Abbotsford and Cultus Lake is given by TCultus = 1.034TAbbotsford −
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Table 2.2: Bird clear-sky model atmospheric parameters

Parameter Value Source

Atmospheric pressure 1009 mbar Average from Onset weather station

Ozone concentration 0.242 atm-cm 3-year average 52 ppb concentration
measured at Chilliwack air quality
monitoring station (Environmental
Reporting BC 2015) integrated over
the 10 km troposphere

Aerosol optical depth at
500 nm

0.094 2009–2014 average at Saturna
Island (48.783°N 123.133°W;
AERONET 2017)

Aerosol optical depth at
380 nm

0.129 2009–2014 average at Saturna
Island (48.783°N 123.133°W;
AERONET 2017)

Surface albedo 0.2 (Bird and Hulstrom 1981)

Precipitable water mass 1.26 atm-cm 2009–2014 average at Saturna
Island (48.783°N 123.133°W;
AERONET 2017)

0.792 with a coefficient of determination, r2, of 0.960. The correlation of
the relative humidity data at Abbotsford to Cultus Lake is approximately
one-to-one. Additionally, a weather station located in Chilliwack (49.172°N
121.925°W, Elevation: 11.0 m, Climate ID: 11015300) was used for total
daily precipitation values, because of its proximity to Cultus Lake, before
it was decommissioned after August 2014. Hourly solar radiation and cloud
cover were measured at Abbotsford Airport between 1953–2005 and sourced
from Environment Canada’s Canadian Weather Energy and Engineering
Datasets (CWEEDS; Environment and Natural Resources Canada 2017).

2.2.3 Limnological Data

Water temperature data were collected beginning 28 April 2016 at five sta-
tions in the lake (Figure 2.1, Table 2.3). The stations were set along the
long-axis of the lake with a spacing of 660 m. Both high resolution tem-
poral and spatial temperature data were obtained. High resolution tem-
poral data were collected by installing subsurface moorings of thermistor
chains equipped with Onset HOBO TidbiT v2 water temperature sensors
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(UTBI-001, ± 0.21 °C accuracy, 0.02 °C resolution, 0.1 °C per year drift;
Onset Computer Corporation 2017c) at 4 m depth intervals and logging at
15 minute intervals at stations CL1, CL3, and CL5. The moorings at sta-
tions CL3 and CL5 were installed on 28 April 2016, while the third mooring
at CL1 was installed on 25 July 2016. The mooring at station CL3 was dis-
turbed by a recreational boater on 5 June 2016 and redeployed by DFO to a
nearby location. This mooring was then returned to its original location on
17 June 2016 after reducing the distance between the top two thermistors
by 2 m to shorten the line to reduce tampering. All three moorings were
retrieved and redeployed on 9 May 2017.

Table 2.3: CTD cast and thermistor mooring station information

Station Location Mooring Deployment Mooring Retrieval

CL1 49.062°N 121.981°W 25 July 2016 9 May 2017

CL2 49.057°N 121.986°W N/A N/A

CL3 49.052°N 121.990°W 28 April 2016 9 May 20171

CL4 49.047°N 121.995°W N/A N/A

CL5 49.042°N 122.000°W 28 April 2016 9 May 2017
1 Station CL3 mooring was removed by a boater on 5 June 2016 and was redeployed
by DFO to 49.053°N 121.989°W. Mooring was returned to Station CL3 on 17 June
2016.

Higher resolution spatial data were collected at semi-monthly intervals
by performing conductivity, temperature, and depth (CTD) casts beginning
20 May 2016 and continuing through 8 December 2016 at stations CL1–CL5
with a Seabird SBE 19plus v2 SeaCAT Profiler (Table 2.4). Additional sen-
sors were equipped on the unit: a WET Labs ECO fluorometer (to provide
chlorophyll-a readings), a Satlantic PAR sensor, and a Sea-Point turbidity
sensor. Additional CTD casts were performed at the five stations on 28
April 2016 and 5 May 2016 with DFO’s Applied Microsystems Ltd. Mi-
croCTD. Vertical profiles were captured by lowering the CTD unit at a
rate of 0.5 m s-1 while recording at 4 Hz for the Seabird unit and 1 Hz for
the DFO unit. The Seabird CTD unit was turned on prior to the casts to
obtain a 30 second average barometric pressure correction factor that was
applied in post-processing. The data were processed in MATLAB using the
Gibbs-SeaWater (GSW) Oceanographic Toolbox v3.05 containing the Ther-
modynamic Equation of Seawater 2010 (TEOS-10) functions which assumes
the chemical composition of seawater (IOC 2010). The GSW toolbox was
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used to convert measured conductivity, temperature, and pressure to accu-
rate freshwater depth, salinity, and density values. Data points from each
cast were averaged into 1 m layers to reduce minor observational errors. For
water temperature, these layers were then spatially averaged across the five
stations to calculate an average profile for the entire lake. Additional filter-
ing was performed on the turbidity profiles to remove random spikes in the
data: after examining several vertical profiles, it was determined that any
turbidity readings greater than 5 FTU in the epilimnion (depth less than
10 m) were anomalous and were removed.

Table 2.4: Accuracy, resolution, and drift for SBE 19plus V2 CTD (Seabird
Scientific 2016a)

Measurement Accuracy Resolution Drift

Temperature [°C] ±0.005 0.0001 0.0002 per month

Conductivity
[S m-1]

±0.0005
0.00001 (fresh-
water)

0.0003 per month

Pressure
±0.1 % of full
scale range

0.002 % of full
scale range

0.1 % of full scale
range per year

Bathymetric data were obtained from a Canadian Hydrographic Service
acoustic survey performed on Cultus Lake in 2016 using a 2 m grid spacing.
AutoCAD Civil 3D was used to create a contour map (Figure 2.1). A stage-
storage calculation was performed in AutoCAD Civil 3D at 1 m vertical
intervals to create a hypsograph (Figure 2.2). The water level in Cultus
Lake is controlled by means of stop logs to ensure a fairly constant water
level throughout the summer months when precipitation is low. The water
elevation has historically remained between 44 m and 45 m a.s.l. The average
water elevations was assumed to be 44.5 m based on the 2016 water level
data provided by the Cultus Lake Park Board (Figure 2.3), which results in
a standardized maximum lake depth of 42.5 m.
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Figure 2.2: Hypsographic curve for Cultus Lake from 1 m stage-storage
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Figure 2.3: Cultus Lake water levels for 2016. Data provided by the Cultus
Lake Park Board is in metres above sea-level.
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2.2.4 Water Clarity and Extinction Coefficient

Light penetration into the water column is an important driver for shortwave
radiation flux and the total available energy for photosynthesis (Kalff 2002).
Light penetration decays with depth following the Beer-Lambert Law:

Iz = I0e
−kz (2.2)

where Iz is the irradiance [µmol m-2 s-1] at depth z [m], I0 is the irradiance
just below the water surface, and k is light extinction coefficient [m-1]. The
light extinction coefficient can therefore be calculated from the slope of
−ln(Iz/I0) with depth z. The 1 m averaged PAR profile from each semi-
monthly excursion was used to calculate k. This calculation has been limited
to the euphotic zone which can be defined as the region that receives greater
than one percent of the surface light penetration (Kalff 2002). The surface
incident light was taken as the value in the second layer due to a 0.6 m offset
between the pressure sensor and PAR sensor. To complement this method
of calculating k, a Secchi depth measurement was taken from the shaded
side of the vessel at station CL2 to coincide with DFO measurements. The
light extinction coefficient can be calculated by dividing the measured Secchi
depth by 1.7 (Kalff 2002).

2.2.5 Inflows and Outflow

Three inflows for Cultus Lake were regularly measured for discharge, tem-
perature, conductivity, and turbidity. The three largest inflows by drainage
area were determined from Putt (2014): Frosst Creek, Watt Creek, and
Smith Falls Creek. Gauging station location and drainage area informa-
tion are provided in Table 2.5. Temperature, conductivity, and turbidity
were measured using the Seabird CTD initially on 17 June 2016 and semi-
monthly beginning 25 July 2016 until 16 November 2016. Semi-monthly
discharges were measured in the three inflows using a Swoffer 3000 flow
meter (3 % accuracy; Instruments 2016) beginning 25 July 2016 until 16
November 2016. A HOBO TidBiT v2 logger was installed in Frosst Creek
on 17 June 2016 just upstream of the Columbia Valley Highway to measure
water temperatures every 10 minutes alongside a HOBO water level log-
ger (U20-001-01; Pressure: ±0.3 % accuracy, <0.02 kPa resolution, <0.3 %
stability; Temperature: ±0.44 °C accuracy, 0.1 °C resolution, 0.1 °C stabil-
ity (Onset Computer Corporation 2017b)) that measured water pressure at
10 minute intervals. The water pressure measured by the logger was baro-
metrically adjusted using the corrected pressure measured at Agassiz and
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the onshore weather station. This adjustment was used to calculated water
depth which was used to obtain values for discharge based on a rating curve
developed from measurements obtained by Putt (2014), assuming a power
rating curve equation (ISO 2010):

Q = β(h− h0)α (2.3)

where Q is the discharge [m3 s-1], h is the stage [m]. β, h0, and α are
calibration coefficients: β is the discharge when (h − a) is 1 m, h0 is the
gauge height when flow is zero, α is the rating curve slope. This equation
allows a shift in values for h0 between locations, assuming the creek has
the same cross-sectional shape at those locations. Since pressure loggers
were not installed on Smith Falls and Watt Creeks, rating curves for those
creeks were not created, and a linear trend was assumed between discharge
measurements. As a result, instantaneous discharges were not obtained for
Smith Falls and Watt Creeks for 2016. Instantaneous discharges for these
three inflows for 2011–2013 were obtained from Putt (2014).

Table 2.5: Stream gauging station information
Stream Name Location Drainage Area [km2]

Frosst Creek 49.033°N 122.027°W 36.3 (Water Survey of
Canada Station 08MH072)

Watt Creek 49.031°N 122.005°W 6.58 (Putt 2014)

Smith Falls Creek 49.060°N 121.959°W 6.49 (Putt 2014)

Sweltzer River 49.078°N 121.978°W 75.0 (Shortreed 2007)

A linear regression was established between the air temperature and
creek temperatures of the form:

Ts = aTa + b (2.4)

where Ts is the stream temperature [°C], Ta is the air temperature [°C],
and a and b are stream specific coefficients. Table 2.6 provides the calcu-
lated coefficient values. This correlation was used to determine the daily
average creek temperature for Watt and Smith Falls creeks rather than in-
terpolating between stream temperature measurements. For Frosst Creek,
the hourly average stream temperature from the HOBO TidBiT was used to
correlate with the hourly air temperature. The temperature of the smaller
watercourses (Watt Creek and Smith Falls Creek) have higher r2 values
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than Frosst Creek because of their stronger response to changes in air tem-
perature from a smaller thermal inertia (Stefan and Preud’homme 1993).
Turbidity and salinity values derived from the CTD data in each creek were
linearly interpolated between measurements.

Table 2.6: Stream temperature coefficients for Equation 2.4
Stream Name a b r2

Frosst Creek 0.167 6.885 0.629

Watt Creek 0.422 3.626 0.885

Smith Falls Creek 0.344 6.395 0.905

Outflow data on Sweltzer River were obtained by installing a HOBO
water level logger (U20-001-01) recording at 10-minute intervals on 5 Octo-
ber 2016 downstream of the fish counting fence outside the Salmon Research
Laboratory and barometrically adjusting the water pressure to obtain depth.
Flow measurements were obtained on 5 October 2016 and 8 December 2016
to adjust a power rating curve fitted to data from Putt (2014). DFO pro-
vided daily staff gauge readings and temperature for the period of 11 July
2016–20 October 2016, which were also adjusted to the rating curve. How-
ever, the staff gauge is located upstream of the fish counting fence, thus the
conversion between readings and discharge is only applicable when sections
of the fence are open because the closed fence acts as a weir.

2.3 General Lake Model (GLM)

Cultus Lake was modelled using the open-source one-dimensional Lagrangian
hydrodynamic General Lake Model (GLM, v2.2β) developed by the Aquatic
EcoDynamics Research Group at the University of Western Australia (Hipsey,
Bruce, et al. 2014). GLM is used to simulate long-term changes in the ver-
tical distribution of temperature, salinity, and density by accounting for the
effects of surface heating and cooling, and inflows and outflows. The model
can be coupled with the Aquatic EcoDynamics library (AED) to simulate
lake biogeochemistry; however, AED was not incorporated in this study.

2.3.1 Model Description

GLM follows a Lagrangian structure with homogeneous layers that can con-
tract and expand from changes in the layer density due to surface heating,
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vertical mixing, inflows, and outflows. Layers are sorted by stability accord-
ing to density and with varying thicknesses to resolve the density gradient.
The density of each layer is computed at each timestep based on tempera-
ture and salinity from the equation of state described in UNESCO (1981).
Maximum and minimum layer thicknesses are set by the user; the maximum
thickness should be at least twice the minimum thickness to ensure proper
layer merging. The primary drivers for the model, and changes in layer
density, are from meteorological forcings that alter the water temperature.

Surface boundary layer fluxes provide energy for heating and mixing the
lake. The driving fluxes are shortwave radiation, longwave radiation, and
sensible (convective) and latent (evaporative) heat fluxes. Solar radiation
is the primary driver for lake thermodynamics. Solar radiation data may
be specified directly or GLM can calculate the theoretical surface irradiance
based on the clear-sky model from Bird and Hulstrom (1981) which can be
corrected for cloud cover, if available. The reflected fraction of shortwave ra-
diation is dependent on the lake albedo. Several options for the calculation
of albedo are given for the user (see Hipsey, Bruce, et al. 2014). Shortwave
radiation penetrates into the lake following the Beer-Lambert Law (Equa-
tion 2.2). The Beer-Lambert Law is only applied to the PAR fraction (45 %
in GLM) of incident light, while the surface layer accounts for all incident
light that is not reflected. Longwave radiation can be specified as a net flux,
incoming flux, or an incoming flux computed based on cloud cover frac-
tion and air temperature. Several options described in Hipsey, Bruce, et al.
(2014) are provided to calculate longwave emissivity accounting for reflec-
tion from clouds. If no longwave radiation data are available, the model will
approximate the cloud fraction from solar irradiance. Sensible and latent
heat fluxes are calculated from common bulk aerodynamic formulae. The
sensible heat flux is dependent on wind speeds and air temperatures, while
the latent heat flux is most strongly dependent on wind speeds. The sensible
and latent heat fluxes account for a minor portion of the net heat flux and
can vary greatly day-to-day depending on wind speeds.

Surface mixing in GLM is accomplished by comparing the available en-
ergy and required energy to undergo mixing at each time-step. The balance
between the turbulent kinetic energy (TKE) and the required energy to un-
dergo mixing (potential energy) provides the surface mixed layer deepening
rate. Wind stirring, convective overturning, and Kelvin-Helmholtz (K-H)
billowing contribute to the TKE, while the potential energy is the energy
required to lift up water at the bottom of the mixed layer and accelerated it
to the mixed layer velocity in addition to energy dissipated in K-H produc-
tion (Hipsey, Bruce, et al. 2014). The premise for the model’s algorithm is
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described in Imberger and Patterson (1981); a complete outline for surface
mixing is available in Hipsey, Bruce, et al. (2014).

The layers are subject to a mass balance at the end of each day that
are dependant on evaporation, precipitation, inflows, and outflows. Layer
volumes are calculated from the layer thickness and interpolated areas from
the user-defined hypsographic curve. Evaporation and precipitation only
occur in the surface layer, but all layers are subject to mass conservation
from inflows and outflows. Both surface runoff and submerged inflows (e.g.
groundwater) can be simulated. For surface inflows, the inflow intrudes the
model layers and entrains water from them until the inflow reaches a neutral
buoyancy, where a new layer is formed. The rate of entrainment is adapted
from Fisher et al. (1979). The user specifies the stream half-angle and the
incoming slope. Submerged inflows are inserted at a user specified depth and
have no entrainment, but instead mix with adjacent layers until a neutral
buoyancy is reached. Three types of withdrawals may be specified: out-
flows, seepage, and overflow. Withdrawals are all calculated from a similar
algorithm; however, a depth must be specified for outflows, whereas seepage
is removed from the bottom layer, and overflow is the volume of water in
excess of maximum storage.

2.3.2 Model Setup

The physical model is configured in a text file split into several blocks:

� glm setup: general simulation information including number of layers,
maximum and minimum layer thickness, minimum layer volume, light
extinction coefficient, and mixing parameters

� morphometry: lake latitude and longitude, basin length and width,
and bathymetry input as a hypsograph.

� time: simulation start and stop times, timestep, and time zone

� output: output file details for depth specific outputs and bulk file, daily
lake heat flux and water balance summary file, outlet and overflow
output file specifications

� init profiles: initial values of depth, temperature, and salinity.

� meteorology: information on surface forcing and meteorology data.
Options for calculating albedo and emissivity are specified. A sepa-
rate text file containing data for shortwave radiation, cloud cover, air
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temperature, relative humidity, wind speed, daily rainfall. Sub-daily
values can be provided, except for rainfall because the mass balance
occurs only once per day.

� inflows: inflow morphometry consisting of the streambed half-angle,
slope, and drag. Inflow data for each inflow are provided in its own file
consisting of daily discharge, stream temperature, and stream salinity.

� outflows: outlet elevation, basin length and width at outlet. Similarly
to inflows, outflow discharge for each outflow is provided in its own
file. Outflow temperature is calculated by the model depending on the
elevation of the outlet.

GLM was run for several periods to simulate the thermal characteristics
of Cultus Lake: a calibration in 2016, a validation in 2009–2016, a sec-
ond validation and climate model evaluation in 2001–2003, and two forecast
scenarios for 2009–2100. The initial model calibration was completed us-
ing the semi-monthly field data obtained in 2016. Because GLM is a one-
dimensional model, spatially averaged thermal profiles were used for model
evaluation. Lake conditions from 28 April 2016 at 17:00 PST were used as
the initial profile. Both temperature and salinity were included in the model
for the calibration period, but only thermal profiles were used to evaluate
the model. The model was run at an hourly timestep until 12 December
2016 at 12:00 PST and data from every timestep was saved. Only thermal
profiles from a single station were available for the 2001–2003 and 2009–2016
periods, so the initial salinity was assumed to be the same as the observa-
tions in 2016. The model was run at an hourly timestep from 17 February
2009 12:00 to 8 December 2016 12:00. A daily profile at noon was saved for
model validation. For the 2001–2003 hindcasts, the model was initialized at
18 April 2001 12:00 and run hourly until 14 March 2003 12:00. Again, only
a daily profile was saved to file. Finally, for the 2009–2100 forecasts, the
model was run at an hourly timestep, and only a daily profile was saved.
The forecast simulations were initialized at 17 February 2009 12:00. The
regional climate forecast data are only available at a daily timestep (Sec-
tion 2.4), but because the model was calibrated and validated using hourly
meteorological data, the model forecast scenarios were run at an hourly
timestep using daily average data. However, to prevent excess heating from
shortwave radiation, the model automatically assumes an idealized diurnal
cycle based on the daily average shortwave radiation (Hipsey, Bruce, et al.
2014).
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2.4 Regional Climate Model

GLM was coupled with the fourth generation Canadian Regional Climate
Model (CanRCM4; Environment and Climate Change Canada 2017) to fore-
cast the effects of climate change on Cultus Lake. A regional climate model
was used because it reduces the need for bias correction to regional climates
such as Cultus Lake. CanRCM4 employs the same physics and setup as the
second generation Canadian Earth System Model (CanESM2) but down-
scaled to a 0.22° horizontal grid (Scinocca et al. 2016). CanESM2 employs
an atmospheric-ocean general circulation model, a land-vegetation model,
and terrestrial and oceanic carbon cycling. The first generation model is
described in Christian et al. (2010) with updates to the second generation
described in Arora et al. (2011). CanESM2 was used as the Canadian contri-
bution for the Intergovernmental Panel on Climate Change Fifth Assessment
Report (AR5) as part of the fifth phase of the Coupled Model Intercompar-
ison Project (K. E. Taylor et al. 2012; Flato et al. 2013). A result of AR5
was the development of new climate change scenarios called Representative
Concentration Pathways (RCP). The four RCPs in increasing severity are
RCP2.6, RCP4.5, RCP6.0, and RCP8.5 named after the radiative forcing
values for 2100 above pre-industrial levels (R. H. Moss et al. 2010). For
CanRCM4, three experiment scenarios are available: a historical simulation
for 1950–2005, and two climate change scenarios RCP4.5 and RCP8.5 for
2006–2100. The historical scenario is used as a control run to evaluate the
climate model with observed data (K. E. Taylor et al. 2012). RCP4.5 is
a moderate warming scenario with an increase of radiative forcing stabi-
lizing near 4.5 W m-2 and an atmospheric CO2-equivalent concentration of
650 ppm after 2100 (R. H. Moss et al. 2010). RCP8.5 is an extreme warming
scenario with an increase of radiative forcing greater than 8.5 W m-2 and an
atmospheric CO2-equivalent concentration greater than 1370 ppm in 2100
(R. H. Moss et al. 2010).

2.4.1 Forecast Data

Climate forecast data were obtained from CanRCM4 for the grid point near-
est Cultus Lake located 10 km to the south. (48.960°N 122.000°W, Eleva-
tion: 589.75 m). Daily outputs obtained from CanRCM4 were the following:
surface temperature [K], surface downwelling shortwave radiation [W m-2],
total cloud cover [%], precipitation [kg m-2 s-1], near-surface specific humid-
ity [%], pressure at the grid point [Pa], sea level pressure [Pa], eastward and
northward near-surface wind [m s-1], and total runoff [kg m-2 s-1].
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Some minor adjustments were required to optimize the CanRCM4 out-
puts from the grid point to Cultus Lake. Precipitation and total runoff were
converted to m s-1 by dividing by the density of water (1000 kg m-3); total
daily precipitation was calculated by subsequently multiplying by 86400 s d-1.
East and north components of wind speed were combined using Pythagoras’
theorem to obtain values for the daily average wind speed.

Air temperature was adjusted to the elevation of Cultus Lake by the
moist adiabatic lapse rate following Stull (2015). First, ε = 0.622 [unitless]
is the ratio of the molecular weight of moist air to the molecular weight of
dry air. The saturated vapour pressure, es [kPa], is then calculated from
the Clausius-Clayperon equation:

es = e0 exp

[
Lv
<v

(
1

T0
− 1

T

)]
(2.5)

where e0 = 0.611 kPa, T0 = 273.15 K, <v = 461 J kg-1 K-1 is the gas constant
for water vapour, and T is the temperature in Kelvin. Lv is the latent heat
of vapourization, which for water is 2.5x106 J kg-1. The saturated mixing
ratio, rs [unitless], is calculated from pressure in kPa:

rs =
εes

P − es
(2.6)

Finally the moist adiabatic lapse rate, Γs [K m-1], is given as:

Γs =
|g|
Cp

1 + rsLv
<dT

1 + L2
vrsε

Cp<dT 2

(2.7)

where g is the gravitational constant, <d = 0.622<v is the gas constant
for dry air, and the specific heat of air Cp ≈ Cpd(1 + 1.84rs) where the
specific heat of dry air, Cpd, is assumed to be 1004 J kg-1 K-1. The moist
adiabatic lapse rate was then used to adjust the air temperature data from
an elevation of 589.75 m to 44.5 m.

Relative humidity was calculated from specific humidity following Stull
(2015). First, the air pressure at Cultus Lake, P [kPa], was calculated
following the barometric formula using the new air temperature [K]:

P = P0 exp

(−0.0342z

T

)
(2.8)

The sea level pressure [kPa] was used as P0 because the elevation and air
temperature at Cultus Lake is closer to that at sea level than that at the
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grid point. A new value for es was calculated for Cultus Lake from Equa-
tion 2.5 using the adjusted temperature. The water vapour pressure, e [kPa],
at Cultus Lake was calculated from the adjusted pressure and the specific
humidity, q, assuming no change in specific humidity with altitude:

e =
qP

ε+ (1− ε)q
(2.9)

Finally the relative humidity [%] is given as:

RH = 100
e

es
(2.10)
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Chapter 3

Results

Results from the 28 April 2016–8 December 2016 field campaign are pre-
sented in this chapter along with results of the GLM simulations. The field
data include the limnological data obtained from the thermistor moorings
and the semi-monthly CTD casts, specifically the temperature and conduc-
tivity, and results relating to water clarity (light penetration, turbidity, and
chlorophyll-a). The inflow data from Frosst Creek, Watt Creek, and Smith
Falls Creek are described in addition to the outflow data from Sweltzer River.
The Cultus Lake specific tuning of GLM is outlined and evaluated to the
2016 field data. Two hindcast scenarios are presented: the first from 2009–
2016 to validate the 2016 model calibration, and the second from 2001–2003
to evaluate climate change data that will be used to forecast the model.
Historical thermal data dating to 1923 are compared to more recent data
(2001–2003 and 2009–2016) to evaluate changes in heat content and the
stratification season. These historical data are also compared to projections
in the forecast model to 2100 AD.

3.1 Temperature

High temporal resolution temperature data were obtained from a set of ther-
mistor moorings installed at three locations in the lake, while high spatial
resolution temperature data were obtained from semi-monthly CTD casts
at five locations in the lake; the results are shown in Figures 3.2 and 3.1a,
respectively. The lake was already stratified on the first date of the field cam-
paign (28 April 2016). The surface temperature was initially above 13 °C,
while the hypolimnion temperature was near 6.5 °C. The thermocline, de-
fined here as the plane of maximum decrease in temperature (Wetzel 2001),
was initially at a depth of 8 m. The surface temperature rose at a steady rate
throughout the summer. A strong heating period was observed in mid-June
at the same time as the development of a secondary thermocline. Secondary
thermoclines occur during days with high surface heating by radiation and
when winds are insufficient to mix this warm water with the cooler water be-
low, and can persist for many days if wind energy remains low (Lewis 1979).
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The secondary thermocline is shown by a divergence in temperatures of the
upper two thermistors on moorings CL3 and CL5: the surface thermistors
(2.2 m and 2.7 m at CL3 and CL5, respectively) recorded temperatures of
21 °C, but the second shallowest thermistors (6.2 m and 5.5 m at CL3 and
CL5, respectively) did not record this sharp increase in temperature. After
June, the epilimnetic thermistors heated in tandem indicating the lake sur-
face layer was well mixed. A maximum surface temperature of 22 °C was
observed in late August. The thermocline continued to deepen throughout
the summer to a depth of 13 m by 5 October 2016. The thermistors at 10.6,
10.2, and 9.5 m for stations CL1, CL3, and CL5, respectively measured a
high temperature variability because these thermistors were located near the
thermocline. In the fall, temperatures began to decline in the epilimnion and
homogenize as wind began to mix the lake. Sudden increases in temperature
at mid-depth in October occured as the warm upper layers mix downwards.
The lake finally became de-stratified on 8 December 2016 which was the
same day that de-stratification was observed with CTD casts. The lake re-
mained relatively isothermal throughout the winter. In late January 2017,
surface temperatures cooled to below 3.5 °C while temperatures at depth
remained slightly below 4 °C, and the lake briefly inversely stratified. In
mid-February, the lake was isothermal at roughly 2.7 °C. Ice rarely forms on
Cultus Lake because air temperatures generally remain at or above 0 °C; the
water surface therefore remains open for wind to continue mixing the lake
at cooler temperatures which reduces the mixed lake temperature to below
the temperature of maximum density without inversely stratifying. Finally,
increased warming in the spring caused the lake to stratify in April 2017.
Remarkably, the hypolimnetic temperatures recorded in April and May 2017
are roughly 1 °C cooler than hypolimnetic temperatures observed in April
and May 2016. The cooler hypolimnetic temperatures may be caused by
increased cooling in the winter of 2016–2017 relative to the year before.

Strong wind events dominated along the long-axis of Cultus lake causes
high spatial variability due to internal seiching. Higher temperature vari-
ability throughout the summer is seen in the upper five thermistors in the
off-centre moorings compared to station CL3 (Figure 3.2), which is evidence
of seiching. The highest temperature variability is observed near the ther-
mocline where the temperature gradient is largest. A sudden increase in
temperature at 14.6 m in Figure 3.2a coincided with a sudden decrease in
temperature at 9.5 m in Figure 3.2c on 7 October 2016 at 11:15 a.m. This
event also coincided with a sudden brief spike in the outflow discharge in
Sweltzer River (Figure 3.4), suggesting a sudden surge of water from the
lake. A sudden inflow was not observed by the logger in Frosst Creek; how-
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ever, the event occurred at the same time as a large wind event oriented
along the long-axis of the lake (220°) with gusts up to 18 m3 s-1 (Figure 3.3).
Because the lake was still strongly stratified, there was a large downwelling
of warm water at the downwind end of the lake to a depth of at least 14.6 m,
along with a large upwelling of cold water at the upwind end of the lake to a
depth of at least 9.5 m, and a surge of outflowing water. However, the wind
setup was brief and when winds subsided, large internal waves from seiching
were not captured by the thermistors. Post event, there was high variability
in the thermistor temperatures at mid-depth at CL5 that was not seen in
the other moorings. This variability occurred as inflow discharges continue
to be elevated, suggesting the cool water from Frosst Creek was plunging.
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Figure 3.1: Results of limnological field data: (a) water temperature [°C]
at station CL3, (b) specific conductivity [µS m-1] at CL3, (c) Secchi depth
(solid) at station CL2 and spatially averaged euphotic depth (dashed),
calculated from PAR measurements, (e) turbidity [FTU] at CL3, and (f)
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Figure 3.2: Temperature at incremental depths on thermistor moorings CL1 (a), CL3 (b), and CL5 (c). Dashed
lines at 4 °C indicate temperature of maximum density. Note: CL3 mooring was repositioned by a boater on 5
June 2016, and returned to the original location on 17 June 2016. Depth of top thermistor in (b) changed from
2.2 m to 4.2 m on 17 June 2016.
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Figure 3.3: 10-minute average wind speed (a), gust (b), and direction (c)
at the Cultus Lake Marina.

3.2 Conductivity

Conductivity in Cultus Lake was measured throughout the 2016 field cam-
paign at the five stations using a CTD. Raw conductivity measurements
were converted to specific conductivity (conductivity referenced to 25 °C)
from the SBE data processing toolbox (Seabird Scientific 2016b):

κ =
C

[1 + 0.02(T − 25)]
(3.1)
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where κ is the specific conductivity [S m-1], C is the measured conductivity
[S m-1], and T is the measured temperature [°C]. On 5 October 2016, casts
were performed at station CL2 with both the Seabird CTD and the Mi-
croCTD to compare results and to determine an offset between data sources.
The specific conductivity values calculated from the MicroCTD data were
increased by 7.903 µS cm-1 to match the Seabird CTD data; this offset was
used for the measurements taken on 28 April 2016 and 4 May 2016. The spe-
cific conductivity for the central station, CL3, is shown in Figure 3.1b. The
specific conductivity is rather constant at depth in late spring at roughly
182 µS cm-1. The epilimnetic specific conductivity increased to a maxi-
mum of 192 µS cm-1 in late August through early October, and began to
decrease in the fall to 186 µS cm-1. This epilimnetic increase of conductiv-
ity may be caused by atmospheric deposition of ions and particles from air
pollutants and sea spray (Wetzel 2001) originating in the Lower Mainland.
Another source may be the increase in inflow conductivity in the summer
(Section 3.4). The hypolimnetic specific conductivity increased to slightly
above 187 µS cm-1 by November. A sharp gradient developed throughout
the summer at the thermocline. Conductivity measurements were converted
to absolute salinity following the TEOS-10 MATLAB toolbox assuming the
lake water has the same chemical composition as seawater. Absolute salinity
ranged between 0.081 g L-1 and 0.091 g L-1.

3.3 Water Clarity and Chlorophyll-a

Secchi depth measurements were obtained at station CL2 to determine water
clarity and light extinction coefficient. The results are shown in Figure 3.1c.
The Secchi depth was greater than 8 m in May and decreased into early
summer to 6 m. The Secchi depth began to decrease at the beginning of
August, and decreased steadily throughout the fall to a depth of 11.4 m on
16 November 2016. It should be noted that high surface waves and heavy
rain on 2 November 2016 obscured observations of the Secchi disk. The
average Secchi depth over the study period was 8 m. This corresponds to a
light extinction coefficient, k, from Equation 2.2 of 0.22 m-1 by dividing the
average Secchi depth of 8 m by 1.7 (Kalff 2002).

A comparison to the light extinction coefficient obtained from the Secchi
depth was performed using PAR data according to Equation 2.2. The eu-
photic depth roughly follows the trend seen in the Secchi depth (Figure 3.1c).
Light penetration on 8 December may have been reduced by high waves af-
fecting the light’s angle of incidence and acting as a lens (Dera and Gordon
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1968), low angle of the sun’s incidence and clouds cover (Reynolds 2009) due
to the time of year, and partial obscuration of the sun by mountains to the
south along International Ridge. A value for k was calculated for each layer
and averaged spatially through the euphotic zone resulting in an average
value of 0.23 m-1 for the study period, excluding 8 December 2016—similar
to k calculated using the Secchi depth.

The turbidity in Cultus Lake was relatively low at 0.5–1.0 FTU. There
was an increase in turbidity to above 1.0 FTU near the thermocline in the
summer, during the same period as the reduction in Secchi depth (Fig-
ure 3.1d) suggesting that the increase in turbidity reduced water clarity. The
greatest increase in turbidity occured near the bottom of the lake through-
out the summer. A near-benthic turbidity of 1.5 FTU was observed in late
May at 40 m, which increased beyond 5.0 FTU in September. This increase
is not likely caused by bottom disturbance from the CTD since only the
downcast data were analyzed.

Chlorophyll-a is a surrogate for standing algal biomass (Kalff 2002). A
clear increase in chlorophyll-a was observed throughout the summer near
the thermocline to above 4.0 mg m-3 (Figure 3.1e). A strong negative cor-
relation was observed between Secchi depth and turbidity, suggesting that
biological turbidity from phytoplankton productivity decreased water clarity
at metalimnetic depths. Unlike turbidity, chlorophyll-a was not detected in
the benthic region of the lake. Presumably, the increase in benthic turbidity
was from sedimentation of senescent organic matter (eg. algae and plants)
where the chlorophyll-a has broken down to prevent fluorescence.

3.4 Inflows and Outflow

Inflows were monitored beginning 17 June 2016. A water level logger was
installed in Frosst Creek to measure the hydrostatic pressure, which was
used to calculate the discharge following Equation 2.3 (Figure 3.4). The
flow rate remained low throughout the summer near 0.2 m3 s-1. Stream
discharge increased in the fall as rainfall increased, and exhibited a strong
response to rainfall. The maximum discharge observed was 5.7 m3 s-1 on
October 8. The discharge remained steady in the fall at approximately
2.0 m3 s-1. The temperature of Frosst Creek showed a strong diurnal cycle
of 2.0 °C in the summer when flows were low. As flows increased in the fall
with increased precipitation, the diurnal cycle disappeared as the stream
temperature became less responsive to air temperatures because the thermal
inertia of the stream increased (Stefan and Preud’homme 1993).
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Figure 3.4: 10-minute average discharge derived from rating curve (a)
and temperature (b) of Frosst Creek and Sweltzer River, and total daily
precipitation (c) at Abbotsford Airport for 17 June 2016 to 8 December 2106.
Circles indicate measured values; black diamond on 2 November indicates
flow was estimated because stream velocities were too high to safely measure.
Daily staff gauge and water temperature readings on Sweltzer River were
provided by DFO for dates prior to 5 October 2016.
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Stream flow data for the minor tributaries, Watt Creek and Smith Falls
Creek are provided in Figure 3.5. The minor tributaries had significantly
less flow than Frosst Creek. The flow regime of Watt Creek was found to
be intermittent: drying up in the summer and increasing to 0.2 m3 s-1 in
the late fall. Smith Falls Creek had a summer baseflow of 0.03 m3 s-1 and
also increased to 0.2 m3 s-1 in the late fall. The stream temperatures of
Frosst Creek and Watt Creek were relatively similar; both were observed
at 12 °C on 17 June and decreasing to 7 °C in November. However, on
25 July, Watt Creek was observed to be 5 °C warmer than Frosst Creek,
likely due to the low flow rate being quickly warmed by ambient summer
air temperatures. The temperature of Smith Falls Creek was on average
3.6 °C warmer than Frosst Creek throughout the year, with the largest
difference on 12 August (6.7 °C). The higher temperature of Smith Falls
Creek was possibly caused by warming of extensive wetlands in the upper
reaches of this catchment. Specific conductivity followed a similar trend.
The average specific conductivity was 204 µS m-1, 194 µS m-1, and 318 µS m-1

for Frosst Creek, Watt Creek, and Smith Falls Creek, respectively. The
specific conductivity for Smith Falls Creek was consistently the highest of
all three inflows and is consistent with results from Putt (2014). All three
inflows saw a decrease in specific conductivity in the fall because of the
increase flow rates diluting the water. Increased flows also likely contributed
to freshening of the lake in the fall (Section 3.2). Finally, the turbidity
in the inflows was 22.4 FTU, 12.6 FTU, and 12.5 FTU for Frosst Creek,
Watt Creek, and Smith Falls Creek, respectively. However, a large spike to
103 FTU in Frosst Creek was observed on 25 July of unknown cause and is
potentially an anomalous reading. Frosst Creek saw a decrease in turbidity
from the summer into the fall, while levels for Watt Creek remained constant
relative to 25 July, and Smith Falls Creek saw an increase in turbidity.

Flow rates and temperatures of the outflow, Sweltzer River, are provided
in Figure 3.4. Summer discharges ranged between 0.5 m3 s-1 and 1.9 m3 s-1,
and summer outflow temperatures ranged between 20 °C and 23 °C. Flow
rates increased in the fall as precipitation increased, peaking at 4.8 m3 s-1.
Increases in discharge were not responsive to rain events due to the control-
ling aspect of the lake. Stream temperatures steadily declined in the fall,
with a decrease in lake surface temperatures, to a temperature of 7 °C.
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Figure 3.5: Discharge for Watt Creek and Smith Falls Creek, and specific
conductivity and turbidity for Frosst Creek, Watt Creek, and Smith Falls
Creek. Watt Creek was dry between 12 August 2016 and 5 October 2106.

37



3.5 Modelling Cultus Lake

Several modelling periods were run in GLM to simulate the thermal char-
acteristics of Cultus Lake. First, the model was calibrated using field data
obtained in 2016. A sensitivity analysis was also done for the 2016 calibrated
model. Secondly, a hindcast was done for 2009–2016 to validate the cali-
brated model. Thirdly, another two hindcasts were performed for 2001–2003
to evaluate the regional climate model data by comparing them to observed
data. Finally, GLM was run for 2009–2100 for two climate change scenarios.

3.5.1 Calibration Period

Water temperature data collected in 2016 were used to calibrate GLM. The
initial profile was set as the spatially averaged temperature profiles binned
into 1 m layers as calculated from CTD casts on 28 April. The initial lake
depth was set to 42.5 m as provided by the Cultus Lake Park Board. An
hourly timestep was used in the model. A summary of the calibration pa-
rameters used in the model are shown in Table 3.1. Minimum and maximum
layer thicknesses of 0.3 m and 0.9 m, respectively, to ensure that the mini-
mum layer was not so small as to form ice in the winter and that three small
layers could mix together to form a larger layer. The extinction coefficient
of 0.22 m-1 was calculated from the average Secchi depth and PAR profiles
over the study period. All aerodynamic and mixing coefficients were set
to the default values. Good results were found using albedo mode 3 and
cloud mode 4 (see Hipsey, Bruce, et al. 2013 from Yajima and Yamamoto
2015). Wind data were reduced by 5 %, due to higher wind values observed
at Abbotsford Airport than at Cultus Lake, likely the result of topographic
and predominant atmospheric flow differences. Shortwave radiation was in-
creased by 30 %. This is an increase of the PAR portion of solar radiation
from 47 % to 63 %. The conversion between solar radiation and PAR is not
direct nor constant. Water vapour, clouds, and the annual solar cycle can
cause an increase in the PAR portion of solar radiation. Past observations
in College Station, Texas (30.583°’N 96.350°W) resulted in a PAR fraction
ranging between 47 % and 58 % of the solar radiation (Britton and Dodd
1976). It is therefore not unreasonable to see a slight increase at higher
latitudes where the photoperiod is shorter. Further, the calibrated PAR
fraction value of 63 % is within the ±5 % accuracy of the LI-COR PAR
sensor. Other meteorological factors did not require adjustment.
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Table 3.1: Calibration parameters for GLM setup on Cultus
Lake.

Parameter
Default (Hipsey, Bruce,

et al. 2014)
Cultus Lake Value

(Comments)

Maximum number of layers N/A 500

Minimum layer volume [m3] 0.025 0.025

Minimum layer thickness [m] 0.5 0.3

Maximum layer thickness [m] 1.0
0.9 (At least twice the

minimum layer
thickness)

Extinction coefficient [m-1] 0.2
0.22 (From average

Secchi depth)

Bulk aerodynamic coefficient
for sensible heat transfer

0.0013 0.0013

Bulk aerodynamic coefficient
for latent heat transfer

0.0013 0.0013

Bulk aerodynamic coefficient
for transfer of momentum

0.0013 0.0013

Mixing efficiency - convective
overturn

0.2 0.2

Mixing efficiency - wind stir-
ring

0.23 0.23

Mixing efficiency - shear pro-
duction

0.3 0.3

Mixing efficiency - unsteady
turbulence (acceleration)

0.51 0.51

Mixing efficiency - Kelvin-
Hemlholtz turbulent billows

0.3 0.3

Mixing efficiency of hypolim-
netic turbulence

0.5 0.5

Albedo mode N/A 3

Cloud mode N/A 4

Wind factor 1.0
0.95 (Correction for

values from Abbotsford
Airport)

Shortwave factor 1.0
1.3 (Correction for
shortwave radiation

calculated from PAR)
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Table 3.1 – continued from previous page

Parameter Default
Cultus Lake Value

(Comments)

Longwave factor 1.0 1.0

Air temperature factor 1.0 1.0

Relative humidity factor 1.0 1.0

Rain factor 1.0 1.0

The inflow parameters used for GLM are shown in Table 3.2. The stream
half-angle set to 60° for all streams. The slope for Frosst Creek is 4 %, or
2.29° (Zubel 2000) and the same slope was assumed for Watt Creek. The
slope for Smith Falls Creek was estimated to be higher (4.5 %, 2.58°) because
the creek discharges through a culvert beneath the Columbia Valley highway
and onto the exposed banks of the lake. The streambed drag coefficient was
set to 0.016 (Fisher et al. 1979) for all three streams. Outflow data were not
incorporated into the model because the Cultus Lake Park Board attempts
to maintain a stable water level throughout the summer by means of stop
logs. Therefore, overflow discharges from GLM were used as surrogates for
the outflow.

Table 3.2: Inflow parameters for GLM

Inflow
Stream Half

Angle (degrees)
Streambed Slope

(degrees)
Streambed Drag

Coefficient

Frosst Creek 60 1.54 0.016

Watt Creek 60 1.54 0.016

Smith Falls Creek 60 2.58 0.016

3.5.2 Model Evaluation

Observed average lake temperatures and simulated result profiles are shown
in Figure 3.6 for each field day. The model replicates the hypolimnetic tem-
peratures very well; however, the model struggles in the spring to replicate
the epilimnion. On 20 May, the simulated epilimnion is deeper and the
thermocline sharper than observations. Interestingly, the secondary ther-
mocline observed in June was replicated in the model. There is some delay
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in the warming of the epilimnion throughout July and August; the observed
epilimnetic temperature is up to 1.6 °C warmer than the model on July 25.
However, the model performs well in the late summer as the epilimnion be-
gins to cool. The bottom of the metalimnion in the model is not as sharp
as what was observed in October and November, this is likely due to an
increase in inflow discharge in the fall which is eroding the simulated ther-
mocline. Finally, on December 8, the observed and simulated results are
very similar as the lake begins to completely mix.
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Figure 3.6: Model evaluation for the 2016 calibration period. Solid lines
indicated the spatially average temperature profile. Dashed lines are the
simulated results.
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Root-mean-square error (RMSE) between the average observed and sim-
ulated temperatures was calculated to provide a single number for the error
in the profile for each field day. RMSE is given by:

RMSE =

√∑n
i=1(xi − xi)2

n
(3.2)

where xi and xi are the simulated and observed values at each point i,
respectively. This equation can also be normalized to give the normalized
root mean square error (NRMSE):

NMRSE =
RMSE

xmax − xmin
(3.3)

where xmax and xmin are the maximum and minimized observed values
for each day. A time-series of the RMSE for the 2016 calibration period
is presented in Figure 3.7. The maximum observed spatial temperature
variation for the lake is shown alongside the RMSE. This variation was
calculated by determining the maximum difference between casts for each
1 m layer and taking the maximum of these values from each field day; it
represents a metric for the acceptable level of error for the model. The RMSE
averages 0.46 °C throughout the simulation and is lower than the maximum
observed spatial temperature variation in the lake for each profile, which
has an average of 1.64 °C. For the final field day on 8 December 2016, the
RMSE is larger than the temperature variation. Only a single profile was
completed to the bottom of the lake due to difficult weather conditions,
therefore a complete survey of the lake was unattainable.
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Figure 3.7: RMSE for each 2016 temperature profile compared to the
maximum observed temperature variation for each field day.

Further model evaluation was done by comparing the observed and sim-
ulated heat content. Total lake heat content was determined by summing
the heat content of the 1 m layers:

H =
1

A0

zm∑
z0

cp(T − TTMD)ρA∆z (3.4)

where A0 is the lake surface area, zm is the maximum depth, cp is the
heat capacity of water, T is the temperature, TTMD is the temperature of
maximum density, ρ is the density, and A is the area of each layer. The
MATLAB TEOS-10 toolbox was used to calculate the values for cp, TTMD,
and ρ assuming the chemical composition of seawater. The heat content
indicates the amount of heat released upon cooling to the temperature of
maximum density (Wetzel 2001) (roughly 4 °C, depending on salinity and
depth). A negative value of H indicates the amount of heat required to raise
the temperature of the lake to the temperature of maximum density (Wetzel
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2001). The modelled heat content roughly follows the same increasing trend
as the observed data throughout the spring (Figure 3.8). A minor increase
in heat content was simulated in early June that was not captured in the
CTD casts, but is seen in the mooring data. The observed peak heat content
in late August was not simulated in the model. The results correlate well
throughout September, but the simulated heat content is lower throughout
the fall but does not reach the minimum observed on 8 December.

Heat content was also calculated assuming pure water (i.e. no salinity)
to determine the effects of salinity and potential error. The heat content
RMSE over the calibration period was 2.4 MJ m-2, or a NRMSE of 0.4 %.
The effects of salinity are therefore negligible and are ignored in the model
hindcasts (Sections 3.5.4 and 3.5.5) and forecasts (Section 3.6); however, fu-
ture studies incorporating nutrient loading scenarios should include salinity
in their calculations.
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Figure 3.8: Observed and simulated total heat content of Cultus Lake for
2016.
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3.5.3 Sensitivity Analysis

The finalized model was subject to an elementary effects sensitivity analysis
on the most uncertain parameters and those parameters that would likely be
affected by climate change: extinction coefficient, meteorological multiplica-
tion factors, inflow half-angle, and inflow slope. A simple Morris screening
method was used to evaluate the effects of the inputs on the model. The
model inputs were evaluated between ± 50 % of their calibrated 2016 values
(Tables 3.1 and 3.2) and compared to their effects on the total NRMSE for
water temperature. The Morris method is described in detail in Campolongo
et al. (2007) but gives the elementary effects as:

EEi(X) =
Y (X1, . . . , Xi−1, Xi + ∆, Xi+1, . . . , Xk)− Y (X)

∆
(3.5)

where X = (X1, X2, . . . , Xk) is any value within± 50 %, and ∆ = p/[2(p−1)]
with p equal to the number of repetitions computed per elementary factor,
here p = 20 was chosen to ensure enough calculations were performed. A
criterion to rank the effects of the inputs is defined as the mean of the ab-
solute values of the elementary effects, µ∗i . The values for µ∗i are shown in
Table 3.3. The model is highly sensitive to changes in the longwave, short-
wave, and air temperature factors. These parameters account for the bulk
of the heat flux in the model, so it is expected that they would contribute
to model sensitivity. The model is moderately sensitive to wind speeds,
and has little sensitivity to the extinction coefficient and relative humidity.
There is very little sensitivity to the rain factor and inflow slopes and half
angles.
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Table 3.3: Sensitivity analysis results, and normalized root-mean-square
error of the observed and CanRCM4 historical data for 2001–2003. GLM
input parameters are ranked by the mean of their elemental effects (µ∗i ).

Parameter, i µ∗i NRMSE of Input Data

Longwave factor 0.703 0.1791

Shortwave factor 0.430 0.271

Air temperature factor 0.404 0.121

Wind factor 0.122 0.1932

Extinction coefficient 0.085 N/A

Relative humidity factor 0.063 0.2692

Frosst Creek half angle 0.013 N/A

Frosst Creek slope 0.006 N/A

Rain factor 0.004 0.1602

Smith Falls Creek slope 0.004 N/A

Watt Creek half angle 0.004 N/A

Smith Falls Creek half angle 0.004 N/A

Watt Creek slope 0.003 N/A
1 Calculated longwave radiation from observed cloud cover data at Ab-
botsford Airport following Yajima and Yamamoto (2015).
2 Calculated after bias correction for CanRCM4 data.

3.5.4 Hindcast (2009–2016)

The calibrated model was hindcast to validate the model using monthly DFO
data obtained near station CL2 at monthly intervals beginning 17 February
2009. Hourly air temperature and relative humidity from Abbotsford Air-
port were used for the period between 17 February 2009 until 5 June 2011
when the Cultus Lake weather station was installed. Daily precipitation was
obtained from the Chilliwack weather station until it was decommissioned
on 31 August 2012, subsequently the Abbotsford precipitation data were
used. Inflow data for 2011–2013 were obtained from Putt (2014). Because
the inflow data are not consistent, the water level drops between 2009 and
2011 until the data from Putt (2014) are used, and again between 2013 and
2016. However, the water level drop is minimal and less than 2 m. Valida-
tion techniques were the same as those for the 2016 calibration. The average
temperature RMSE over this period is 1.10 °C (Figure 3.9). A yearly cycle
is seen in the RMSE, with peaks in the summer and minima in the win-
ter. The RMSE shows large spikes, near or above 2 °C in the summers of

46



2009–2011 and 2014. Overall, the average RMSE is less than the observed
temperature variation limit for 2016. The total lake heat content was also
used to evaluate the model (Figure 3.10). The trends roughly follow that
of the observed heat content, but some peaks do occur in the summers of
2009, 2010, 2011, and 2014. These are the same years where the RMSE was
also at a maximum.

There are clearly some heating biases in the model. Possible errors may
be from the air temperature data being obtained from Abbotsford Airport
prior to the commissioning of the Cultus Lake weather station in the summer
of 2012. Additionally, observed temperature profiles were only obtained
at one location prior to 2016 near the upstream end of the lake, so there
would be some error expected from internal seiching, as determined from
the spatial variability in 2016. Furthermore, inflow data were provided for
only 2011–2013 and again in 2016 which may account for some error. While
the model is not able to perfectly resolve the temperature in the lake—
partially due to disparities in meteorological measurements—it does a good
job at reproducing seasonal trends. This reinforces the statement in Hipsey,
Bruce, et al. (2014) that the model is best intended for use in long-term
investigations.
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Figure 3.9: RMSE for each field day of the hindcast model (2009–2016).
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Figure 3.10: Daily observed and simulated heat content (2009–2016).
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3.5.5 Forecast Data Evaluation (2001–2003)

Corrected CanRCM4 meteorological data from the historical run were com-
pared to observations taken at Abbotsford Airport in 2001–2003. The
NRMSE was calculated between the observed and synthetic data and com-
pared to the sensitivity analysis results (Table 3.3). While the NRMSE of
all parameters was within 30 %, it was found that the seasonality of the
synthetic relative humidity did not match that of the observed data: the
observed relative humidity was much lower in the summer than that of the
synthetic data. A bias correction was performed to adjust the seasonal-
ity differences following the quantile mapping (Panofsky and Brier 1958) of
the cumulative frequency distributions for the parameters. For any climate
variable, this can be written as:

xm-corr(t) = F−1o-ref (Fm-ref(xm-raw(t)) (3.6)

where xm-corr is the corrected modelled value at each timestep, xm-raw is the
raw modelled value at each timestep, and F is the distribution function for
the observed (o) and modelled (m) data over the reference period (a Weibull
distribution was used in this case). A time period of 1953–2005 was used
for the reference data. The bias correction was calculated for each month
to ensure the seasonal cycle was properly corrected. Precipitation and wind
speeds were also corrected in this manner. The correction of precipitation
eliminated the so-called drizzle effect (Gutowski Jr et al. 2003) found in
climate models where the models produce too many low intensity rain events
compared to observations. Other meteorological parameters were not bias
corrected due to their low NRMSE and relatively similar seasonality and
distribution curves to the observed data. This seasonal similarity can be
attributed to the small grid spacing of the CanRCM4 model that is able
to refine micro-climates better than global models. The model nevertheless
remains highly sensitive to longwave radiation. In this study, observed cloud
fraction was used to calculate longwave radiation, while incoming longwave
radiation was obtained for the CanRCM4 model runs. Cloud feedbacks are
the largest source of uncertainty in climate models and remain difficult to
quantify (von Salzen et al. 2013). The model is also sensitive to shortwave
radiation which also has a high NRMSE. However, this can be attributed
to the cloud fraction uncertainty. Air temperature, for which the model has
high sensitivity, had the lowest NRMSE for the synthetic data. Wind speeds
had a high NRMSE, but the model is less sensitive to this parameter. For
the bias corrected relative humidity, the NRMSE is still high but the model
has low sensitivity. The model is largely insensitive to rain which also has a
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low NRMSE.
Highly porous soil in the vicinity of Cultus Lake results in much of the

precipitation (roughly 63 %) draining into groundwater (Zubel 2000), while
approximately a third of the rainfall becomes surface runoff (Scibek and
Allen 2006). Total runoff data from CanRCM4, which includes drainage
to groundwater, were therefore halved to determine surface runoff, then
subsequently multiplied by each stream’s drainage area to determine daily
inflows. A baseflow of 0.2 m3 s-1 was added to the inflow for Frosst Creek,
while a baseflow of 0.03 m3 s-1 was added to the inflow for Smith Falls Creek,
as determined from 2016 flow data, to account for groundwater running
into each creek. No baseflow was added to the intermittent Watt Creek.
Forecast stream temperatures were determined using the correlation between
air temperatures and stream temperatures for the 2016 season.

A verification of the CanRCM4 output adjustments was done by running
two simulations for 2001–2003: one using the CanRCM4 historical simula-
tion and the other using observed data at Abbotsford Airport. Observed and
bias corrected synthetic wind speeds at Abbotsford Airport were again re-
duced by 5 %, but a shortwave radiation correction was not required. Again,
the water temperature RMSE and heat content were used to evaluate the
model. The RMSE follows a similar trend to the 2009–2016 hindcast (Fig-
ure 3.11). The RMSE increases in the summer and returns to a minimum in
the winter. Unfortunately, observed inflow data were not available for this
period, but from Table 3.3 the model has a low sensitivity to inflows. The
average RMSE over the simulation period was similar for both scenarios:
0.90 °C and 0.81 °C for the observed and synthetic scenarios, respectively.
These results are comparable to those of the 2009–2016 hindcast and less
than the observed maximum temperature variation in the lake for 2016.
Heat content was also evaluated for both scenarios and compared to the ob-
served data (Figure 3.12). The scenario using observed data at Abbotsford
Airport typically has a higher heat content throughout the simulation pe-
riod than the observed data. This result is similar to the 2009–2016 hindcast
years where temperature data were obtained from Abbotsford, reinforcing
that the model is sensitive to air temperature. The simulation using syn-
thetic CanRCM4 historical data has a heat content that roughly follows
what was observed. However, the heat content increases at a reduced rate
in the spring, but follows a similar decline in the fall to what was observed.
The heat content also reaches a minimum earlier in the year than what was
measured.

Overall, the bias corrected CanRCM4 data provide similar simulation
results to those obtained using the observed meteorological data. The high-
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est errors are observed in the summer; however, they are generally less than
the spatial variation in the lake as determined from the 2016 data. The bias
correction technique described here can therefore be applied to the forecast
CanRCM4 meteorological data to be confidently used to forecast future lake
conditions.
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Figure 3.11: RMSE for each field day of the hindcast model using observed
and synthetic meteorological data (2001–2003).
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Figure 3.12: Daily observed and simulated heat content using observed and
synthetic meteorological data (2001–2003).
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3.6 Historical and Forecast Results (1923–2100)

Two forecast scenarios were run in GLM for 2009–2100. The eight year
overlap between the forecast scenarios and the observed data provides a
good evaluation for the early years of the CanRCM4 forecast scenarios. The
results from the forecast years were compared to historical data dating to
the 1920s.

3.6.1 Heat Content

Daily heat content was calculated for the historical data. To calculate the
heat content, the historical data obtained from Foerster (1925) and Ricker
(1937) for the periods of 1923, 1927–1929, and 1932–1936; and from DFO for
2001–2003 and 2009–2016 were linearly interpolated to obtain daily values.
This was combined with the semimonthly data obtained in 2016. A linear
trend was fit to the data which indicates the yearly average heat content
(Figure 3.13. This trend increases at a rate of + 0.80 MJ m-2 per year over
the observed period. The trend may not in reality be linear; however, it
should be noted that increased heating compared to the 1930s was observed
in the 1960s–1970s (Goodlad et al. 1974). Additionally, measurements from
1923 results in an anomalously high heat content, peaking at 1.47 GJ m-2.
Hypolimnetic temperatures were recorded at or above 9 °C in 1923, which is
significantly warmer than those observed in 2016. Summer air temperatures
were not unusually warm for this year (Foerster 1925) that would cause
elevated hypolimnetic temperatures, so it is possible that the temperature
of the water volume in the modified deep-sea thermometer warmed when
the thermometer was hauled to the surface. Winter heat content minima
are historically continually approaching zero. This shows that the lake was
becoming isothermal and approaching the temperature of maximum den-
sity. For years where the heat content was negative, the lake temperatures
had cooled below the temperature of maximum density and the lake was
potentially inversely stratified.

Future climate scenarios indicate a continued increase in total lake
heat content (Figure 3.13). The RCP4.5 scenario indicates a heating rate
more than double the historical trend (+ 2.0 MJ m-2 per year compared to
+ 0.80 MJ m-2, respectively). The RCP8.5 scenario shows a sharp increase
in heating rate to + 4.2 MJ m-2 per year, over twice that of the RCP4.5
scenario. In both scenarios, the winter heat content minima are predicted
to continually increase above zero, with some anomalous years at or below
zero. For the RCP8.5 scenario, the years where the heat content is below
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zero occur near the beginning of the simulation, whereas RCP4.5 has two
years (2042–2043, 2044–2045) where the heat content minimum is below
zero. This trend means that lake temperatures are on average remaining
above the temperature of maximum density throughout the year. There-
fore, there would be no possibility of inverse stratification.
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Figure 3.13: Historical observed heat content and projected heat content of
Cultus Lake for RCP4.5 (a) and RCP8.5 (b). Linear trend lines are shown
in bold.
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3.6.2 Stability and Stratification

Lake stability is the amount of work required to completely mix the lake to
a uniform temperature (Wetzel 2001). It is therefore a good indicator of the
strength of stratification. The stability increases throughout summer as the
epilimnion warms and stratification intensifies; when the lake is completely
mixed, the stability returns to zero. Unlike heat content, stability is not ref-
erenced to a specific temperature, therefore a stability of zero could indicate
mixing above or below the temperature of maximum density. The lake sta-
bility was calculated using the Schmidt Stability Index (SSI) as formulated
by Idso (1973):

SSI =
g

A0

zm∑
z0

(z − zρ)(ρ− ρ)A∆z (3.7)

where g is the gravitational constant, ρ is the average density, and zρ is the
depth of average density calculated from:

ρ =

zm∑
z0
ρzA∆z

zm∑
z0
ρA∆z

(3.8)

zρ =

zm∑
z0
ρA∆z

zm∑
z0
A∆z

(3.9)

The historical SSI was calculated for all observed historical data and inter-
polated to obtain daily values. A linear trend was fit to the historical and
projected data which indicates the yearly average SSI (Figure 3.14). Histori-
cally, the SSI increased at a rate of + 2.19 J m-2 per year with summer peaks
between 2000 J m-2 and 3000 J m-2. For the climate change scenarios, the
SSI is expected to increase at a rate of + 2.6 J m-2 per year and + 6.5 J m-2

per year for climate change scenarios RCP4.5 and RCP8.5, respectively. For
RCP4.5, the SSI begins to approaches but does not consistently seasonally
peak above 3000 J m-2 by 2100; whereas the seasonal peaks shift to above
3000 J m-2 by 2100 for RCP8.5 and begin to approach 4000 J m-2. This is
a significant increase to what was observed historically and further isolates
the hypolimnion from the epilimnion due to an increase in stratification
strength.

Stratification season was determined using three methods: (i) periods
when the difference between the surface and bottom temperatures was greater
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Figure 3.14: Historical observed Schmidt Stability Index and Schmidt Sta-
bility Index of Cultus Lake for RCP4.5 (a) and RCP8.5 (b). Linear trend
lines are shown in bold.

than 1 °C, (ii) the SSI was greater than 30 J m-2 (Engelhardt and Kirillin
2014), and (iii) a thermocline was established based on the traditional defi-
nition of a vertical temperature change greater than 1 °C m-1 (Ricker 1937;
Wetzel 2001). The surface temperature was also required to be at or greater
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than 4 °C to remove periods where the lake may be inversely stratified. After
preliminary calculations, it was noticed that the lake was remaining strati-
fied beyond 31 December after some years of warming had elapsed. A lake
new year was therefore established as February 20 and defined as the date
where Cultus Lake was typically completely unstratified following the above
definitions of stratification. By shifting the new year, calculations could then
be done by finding the first and last dates of the year where the threshold
values were crossed. All three methods saw an increase in duration of strat-
ification for both warming scenarios (Figure 3.15). A linear trend was fit to
the data and is summarized in Table 3.4. Overall, the thermocline method
gives a more conservative result but requires a vertical grid spacing of 1 m,
which is not available in the historical data. The SSI threshold method was
henceforth chosen as the representative method to calculate historical and
future length of stratification season, but the top to bottom temperature
difference method could equally have been chosen because the two methods
produce similar results.
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Figure 3.15: Comparison of the three methods used to evaluate thermal
stratification season for future climate scenarios RCP4.5 (a) and RCP8.5
(b). Linear trend lines are shown in bold.
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Table 3.4: Comparison of the duration of stratification for the three meth-
ods. Days shown are for the linear trend lines from Figure 3.15.

(i) (ii) (iii)
Temperature

difference
surface–
bottom

SSI Thermocline

RCP 4.5

Days stratified
in 2009

273 263 193

Days stratified
in 2100

285 279 209

Rate of change
[days/year]

0.13 0.18 0.17

RCP 8.5

Days stratified
in 2009

269 260 194

Days stratified
in 2100

305 305 214

Rate of change
[days/year]

0.39 0.50 0.22

A comparison of the forecast results to the historical duration of stratifi-
cation was done to evaluate the effects of climate change. Historical temper-
ature data were linearly interpolated between cast dates to obtain a daily
SSI in order to calculate when stratification occurs and breaks down. A lin-
ear trend was calculated for the total duration of stratification. This trend
excluded the total duration calculated from 1923, 1924, and 1927–1929 be-
cause complete monthly data sets are not available which resulted in large
interpolation steps. The linear trend increases from 249 days to 266 days, or
a rate of 0.18 days per year (Figure 3.16). With the SSI threshold method,
The rate of increase in duration of stratification is expected to stay the same
with climate change at 0.18 days per year for RCP4.5 and but expected to
more than double to 0.50 days per year for RCP8.5.

Further investigation was done determine the onset and breakup of ther-
mal stratification (Figure 3.17). Historically, the onset of stratification oc-
curred around 10 April in the 1920s–1930s, and has shifted 18 days earlier
to 23 March in the 2010s. For RCP4.5, the onset of stratification remains
relatively steady and occurs around 5 April, while for RCP8.5, the onset of
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stratification increases slightly from 4 April to 27 March. There are there-
fore no substantial changes to the onset of stratification predicted for future
warming scenarios out to 2100 AD. Stratification breakup has historically
been relatively steady and occurred around 15 December. However, major
changes in stratification breakup are seen in the climate forecast: a shift to
12 January is predicted for RCP4.5 and a shift to 25 January for RCP8.5.
Furthermore, breakup of stratification did not occur in some forecast years.
These years were the winters of 2045–2046 and 2050–2051 for RCP4.5, and
2063–2064, 2077–2078, 2090–2091, and 2092–2093 for RCP8.5. For these
winters, complete lake mixing did not occur but this does not necessarily
mean the lake was stratified for 365 days as in Figure 3.15. If the onset
of stratification of the preceding year occurred after 20 February (lake new
year), the duration of stratification would therefore be the difference be-
tween the date of onset of stratification and 20 February of the following
year. The total duration of stratification would then be the sum of the du-
ration of stratification of the two years affected (e.g. 2045 and 2046), which
could be, but is not necessarily, greater than 365 days.
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Figure 3.16: Historical and predicted duration of thermal stratification for
RCP4.5 and RCP8.5. Linear trend lines are shown in bold.
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Figure 3.17: Historical and predicted onset (a) and breakup (b) of thermal
stratification. Linear trend lines are shown in bold.
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A small disparity in the onset of stratification is seen in trendlines of
the 2009–2016 overlap for the observed and simulated data. It is important
to note that the observed data were linearly interpolated between monthly
measurements so an error on the order of several days to weeks is expected.
Interestingly, the simulated onset of stratification is similar to the date of
onset in the early 20th century. The error in the linear interpolation of
the measurements by Ricker (1937) is expected to be on the order of days
because of the semi-monthly observation interval. There is very little change
in the projected onset of stratification in both climate scenarios, indicating
that the onset of stratification is not expected to significantly shift with
climate change. The bulk of the increase in the duration of stratification
therefore comes from a delayed breakup of stratification. Stormy events
with high winds are frequent in the late fall and early winter on the west
coast. The lake is remaining stable for a longer period from the increase and
retention of heat and preventing wind mixing rather than becoming stable
at an earlier period. Winds in the late winter are keeping the lake well mixed
and preventing the lake from becoming thermally stratified.

Inverse stratification was also investigated using SSI threshold method.
This was constrained by requiring the surface temperature to be below 4 °C.
Using this method, inverse stratification was neither detected for the histor-
ical data nor the forecast results. Therefore, the potential effects of inverse
stratification are not a concern and Cultus Lake can be classified as warm
monomictic.

3.6.3 Surface and Outflow Temperatures

River temperatures in Sweltzer River were analyzed for potential fish mor-
tality impacts on Sockeye Salmon. Surface temperatures from Cultus Lake
were used as surrogates for river temperature because they have been previ-
ously shown to have similar values (Shortreed 2007). In recent years, Sockeye
Salmon mortality has increased due to an earlier migration time into water
courses with warm temperatures (Cooke et al. 2004). Sockeye Salmon have
been shown to have increased mortality in migration temperatures greater
than 18 °C (Brett 1971; Crossin et al. 2008). The Cultus Lake population
typically runs between early August and early December (Shortreed 2007),
so mean monthly river temperatures have been calculated for the months
of August–November (Figure 3.18). Historically, the Sweltzer River tem-
perature has been above the 18 °C threshold in August and September and
has been increasing at a rate of 0.016 °C and 0.013 °C per year for August
and September, respectively since 1923. October river temperatures have
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been increasing at a rate of 0.010 °C per year, while river temperatures in
November have not seen a significant historical increase. River temperatures
are projected to increase at a much higher rate in both warming scenarios.
For RCP4.5, the river temperatures are projected to increase at a rate of
0.031 °C per year, 0.025 °C per year, 0.018 °C per year, and 0.016 °C per
year for August, September, October, and November, respectively. Heating
rates for RCP8.5 are 0.069 °C per year, 0.069 °C per year, 0.059 °C per year,
and 0.046 °C per year for August, September, October, and November, re-
spectively. The October river temperatures in RCP4.5 approach and are
occasionally greater than 18 °C by 2100, whereas the RCP8.5 October river
temperatures cross the 18 °C threshold in 2072 and reach 20 °C by 2100.
For both warming scenarios, the November river temperatures remain be-
low the mortality threshold. The predominant salmon migration into Cultus
Lake typically occurs in late September and early October (Cultus Sockeye
Recovery Team 2005), so temperature increases beyond the 18 °C threshold
during this period, such as what is projected for RCP8.5, would have dire
impacts on the Cultus Lake Sockeye Salmon population.
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Figure 3.18: Historical and predicted surface and outflow temperatures for
RCP4.5 (a) and RCP8.5 (b). Linear trend lines are shown in bold. Dashed
line at 18 °C indicates temperature threshold for Sockeye Salmon.
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Chapter 4

Discussion

Climate change has the capacity to significantly affect the physical processes
within lakes by modifying heat exchanges between the atmosphere and the
water surface. Lakes act as sentinels of climate change because they elicit
strong responses in their thermal and ecosystem structures (Adrian et al.
2009). The analysis of the thermal characteristics of Cultus Lake presented
here provides a good understanding of the historical response of Cultus Lake
to climate change since the 1920s. Two potential climate change scenarios
(RCP4.5 and RCP8.5) indicate that the thermal characteristics of the lake
are projected to change significantly through 2100 AD. The lake ecosystem
is expected to respond to these changes, likely further exacerbating threats
to extinction for Sockeye Salmon and Cultus Lake Pygmy Sculpin.

4.1 Potential Changes to the Lake Mixing
Regime

Epilimnetic and surface water temperatures often exhibit a strong response
to warming air temperatures (Adrian et al. 2009). Air temperatures in the
Fraser Valley are projected to increase by + 2.8 °C through the 21st cen-
tury (Pacific Climate Impacts Consortium 2012). Resultant heating of the
water column from climate change can increase the total lake heat content
and lake stability thereby increasing the duration of thermal stratification
(Weinberger and Vetter 2014; Sahoo et al. 2015).

The current mixing period of Cultus Lake typically begins in December
when the lake becomes isothermal at temperatures around 7 °C. During
circulation, the lake cools to the temperature of maximum density (roughly
4 °C). In some years the lake has been observed by Ricker (1937), DFO,
and in the winter of 2016–2017 to cool, isothermally, below 4 °C without
inversely stratifying. Under current conditions, wind continuously mixes
the lake throughout the winter below the temperature of maximum density.
Winter mixing typically lasts until late March to early April at which point
the lake becomes thermally stratified. The heat content projections for
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the lake indicate that complete mixing will occur at temperatures at or
above 4 °C with no possibility of inverse stratification. So, at the onset
of stratification, hypolimnetic temperatures would already be above 4 °C
leading to an oligomictic state, described as having rare turnover at irregular
interannual intervals and temperatures remaining above 4 °C (Wetzel 2001).

Warm monomictic lakes are particularly sensitive to climate changes be-
cause their single mixing period in the winter can be shortened with increas-
ing water temperatures in a shift towards an oligomictic state (Livingstone
2008; Adrian et al. 2009). A shift in the mixing regime of Cultus Lake from
monomictic to oligomictic is possible in the future under more extreme cli-
mate change scenarios (e.g. RCP8.5) as increased heating is expected to
continue affecting the timing and duration of thermal stratification. The
onset of thermal stratification currently occurs 18 days earlier than histori-
cal observations in the 1920s and 1930s, while the breakup of stratification
has not seen a significant historical shift, based on a linear interpolation of
semi-monthly to monthly thermal profiles. These trends are unique com-
pared to larger lakes in North America, namely Lake Tahoe (Sahoo et al.
2015) and Lake Simcoe (Stainsby et al. 2011) in which the onset of strat-
ification is occurring earlier and the breakup of stratification is occurring
later in the year compared to historical values. Nevertheless, the duration
of summer stratification in all cases has historically been increasing. Pro-
jections for Cultus Lake show that the onset of thermal stratification is
expected to remain steady, whereas the breakup of thermal stratification is
projected to occur a month later by 2100. Comparatively, a climate change
study on Lake Tahoe resulted in an onset of stratification 16 days earlier
and a breakup of stratification 22 days later compared to present values
by 2100 (Sahoo et al. 2015). Thus, regionality and geomorphology are ex-
pected to influence the timing of onset and breakup of thermal stratification
with increased heating from climate change. Model projections show Cultus
Lake is shifting towards an oligomictic mixing regime, but not yet becoming
oligomictic by 2100. Only two years were identified as having no mixing in
the RCP4.5 warming scenario, which occurred at seemingly random times
(2045–2046 and 2050–2051). By the end of the study period, the length of
stratification season was 279 days; a mixing regime shift would therefore
not be expected to fully occur for moderate warming scenarios. However, in
the RCP8.5 scenario, turnover did not occur in four years towards the end
of the simulation (2063–2064, 2077–2078, 2090–2091, and 2092–2093) with
the duration of stratification increasing to 305 days by the end of the study
period. This suggests that with increased warming beyond 2100, the lake
will become oligomictic and possibly shift to meromixis (incomplete water
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column mixing) under an extreme climate change scenario.

4.2 Implications of Increased Climate Warming
on Ecosystem Structure and Functioning

Freshwater fish are poikilotherms that cannot regulate body temperature,
and thus are dependent upon and sensitive to the temperature of their sur-
roundings (Ficke et al. 2007). Cold-water fish species have evolved to sur-
vive within specific thermal tolerances, and their physiological processes
(e.g. growth, metabolism, and reproduction) and behaviours (e.g. diur-
nal vertical migration) are directly influenced by changes in surrounding
temperature (Pörtner and Farrell 2008; Healey 2011). Cultus Lake hosts
two fish species at-risk: the Cultus Lake population of Sockeye Salmon,
and the Cultus Pygmy Sculpin (SARA 2002; COSEWIC 2003, 2010); any
changes in their environment are predicted to have drastic consequences
(SARA 2002; COSEWIC 2003, 2010). The modelling efforts presented
here indicate that the total lake heat content has increased since the early
1920s by + 0.80 MJ m-2 per year and is projected to markedly increase by
+ 2.0 MJ m-2 per year and + 4.2 MJ m-2 per year for RCP4.5 and RCP8.5,
respectively, with isothermal temperatures remaining above 4 °C, and po-
tentially deleterious lake ecosystem alterations for species-at-risk.

Increased lake heating can have significant effects on Sockeye Salmon
throughout their life cycle (Crozier et al. 2008; Pörtner and Farrell 2008;
Healey 2011). In the egg and alevin stage of the Sockeye Salmon life cycle,
warmer water temperatures increase metabolic rates, leading to the devel-
opment of smaller fry, as well as a reduction in disease resistance (Healey
2011). Embryos may also develop faster leading to earlier hatching and
emergence, which can present a phenological shift relative to zooplankton
prey availability (D. E. Schindler et al. 2005; Healey 2011). Juvenile Sockeye
Salmon exhibit a diel vertical migration within the water column, feeding
on zooplankton in the epilimnion and metalimnion at night and returning
to the bottom of the lake during the day, presumably to evade predators
(Clark and Levy 1988; Levy 1990; Scheuerell and D. E. Schindler 2003;
Cultus Sockeye Recovery Team 2005). Warmer water temperatures and an
increased metabolic demand will require Sockeye Salmon to feed more fre-
quently and may increase their risk of predation (Healey 2011), otherwise
an increased metabolic rate would lead to smaller fry sizes and potential
reductions in winter survival when food is less abundant (Healey 2011). A
reduction in fry size can lead to either smaller smolts which have reduced
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survival rates in a marine environment, or fry may delay smolting by a year
resulting in fewer smolts migrating to the ocean (Healey 2011).

Recent decades have been marked by a decrease in the number of Sockeye
Salmon returning to Cultus Lake (Shortreed 2007). The salmon that are re-
turning are making their run earlier in the season which has had great effects
on pre-spawn mortality (Cultus Sockeye Recovery Team 2005; Shortreed
2007). Sockeye Salmon have been shown to have an increased mortality at
or above temperatures of 18 °C (Brett 1971; Crossin et al. 2008). Increased
outflow temperatures from Cultus Lake, coupled with migration earlier in
the season could have detrimental impacts to the returning salmon, as high
stream temperatures lead to an increase in bacteria and fungal growth as well
as reductions in dissolved oxygen concentrations, impeding migration and
potentially resulting in enhanced pre-spawning mortality (COSEWIC 2003).
Warmer outflow temperatures could also lead to increased recreational use
of the lake outlet, which may interrupt the migration of Sockeye Salmon
and increase stress levels and energy use influencing subsequent mortality
(Cultus Sockeye Recovery Team 2005).

Dissolved oxygen is essential for the metabolism of all aerobic aquatic
species (Wetzel 2001). Dissolved oxygen concentrations decrease non-linearly
with increasing water temperature (Wetzel 2001). However, the biological
oxygen demand of poikilothermic species increases with increasing water
temperature as their metabolic rates increase (Ficke et al. 2007). The pri-
mary sources of dissolved oxygen in a lake are through atmospheric diffu-
sion and from photosynthesis (Kalff 2002). Oxygen is mixed throughout the
lake by wind during mixis. During stratification, however, oxygen is unable
to mix significantly into the hypolimnion. Increasing hypolimnetic water
temperatures would therefore have a decrease in oxygen solubility and an
increase in oxygen demand by fish. An oxygen squeeze can occur when the
oxygen availability is unable to keep up with the oxygen demand of aquatic
organisms (Ficke et al. 2007). It is possible that increased water tempera-
tures from climate change would decrease the amount of oxygen available
in Cultus Lake. As epilimnetic temperatures increase, another phenomenon
called a temperature-oxygen squeeze can occur when the hypolimnetic oxy-
gen concentrations are insufficient to keep up with fish oxygen demands and
epilimnetic temperatures are too warm for sustained cold-water fish expo-
sure (Ficke et al. 2007). As Cultus Lake shifts towards an oligomictic regime,
this squeeze is expected to greatly reduce the available habitat for aquatic
species forcing them into a smaller volume which in turn increases oxygen
consumption, stress, and disease transmission, and reduces prey availability
(Ficke et al. 2007).
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The Cultus Lake Pygmy Sculpin is also expected to be affected by in-
creased lake warming. It is presumed that the sculpin exhibits a diel vertical
migration by feeding on zooplankton in the metalimnion at night and re-
turning to depths in the day to evade predators (McPhail 2007; Woodruff
and E. B. Taylor 2013). Disproportionately large amounts of energy are
likely required for the Cultus Lake Pygmy Sculpin to maintain position or
move vertically within the water column because it lacks a swim bladder
(Woodruff and E. B. Taylor 2013). As water temperatures increase, in-
creased energy expenditure is expected, due to reduced dissolved oxygen
levels and a higher metabolic rate. A temperature-oxygen squeeze could
have deleterious effects for the Cultus Lake Pygmy Sculpin as their profun-
dal habitat becomes more hypoxic or anoxic and they are unable to persist
on the lake bottom.

4.3 Trophic Status of Cultus Lake

Cultus Lake is experiencing increased nutrient loading which is leading to
eutrophication. The lake has historically been oligotrophic and is presently
classified as oligo-mesotrophic (Putt 2014). A shift in the algal community
composition and production is expected as eutrophication continues under
climate change (Vincent 2009). Cultus Lake has seen a decrease in water
quality and increased presence of macrophytes and algae in recent years
(Putt 2014) and an increase in primary productivity during warmer years
(Shortreed 2007). In the spring, high epilimnetic nitrogen concentrations
are quickly depleted as productivity increases with increased temperatures
and available light (Shortreed 2007). Primary production quickly shifts to
the metalimnion, owing to the high water clarity of Cultus Lake and ac-
cess to hypolimnetic nutrient reserves. As there is reduced mixing in the
metalimnion and upper hypolimnion, an algal community structural shift
is expected, with non-motile algae likely to sediment to the bottom where
they are aerobically decomposed (decreasing hypolimnetic oxygen levels),
and motile algae are expected to dominate productivity (Vincent 2009). A
potential shift to less nutritious algal assemblage can affect zooplankton di-
versity and lead to upward cascading influences in the food web for Sockeye
Salmon and Cultus Lake Pygmy Sculpin. High nitrogen levels in the plung-
ing summer baseflow from Frosst Creek (Putt 2014) will deliver additional
nutrients to the metalimnion, likely sustaining continuous primary produc-
tion. As the hydrological regime shifts to drier summers and wetter winters
(Pacific Climate Impacts Consortium 2012), a larger portion of the summer
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inflow in Frosst Creek will be expected to come from the cooler groundwater
(Putt 2014), increasing metalimnetic nitrogen concentrations. Hydrological
concentration of nutrients within the lake would be expected, due to de-
creased nutrient flushing through Sweltzer River and increased evaporation
from warmer air temperatures in the summer. A longer growing season
is also expected with more growing degree days as climate change contin-
ues (Pacific Climate Impacts Consortium 2012; British Columbia Ministry
of Environment 2016), resulting in a higher overall algal biomass within
Cultus Lake, and associated deep water decomposition. This impact could
be exacerbated by expected increases in fish planktivory, and a subsequent
decrease in zooplankton biomass, reducing grazing pressures on algae (B.
Moss et al. 2011). However, although the nutrients in the lake would stag-
nate throughout the summer under climate change, projections of increased
winter precipitation could both increase annual nutrient loading, but also
flushing. It is unclear at this time what the net primary productivity effects
of these oppositional forcings for Cultus Lake primary productivity may be,
although it is likely to be a net increase in productivity.

Changes in algal community structure and function arising from in-
creased heating and nutrient loading may create conditions where cyanobac-
teria dominate Cultus Lake algal communities for substantial periods of the
growing season (O’Neil et al. 2012). Cyanobacteria are unicellular organisms
(prokaryote) that can create large blooms rendering the water unsuitable
for recreation if substantial (Paerl, Fulton, et al. 2001). Some cyanobacteria
species develop hepatotoxins and neurotoxins making the water toxic for
animals and humans (O’Neil et al. 2012). Dominance of the algal commu-
nity by cyanobacteria can lead to an increase in toxins in the flesh of fish
rendering them unsuitable for consumption (Ficke et al. 2007). Localized
cyanobacteria blooms have occurred previously in Cultus Lake in 2012 (Putt
2014). More frequent cyanobacteria blooms are expected with increased
nutrient loading and climate change, as certain problematic cyanobacteria
thrive during long periods of stratification and enhanced epilimnetic nitrogen
depletion, coupled with warm water temperatures (Ficke et al. 2007; O’Neil
et al. 2012). Warm water has a reduced viscosity which is preferential for
cyanobacteria that can regulate their buoyancy over larger non-motile phy-
toplankton that will sink in less viscous water (O’Neil et al. 2012). Certain
species of cyanobacteria would therefore have a competitive advantage to
access nutrients trapped in the hypolimnion (O’Neil et al. 2012), particu-
larly in Cultus Lake, since light can penetrate deeper than the thermocline.
Another selective advantage heterocystous cyanobacteria have in periods of
long stratification is their ability to survive in nitrogen-limited conditions
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through fixation of atmospheric nitrogen (Paerl, Fulton, et al. 2001; Ficke et
al. 2007; O’Neil et al. 2012). However, the formation of large cyanobacterial
mats on the lake surface under nitrogen-limitation could create shading ef-
fects further limiting deep water productivity and out-competing other algal
species (Paerl and Huisman 2009), but generally leading to the degradation
of water quality and food webs for species at risk.

The propagation of invasive Eurasian watermilfoil (Myriophyllum spica-
tum L., EWM) increases with eutrophication (C. S. Smith and Barko 1990).
EWM was first observed in Cultus Lake in 1977 (Mossop and Bradford
2004). Growth rates of EWM increase with increasing water temperatures:
a maximum growth rate occurs at relatively high water temperatures (30 °C–
35 °C) (C. S. Smith and Barko 1990). In high clarity lakes, such as Cultus
Lake, EWM is able to grow at greater depths, increasing its footprint and
potentially expanding its coverage to all littoral regions of the lake. EWM
grows rapidly and tends to form canopies or mats, often extending to the
water surface. Increased growth of EWM can increase the rate of eutroph-
ication because of their access to phosphorus sequestered in the sediments.
Sequestering of sediment-bound phosphorus is the primary uptake pathway
for EWM (C. S. Smith and Barko 1990; Ficke et al. 2007). Upon dying, this
phosphorus that was otherwise unavailable to other producers in the lake is
released into the water column where it can stimulate algae growth and fur-
ther growth of EWM and other macrophytes (C. S. Smith and Barko 1990;
Ficke et al. 2007), in addition to the depletion of hypolimnetic dissolved
oxygen concentrations as bacteria aerobically decompose the organic matter
(Kankaala et al. 2002). Additionally, salmonids are particularly affected by
EWM invasions because of the growth of EWM in spawning grounds (C. S.
Smith and Barko 1990; Mossop and Bradford 2004; Ficke et al. 2007). EWM
colonies may also provide habitat for juvenile Northern Pikeminnow (Pty-
chocheilus oregonensis); adult Northern Pikeminnow are a natural predator
of Sockeye Salmon. It has been hypothesized that EWM provides shelter for
juvenile Northern Pikeminnow from being cannibalistic prey of adult North-
ern Pikeminnow (Mossop and Bradford 2004). So, an increase in survival
for juvenile Northern Pikeminnow could mean an increased predation of ju-
venile Sockeye Salmon. It has also been speculated that increased refuge
for Northern Pikeminnow could increase predation on Cultus Lake Pygmy
Sculpin (COSEWIC 2010).
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4.4 Managing the Impacts of Climate Change

A changing climate cannot be ameliorated at the regional level and requires
global participation. However, given the interactivity of climate warming
and eutrophication on lake ecosystems (B. Moss et al. 2011), regional nutri-
ent mitigation measures can be undertaken to reduce the impacts of climate
change on Cultus Lake to protect Sockeye Salmon and Cultus Lake Pygmy
Sculpin. As watershed loading of nitrogen to Cultus Lake is elevated from
atmospheric and landscape sources, Putt (2014) recommends targeting phos-
phorus to mitigate eutrophication trajectories in Cultus Lake. Heavy septic
usage in the summer may be leading to high phosphorus loading in Cultus
Lake (Putt 2014). Water quality may be improved by limiting nutrient in-
puts by modifying sewage disposal. Additionally, migratory gulls overnight-
ing in Cultus Lake during the fall-through-spring period has led to a rise in
phosphorus loadings from guano (Putt 2014). Non-lethal mitigation meth-
ods may be employed in regional agricultural areas to reduce the number
of gulls returning to Cultus Lake (Cook et al. 2008). Finally, agriculture in
the Frosst Creek watershed represents a large source of nutrients for Cultus
Lake (Putt 2014). Care should be taken to alter agricultural management
practices to reduce nutrient runoff, especially with an expected change in
hydrological regime. The application of these phosphorus mitigation strate-
gies would likely reduce the effects of eutrophication on Cultus Lake, making
the system less reactive to climate change over the next century.
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Chapter 5

Conclusions

Climate change and accelerated eutrophication are threatening the habi-
tat for at-risk species and affecting the water quality in Cultus Lake. The
total lake heat content has increased since the early 20th century and is pro-
jected to accelerate through the 21st century under climate change scenarios
RCP4.5 and RCP8.5. Similarly, the stability and intensity of stratification
of the lake has historically been increasing, and is expected to continue
increasing through 2100 under the two climate change scenarios explored.
Along with an increase in stratification strength, Cultus Lake is remaining
stratified for a longer period. The onset of summer stratification is expected
to continue occurring in late March and early April, while the breakup of
stratification is expected to occur later, shifting from early December to mid
to late January with some years remaining stratified throughout the win-
ter. These projections suggest the lake is shifting from a warm monomictic
regime toward an oligomictic regime. Reduced winter whole-lake mixing
would therefore reduce the amount of hypolimnetic dissolved oxygen, thus
threatening the available habitat for cold-water species. Finally, surface and
outflow temperatures during the Sockeye Salmon run (August–November)
have also been increasing with climate change. Surface temperatures have
a direct response to air temperatures (Adrian et al. 2009), indicating that
air temperatures have been increasing since the early 20th century. Surface
and outflow temperatures during late summer and the fall are projected to
increase at a higher rate in the future. Increased water temperatures can
accelerate the effects of eutrophication, such as more frequent cyanobacteria
blooms, which owing to their enhanced organic matter production, could
accelerate annual hypolimnetic water oxygen depletion.

It is important that first-order lake stresses that are interactive with cli-
mate change, such as eutrophication, are minimized to reduce the impacts
of climate change on Cultus Lake and its species-at-risk. Regional measures
can be undertaken to abate nutrient inputs into Cultus Lake to reduce or
reverse eutrophication. It is recommended that further investigation of the
interactive effects of climate change and eutrophication on Cultus Lake be
conducted by coupling this physical lake model with a suite of biogeochem-

71



ical models, such as AED or CAEDYM (Hipsey and Hamilton 2008). Such
an approach will likely afford quantitative insight on future lake outcomes,
to inform lake and watershed management and improve outcomes for Cultus
Lake and its species-at-risk.
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Appendix A

Inflow and Outflow
Descriptions

Hydrological and morphological characteristics of the three largest streams
from the Cultus Lake watershed are described in detail: Frosst Creek, Watt
Creek, and Smith Falls Creek.

Frosst Creek is the main inflow to Cultus Lake, entering at the south
end of the lake, north of Lindell Beach. Frosst Creek flows from the forested
region around the United States border into the Columbia Valley which is
predominantly developed for agriculture. The downstream stream course
was diverted from the middle of Lindell Beach northward to its present
course around the 1940s (Cultus Sockeye Recovery Team 2005). Water Sur-
vey of Canada (WSC) gauge 08MH072 (Frosst Creek near Lindell Beach)
located near the Columbia Valley Highway bridge regularly recorded flow
rates between 1960 and 1964. The drainage area is approximately 36 km2.
The upper reaches of the stream are fairly steep with a gradient of 12 % and
decreasing to 4 % near the mouth (Zubel 2000). The bankfull discharge, or
two-year flood return, is approximately 8.5 m3 s-1 based on a log-Pearson
Type III distribution for the WSC data with annual extremes typically oc-
curring in November and December. At the 2016 gauging location, the
stream morphology consists of rapids and pools, with measurements being
taken in a pool. The width and maximum depth at the gauging location
were 6.2 m and 0.82 m, respectively at high flow on 16 November. A sum-
mer baseflow was found to be 0.2 m3 s-1. The D50 grain size is estimated
at 70 mm, but large boulders measuring 300 mm–500 mm are present. The
presence of large boulders and the steep slope indicate that Frosst Creek is
capable of moving large volumes of water at great force.

Watt Creek is an intermittent creek, drying in the summer during periods
of low precipitation. The creek mouth is located east of Lindell Beach. The
drainage area is 6.6 km2 (Putt 2014) and consists predominantly of forested
areas from Cultus Lake Provincial Park. Upstream of the Columbia Valley
Highway bridge, the slope is relatively mild because a log weir is installed
at the foot of the bridge to prevent scouring of the foundations. The stream
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undergoes a series of falls downstream of the log weir before leveling out prior
to entering Cultus Lake. The width of the creek at the gauging location was
2.5 m and the maximum depth was 0.3 m at a discharge of 0.2 m3 s-1 on 16
November 2016. The bed material ranges from gravel to small cobble with
the presence of some large rocks. Watt Creek is expected to have flashy flow
characteristics due to the small drainage area and steep slopes.

Smith Falls Creek is a perennial stream that enters Cultus Lake at the
northeast shore with a drainage area of 6.5 km2. Smith Falls Creek has
two arms: the southern arm is situated in Cultus Lake Provincial Park,
the northern arm consists of wetlands created in the flat topography which
likely is the result of the summer baseflow of 0.03 m3 s-1. The creek consists
of many chutes and pools. A waterfall (Smith Falls) is located immediately
upstream of the Columbia Valley Highway where the stream enters a culvert
that flows to the mouth at Cultus Lake. At the stream gauging station, the
creek had a width of 2.7 m and a maximum depth of 0.4 m with a discharge
of 0.3 m3 s-1 on 16 November. The bed material consists of sand ranging to
large gravel. Similarly to Watt Creek, Smith Falls Creek likely has flashy
flows.

Sweltzer River is the only outlet of Cultus Lake. The river drains north
toward the Chilliwack River at a gradient of 0.005 (Holding and A. 2012).
A fish counting fence has existed on Sweltzer River outside the Salmon
Research Laboratory with data extending back to the 1920s (Cultus Sockeye
Recovery Team 2005). WSC gauge 08MH033 (Sweltzer River at Cultus
Lake) was active downstream of the Columbia Valley Highway near the fish
counting fence between 1947–1956 and 1960–1964. The drainage area to
the gauge location as indicated by WSC is 65 km2; however, delineation by
Shortreed (2007) indicates a drainage area of 75 km2, which upon further
investigation will be taken as correct. The flow is artificially controlled by
means of stop logs and a low head weir that maintain a constant water level
in Cultus Lake. The two-year flood flow rate is approximately 14.3 m3 s-1

based on a log-Pearson Type III distribution with annual extremes occurring
between October and February. The width and maximum depth were 18.3 m
and 0.89 m, respectively with a discharge of 2.8 m3 s-1 on 2 November. The
bed material consists of coarse sand and gravel.

85


	Abstract
	Lay Summary
	Preface
	Table of Contents
	List of Tables
	List of Figures
	Acknowledgements
	Introduction
	Seasonal Thermal Stratification of Lakes
	Climate Change and Lakes
	Cultus Lake
	Thesis Objectives

	Methods
	Site Description
	Data Collection
	Historical Data
	Meteorological Data
	Limnological Data
	Water Clarity and Extinction Coefficient
	Inflows and Outflow

	General Lake Model (GLM)
	Model Description
	Model Setup

	Regional Climate Model
	Forecast Data


	Results
	Temperature
	Conductivity
	Water Clarity and Chlorophyll-a
	Inflows and Outflow
	Modelling Cultus Lake
	Calibration Period
	Model Evaluation
	Sensitivity Analysis
	Hindcast (2009–2016)
	Forecast Data Evaluation (2001–2003)

	Historical and Forecast Results (1923–2100)
	Heat Content
	Stability and Stratification
	Surface and Outflow Temperatures


	Discussion
	Potential Changes to the Lake Mixing Regime
	Implications of Increased Climate Warming on Ecosystem Structure and Functioning
	Trophic Status of Cultus Lake
	Managing the Impacts of Climate Change

	Conclusions
	Appendix Inflow and Outflow Descriptions

