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Abstract  

  

Modelling surface air temperature across regions of relatively complex terrain has 

historically presented a challenging task. Using topographically derived variables in 

association with land cover, monthly linear regression models were derived for mapping 

surface air temperature across the West Castle Watershed, Alberta. Hourly, daily, and 

monthly surface lapse rates were determined for the study period (July 1st, 2017 ï June 

30th, 2018). The monthly surface lapse rates observed varied between -8.0 ɕC km-1 in 

October and -2.2 ɕC km-1 in February. The role of frequent chinook events was observed 

in tche distinct surface lapse rate in January compared against the previous and following 

months; January had a surface lapse rate of -5.8 ɕC km-1 compared to December and 

February of -2.3 ɕC km-1 and -2.2 ɕC km-1 respectively. Inverted surface lapse rates were 

found to exhibit a seasonal pattern in occurrence and were present for 18.5 % of the study 

period. 
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1.0 Introduct ion 

 

Inherently, some of the most challenging terrain to collect data and model climate 

is located in the mountains. Mountainous terrain generally lack climatic infrastructure and 

are often logistically difficult to access and sample (Li & Heap, 2014). Commonly, 

climate stations in mountains are clustered near roads and easily accessed sites are 

concentrated around locations of particular relevance to human populations (Stahl et al., 

2006). As such, examining climatic trends within complex topography presents a 

substantial challenge, compared to adjacent lowlands and valleys. Mountain climates 

represent complex systems with complex interactions between topography, solar 

irradiation, snow cover, and vegetation (Fridley, 2009). Thus, these environments 

represent terrain where we have a limited understanding of existing feedbacks or how 

they will respond to climate change (Pepin et al., 2015).  

The need for high-resolution climate models covering areas with topographically 

variable terrain has become particularly important to accurately assess potential climate 

change while capturing heterogeneity in localized phenomena (Pepin et al., 2015). These 

include the microclimatological effects of vegetation, snow cover and the impact of 

inversions in surface lapse rate (SLR), with the latter being particularly poorly understood 

(Lewkowicz & Bonnaventure, 2011). Many existing climate models over mountainous 

regions infer fixed SLR over different seasons and landforms (Minder et al., 2010). Much 

of this stems from observations of adiabatic lapse rates in the lower free atmosphere, as 

well as from research in highly-studied mountains such as the European Alps where 
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inversions show a limited impact on the local climatology and mountains are distinct 

from other ranges (Kirchner et al., 2013).  

It has been demonstrated that inversions in SLR, which occur mostly in winter in 

northern locales, can play an essential role in the spatial distribution of temperature across 

North American mid- and high-latitude topography, with the relationship between 

temperature and elevation often being seasonally or even annually reversed (Lewkowicz 

& Bonnaventure, 2011). This relationship results from cold stable air masses which pool 

at low elevations (Clements et al., 2003; Minder et al., 2010; Lewkowicz & 

Bonnaventure, 2011). The full impact of this effect is, however, often not incorporated 

into climate models that extend into mountain areas (Hijmans et al., 2005). This can result 

in significant errors modelling temperature in mountainous regions due to the presence of 

inversions (Way & Bonnaventure, 2015). Thus, the nature and effect of inversions, as 

well as contributing factors, are essential to the understanding of the spatial variability of 

air and ground temperatures, as well as the presence and distribution of cryospheric 

components (e.g. permafrost, glaciers, seasonal snowpack) (Taylor et al., 1998; Pigeon & 

Jiskoot, 2008). Understanding these concepts can thus improve models in complex terrain 

subsequently refining the evolution of temperature fields in the past, present and into the 

future. As much of the observed and predicted change in climate is seasonally and 

spatially asymmetric, with greater warming intensity expected in winter, at higher 

latitudes, and within mountainous regions (Pepin & Lundquist, 2008; Serreze & Barry, 

2011; Cohen et al., 2012; IPCC, 2014; Pepin et al., 2015; Kienzle, 2017) refining the 

understanding of heterogeneous topography, inversions, and surface air temperature in the 

mountains is critical to many aspects of environmental modelling. 
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2.0 Objectives 

2.1 Primary Research Objective 

 

The primary objective of this research is the collection of surface air temperature 

data for the purpose of modelling a topographically derived surface of monthly and 

annual surface air temperature for further insight into the spatial and temporal patterns 

within West Castle Watershed, Alberta. 

2.2 Secondary Research Objectives 

 

1) Develop a distributed network of monitoring stations that capture the 

heterogeneity of air temperature within mountainous regions with respect to 

elevation, land cover, and other topographically derived variables. 

2) Compare the modelled temperatures derived for this research with established 

coarse-resolution models that are spatially coincident with the study area. 

3) Perturb modelled surface air temperature to predict potential future climates in 

association with climate change using Representative Concentration Pathways 

(RCP) set out by the International Panel on Climate Change (IPCC). 

4) Examine the spatiotemporal patterns of surface lapse rates, inversions, and 

chinooks within the complex topography. 
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3.0 Background 

3.1 Introduction 

 

  Weather and climate are essential controls to daily life; they influence how we 

dress, what we eat, and are tied to many of the economic, social, and behavioural patterns 

seen in society (Ross, 2017). Although these terms are related, their differences are vast, 

and it is essential to understand the relationship we have with each of them. The day-to-

day nature of weather can complicate life, from delaying travel to cancelling outdoor 

activities altogether. Forecasting weather has become essential to modern day life. So 

much so, that inaccurate forecasting can have negative economic and societal 

repercussions. In connection with the uncertainty of weather forecasts, many question the 

ability to look into the future and understand how climate shifts with any degree of 

certainty. Although at their core these two phenomena are related though they are 

governed under very different systems (Chaotic v. Deterministic) (Ruddiman, 2001).  

 

Climate exhibits deterministic behaviour in comparison to the chaotic nature of 

weather (Palmer, 2000). The chaotic nature of weather systems means that any 

uncertainty in understanding the initial state or interactions between elements within the 

system will result in the compounding of errors in prediction of that systemôs future state 

and it is this that makes weather forecasting such a challenge (Lorenc, 1986). The 

deterministic characteristic of climate is fundamentally different from that of a chaotic 

system, where understanding the current state of the system allows accurate prediction of 

past or future system conditions.  It is with the predictable nature of climate that the 
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distribution of plants and animals, influences on the presence of cryospheric elements, 

and soil formation can be understood throughout history and into the future (Jenny, 1994; 

Hock, 2003; Gottfried et al., 2012). 

 

 Of the seven elements of climate (Ross, 2017), temperature is perhaps the most 

evident to the average person. Average near-surface air temperature plays a crucial role in 

the distribution of elements present within all the earthôs spheres. Although the nature of 

this element is well known, both modelling and observation have shown that current 

temperature distribution patterns and behaviour have begun to change (IPCC, 2014; 

SWIPA, 2017). Understanding these changes and their effect onto both weather and 

climate is a significant focus for humanity today. The Meteorological Service of Canada 

began observing weather in 1871, which has since become incorporated into Environment 

Canada and has been providing progressively accurate short-term weather predictions as 

well as climate records and interpolations. Although this record and history of 

observation represent an impressive accomplishment, an essential aspect of any 

monitoring program is the distribution of monitoring sites (Way & Bonnaventure, 2015). 

Even today, climate stations show location bias, being concentrated in regions of 

economic importance and transportation hubs which are easily accessed and in proximity 

to human population centres (Stahl et al., 2006) which generally occur in locations of 

lower elevation (Figure 1). Because of this bias, our fundamental understanding of the 

geographical and seasonal variability of weather and climate in northern and mountain 

environments is relatively poor in comparison to lowland and urban locations (Stahl et al., 

2006). Some of this has been addressed with the use of satellite-derived data, especially in 
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uniform polar areas (Cowtan & Way, 2014) as well as through statistically downscaled 

data derived from global circulation models (Wood et al., 2019), but these methods are 

arguably less effective in modelling fine-resolution air temperature in areas of complex 

topography (Prömmel et al., 2010) and still require validation. Not only are these 

locations predicted to respond sensitively to change and may potentially change in an 

asymmetric manner, they are also vastly under-represented in sampling (Stahl et al., 

2006; Pepin et al., 2015) (Figure 1). Because of the systematic under-sampling of the 

total elevation range present within these regions, models tend to break down regarding 

prediction accuracy (Bradley et al., 2004; Stahl et al., 2006). Due to the lack of 

knowledge regarding climate within mountainous regions, there is a resulting lack of 

understanding of how these systems will change in response to climate change (Bradley 

et al., 2004). Most networks of climate stations directly avoid high-elevation locations 

and other hard to access sites (Pepin et al., 2015). As a result, it is imperative to establish 

a baseline of the climates in these complex and heterogeneous environments. 
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Figure 1: The distribution of climate stations within the province of British Columbia 

compared with the hypsometry of the province (Stahl et al., 2006). 

 

3.2 Climate Change 

3.2.1 Global Overview 

 

Since Arrhenius (1896) determined that an increase in CO2 concentration within 

our atmosphere would consequently increase temperature, the body of knowledge of the 

changing climate has grown (IPCC, 2014). Climate change can be understood as the 

shifting of states of the climate system which is usually observed through the change in 

the means and trends over multiple decades or longer (IPCC, 2014). The climate of the 

planet changes naturally on Earth for three main reasons, called fundamental forcings, 

one of which is the range of astronomical cycles proposed by Milankovitch in 1941 (Hays 

et al., 1976). These cycles are a result of the relationship between the position and 
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orientation of the Earth and the sun, having an impact on the amount of solar energy 

received by the planet (5 %). Secondly, the distribution of land surface on the planet, 

which changes over time due to tectonic forces, and through a variety of pathways, 

including changes to global circulation patterns of the atmosphere and ocean, influences 

climate (Raymo & Ruddiman, 1992). Finally, the natural variation of solar output, which 

varies over long periods, results in changes to the energy received at Earthôs surface 

(Friis-Christensen & Lassen, 1991). Further, there are natural variations in the presence of 

atmospheric carbon and aerosols which have been shown to mirror trends in climate and 

atmospheric temperature throughout the millennia (Petit et al., 1999). Evidence for the 

link between the fluctuations in atmospheric carbon and climate are shown in ice cores 

retrieved from research sites on current ice sheets like Dome C and Vostok, in Antarctica 

(Lorius et al., 1979; Jouzel et al., 1987; IPCC, 2014). In contrast to the natural changes 

that occur slowly over time, anthropogenic or human forcings, are rapidly transforming 

climate (Charlson et al., 1992). 

 

The IPCC provided their 5th Assessment Report in 2014 on the current knowledge 

base surrounding climate change. The IPCC (2014) identified human influence as the 

most likely dominant influence on the climate state since the mid-20th century. Further to 

this, the impact of shifting climates has been observed in increases to global average 

surface temperatures, both terrestrial and oceanic, on the magnitude of 0.85 °C between 

1880 and 2012 (IPCC, 2014). Though the value is averaged across the planet Earth, it 

ill ustrates a changing trend that may have long-reaching impacts.  
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3.3 Asymmetric Climate Change 

3.3.1 Seasonal Asymmetry 

 

As climate changes, evidence suggests that the globe is not warming seasonally 

symmetrically. Analysis of a spatially interpolated temperature record for Canada has 

shown that there is a significant bifurcation in trends of change between the winter 

months and the remainder of the year within Alberta (Kienzle, 2017). The warming trend 

occurs disproportionately in winter months (Figure 2). This evidence of asymmetric 

change is mirrored in future projections of the CMIP5 global climate model where 

warming during the winter months is expected to continue through the 2016-2035 period 

of time (Diffenbaugh & Giorgi, 2012; IPCC, 2014). 
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Figure 2: The annual and seasonal change in air temperature occurring across the 

province of Alberta from 1950-2010 (Kienzle, 2017). 

 

With the growing difference in warming between seasons, potential forcings upon 

seasonal phenomena such as Arctic sea ice, and snow cover could become more prevalent 

throughout the years (Deser et al., 2010). It was found that responses in surface air 

temperature over continents within the northern hemisphere, specifically northern Canada 

during the winter months of November-December, related to loss of Arctic sea ice, during 

the future period of 2080-2099, which could result in warming of ~7 ęC (Deser et al., 

2010). The seasonality of sea ice lends itself to the seasonal bias of change with its 

reduction. A study by Singarayer et al. (2006) found that as sea ice extent is projected to 

be reduced, surface air temperature, as a result, will rise. This is supported by the earlier 
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findings of Alexander et al. (2004) showing linear relationships between air temperature 

and sea ice concentration.  

3.3.2 Arctic Amplification 

 

It is widely accepted that Polar Regions are currently warming more rapidly and 

to a greater degree than the rest of the world, a phenomenon termed Arctic amplification 

(Serreze & Barry, 2011; Cohen et al., 2014; IPCC, 2014). It has been reported (SWIPA, 

2017) that within the Arctic, snow cover, as well as sea ice cover play an instrumental 

role in the control of climate (Deser et al., 2010). In association with the climatological 

controls of this, small shifts of warmer temperature impact the spatial and temporal extent 

of these features and as a result, allow for further warming due to the lowered albedo of 

the surfaces. The process of Arctic amplification is recognized as a characteristic of the 

global climate system, and future changes within the Arctic may cause changes to global 

atmospheric circulation patterns (Serreze & Barry, 2011). As there are similarities 

between Arctic regions and mountainous terrain, including cryospheric elements, it has 

been hypothesized that mountains will also be impacted by climate warming 

asymmetrically and in a more complex manner than adjacent lowland terrain (Giorgi et 

al., 1997; Pepin et al., 2015). 

3.3.3 Elevation Dependent Warming 

 

 The unique nature of mountain ranges illustrates the need for and importance of 

understanding the impacts and changes that will occur in these locations. A recent review 

(Pepin et al., 2015) on mountain climatological research provided an overview of the 
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conceptual possibilities and feedbacks that could be seen as a result of climate warming. 

This review suggests that mountain environments like Arctic environments will also show 

amplified warming trends. Due to the nature of elements within mountain systems, 

especially the cryospheric components (e.g. annual snow cover and glaciers), positive 

feedback loops promoting continued warming are expected to occur (Giorgi et al., 1997; 

Fyfe & Flato, 1999; Pepin & Lundquist, 2008). Conceptually this is apparent, as a small 

shift to warmer temperatures will, in turn, reduce snow cover extent, changing albedo, 

and allow for further heating of the surface (Fyfe & Flato, 1999; Hernández-Henríquez et 

al., 2015; SWIPA, 2017). Although this is conceptually well understood, quantifying this 

is still a considerable challenge. Additionally, the impact of a change in albedo, is 

expected to impact cloud cover dynamics, aerosol concentrations, and relative humidity 

with substantial impacts expected in the radiative fluxes of the energy balance by raising 

the altitude of the Lifting Condensation Level (LCL) (Figure 3). This is potentially very 

significant because it means that the release of latent heat at the LCL site will coincide 

with higher elevations (Held & Soden, 2006). Further to this, the addition of black carbon 

and particles transferred through the atmosphere and settling on snow in high-elevation 

regions modifies the albedo regime and alters the radiation budget (Painter et al., 2007; 

Xu et al., 2009).  
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Figure 3: Conceptual changes in various processes with elevation and the change in air 

temperature over time (Pepin et al., 2015). 

 

The combination of all of these influences implies that the nature of warming in 

mountain environments is complex and will manifest itself differently than in lowland 

environments. This is also likely significant for other elements of climate as mountains 

significantly influence the distribution of precipitation (Daly et al., 1994) and thus modify 

the timing and amount of discharge as a result of snowpack dynamics and precipitation 

(Adam et al., 2009). This can be an important mechanism for the water balance and water 

security of mountains and downstream regions that depend on mountain watersheds for 

their water needs (Kienzle et al., 2012). Understanding how climate change will impact 
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precipitation, and water storage within mountain watersheds will be an important tool for 

natural resource managers and policymakers. Pepin et al. (2015) highlight the lack of 

long-term monitoring stations in high-elevation locations and draws a contrast between 

Arctic and mountainous regions by highlighting the relative homogenous nature of the 

former in comparison to the extreme local variability of the latter. As a result, the 

understanding of change within these systems is limited, not only due to the bias of 

sampling but the heterogeneity implicit within montane locales.  

 

3.4 Physical Processes of Air Temperature 

 

The temperature of the parcel of air within the boundary layer is controlled by 

several processes and at its base is the partitioning and movement of energy within the 

system (Oke, 1987). The net radiation (Q*) budget is considered crucial to the 

understanding of Earth-Atmosphere system at the Earthôs surface. The surface energy 

budget can be conceptualized as an equation: 

Equation 1: ὗᶻ ὑᴽ  ὑᴻ  ὒȢ  ὒᴻ   

where Equation 1 represents the daytime budget including incoming and outgoing 

shortwave radiation (KŹ and Kŷ), as well as the influence of incoming and outgoing 

longwave radiation (LŹ and Lŷ). Incoming shortwave radiation includes direct and diffuse 

components, direct being the porting transmitted by the atmosphere and diffuse being the 

portion refracted and reflected by the atmosphere and other surfaces. Outgoing shortwave 

radiation is the component of shortwave radiation incident upon a surface that is reflected 

by the albedo, which is the characteristic of the surface controlling the absorption and 
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reflection of the electromagnetic energy.  Longwave radiation is the component of the 

radiation budget controlled by the absorption and re-radiation of electromagnetic energy 

by the Earth, atmosphere, and objects on the surface. The nighttime energy balance does 

not include shortwave solar radiation as a components as there is no incident shortwave 

radiation (Oke, 1987). 

 Energy distribution and movement can be summarized by three processes: 

Radiation, convection, and conduction. All objects radiate electromagnetic energy, 

defined by Planckôs Law, and thus lose and transfer energy radiating outwards from the 

object. Convection is the process through which the exchange of air masses and liquids 

cause energy to be moved from one location to another and can occur due to the 

properties of the media, or due to mechanical forces such as wind. Conduction is the 

transmission of energy as a result of collision of molecules in close proximity and thus 

occur best in solids, and less so in liquid and gasses. 

The energy budget accounts for the radiative forcings at the surface, but the 

discrepancies seen in the balancing of the budget can be explained through the movement 

of energy in the form of non-radiative fluxes: sensible heat flux, latent heat flux, and soil 

heat flux. The summation of these various fluxes is equal to that of Q*:  

Equation 2: ὗᶻ Ὄ Ὁ Ὃ 

 where H is sensible heat flux, E is latent heat flux, and G is soil heat flux. Latent 

heat flux is the movement of energy as it is absorbed and released by water associated 

with the process of phase change. When water condenses it releases 540 calories/gram to 

the surrounding environment whereas when it evaporates the same amount of energy is 

absorbed from the surrounding environment and facilitates a phase change from liquid to 
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gas. Soil heat flux is the movement of energy within the soil profile controlled by the 

thermal properties of the soil: thermal conductivity, heat capacity, thermal diffusivity, and 

thermal admittance. Soil heat flux notably has a pattern by which heat is conducted into 

the ground during the day, and out at night. Sensible heat flux is the change in 

temperature of an object or air parcel as a result of the movement of energy between 

media. This process is not associated with phase change.  

 

While collecting the suite of data involved in surface energy balance is difficult as 

a result of the cost of instrumentation and the necessary distribution of sampling location 

within mountainous regions, modelling climate can be done through complementary or 

stand-alone processes. 

3.5 Modelling Climate 

 

Conventionally, near-surface air temperature is estimated through the use of lapse 

rates based upon the proven and significant relationship between elevation and 

temperature. Free-air lapse rates can differ significantly from SLRs. SLRs are changes in 

temperature with elevation rather and altitude, and as such, once an SLR is established for 

a time period or region, it can be applied to adjacent elevation points.  

3.5.1 Small Scale, Broad Coverage 

 

Top-down modelling is the process through which a complex system is broken 

down systematically into sub-systems (Young, 2003). These sub-systems are then defined 
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or further broken down to identify base relationships between variables or statistical 

downscaling techniques are developed, and in association with computer processing, 

these models can be slowly formed and altered to produce high-quality outputs 

(Praskievicz, 2018). Top-down modelling takes large observable trends and through a 

variety of statistical procedures applies transformations to the data as the scale is 

increased. Some climatological examples of this approach are the PRISM model (Daly et 

al., 1994), the ANUSPLIN software (Hutchinson et al., 2009), and ClimateNA/WNA 

(Wang et al., 2012; Wang et al., 2016). 

3.5.1.1 PRISM 

 

Parameter-elevation Regressions on Independent Slopes Model (PRISM) is an 

example of a top-down regression model that performs expert climatological analysis to 

produce geospatial surfaces. Ground-breaking in its field, PRISM, created by Chris Daly, 

used data collected between 1961 and 1990 to allow the computer to develop a local 

statistical relationship for each pixel (Daly et al., 1994). This modelling process was 

subject to scrutiny by experts in the field of climatology and was determined to produce 

justifiable results (Daly et al., 2002). As a result of this work, a map and associated spatial 

data for climatological representations of temperature and precipitation for the contiguous 

United States was developed at a gridded resolution of 800 m (Daly & Bryant, 2013). 

After successfully modelling precipitation, Daly focused the model to other 

climatological factors such as temperature. Since then, the model has been applied to 

many geographical regions including Canada, Europe, China, and South East Asia (Daly 

& Bryant, 2013). The process through which this model operates is as follows: estimated 
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values for daily, monthly, and annual climate parameters are interpolated using point data 

from a network of weather stations in association with a digital elevation model (DEM) 

and a computer algorithm. The algorithm weighs and transforms the values of the input 

point data based on a multitude of well understood geographical climatological controls 

or sub-systems. Specifically, for PRISM, these include the effect of proximity to coastal 

areas, the influence of elevation on climate, how effectively terrain produces an 

orographic impact, as well as the influence of aspect and exposure on climate. The data 

from this modelling method demonstrate the effects of each of these climatological 

controls.  

3.5.1.2 Canada-Wide Climate Datasets 

 

Through the work of Hutchinson et al. (2009), a model of daily precipitation, and 

minimum and maximum temperatures for the whole of Canada was derived using a 

trivariate thin-plate spline interpolation technique using the software ANUSPLIN. This 

software employs a non-parametric, multi-dimensional curve fitting technique for noisy 

multi-variate data useful for mapping and analyzing climate. Hutchinson et al. (2009) 

created, through this process, a gridded climate dataset at a resolution of 300 arc-seconds 

(~10 km × 10 km). The interpolation applied to the climate data correlated the input data 

as functions of elevation, longitude, and latitude. The method integrated the adaption to 

varying station density as well as spatially varying dependence to elevation throughout 

Canada (Hutchinson et al., 2009). This work excels in creating an essential resource for 

many industries and research specialists as in many cases the need for the identification of 

extreme daily temperature values is of greater importance than the muted monthly 
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averages. The initial work focused on the period of 1961-2003, though Natural Resources 

Canada has stated that data have been developed for the period of 1950-2010 and this will 

be updated as new data becomes available (NRCAN, 2019). The utility of this model is 

continuously subject to improvement, shown through the alignment of data to the 

climatological day redefined in 1961 to 0600 UTC within Canada (Hopkinson et al., 

2011). This model provides researchers, managers, and policymakers with data that 

covers a wide spatial footprint and a with strong basis for further inquiry. 

3.5.1.3 Alberta Climate Records 

 

Work produced by Kienzle (2017) follows closely with Hutchinson et al. (2009). 

This research builds on the previous work and provides 30 temperature indices for the 

same grid created by Hutchinson et al. (2009). In the reanalysis of the data, Kienzle 

(2017) found that within Alberta between 1950 and 2010, annual temperatures increased 

by 2 -5 °C in northern portions of the province whereas between 1 °C and 2 °C of 

warming was observed annually across the southern portion of the province. To simplify 

and aggregate the massive amount of results of this study, a trend analysis was done for 

the 18 ecoregions present across Alberta. As ecoregions are manifestations of the intimate 

relationship between climate and vegetation, this is a logical delineation of spatial trends. 

Kienzle (2017) makes a note of the issues presented by the complex terrain of the Rocky 

Mountains. Comparison of the average elevation of the 10 km by 10 km grid and an 

available 1 arc second, or approximately 30 m DEM, highlighted as much as 150 m of 

variation (Kienzle, 2017). This variation will result in over- and underestimated 

temperature indices for mountain regions where elevation and is a major determination in 
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temperature at a location. This issue is compounded with the current infrastructure 

distribution (Figure 4) within mountainous ecoregions of the province, as there is a low 

density of stations in Albertan mountains (Kienzle (2017), and stations are concentrated 

in low elevation locations, a trend similarly observed throughout the entire province of 

British Columbia (Figure 1) (Stahl et al., 2006). 

 

 

Figure 4: Distribution of 69 government meteorological stations within Albertaôs Alpine, 

Sub-Alpine, and Montane ecoregions in comparison to the elevation distribution within 

the same spatial extent, the inset highlighting these ecoregions within Alberta. 

 

3.5.2 Large Scale, Narrow Coverage 

 

Bottom-up modelling is a process by which specific elements are studied and 

modelled and can be used in congruence with other models for the greater understanding 

of the system as a whole. This process is exemplified by the construction of independent 
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arrays of monitoring sites from which relationships between various influencing factors 

can be analyzed with the collected information and then spatially interpolated and 

modelled. In contrast to small scale models and broad networks, smaller, spatially-

constrained networks of stations can allow an increase in resolution, provide higher 

accuracy in complex terrain, and reduce the errors seen as a result of variable station 

density. 

3.5.2.1 Calgary Foothills Climate Array 

 

A mesoscale observation network called the Calgary Foothills Climate Array 

(FCA) was installed in 2004, to monitor regional temperature, humidity, and precipitation 

covering the mountainous terrain, foothills, and prairie region near Calgary, Alberta 

(Cullen & Marshall, 2011; Wood et al., 2019).. The network was established in such a 

manner to produce a system of uniform spacing and density within the varying terrain. 

Cullen and Marshall (2011) sought to explain the influence of synoptic weather systems 

on regional temperature values. A multivariate regression model was used to account for 

the influence of elevation, aspect, slope, and surface cover on derived monthly mean 

temperatures (Cullen & Marshall, 2011). A unique aspect of this work was the relevance 

of the shifting synoptic weather patterns which include the distinctive Chinook 

experienced in Southern Alberta. 
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4.0 Study Area 

4.1 The Castle  

  

The study area for this research is the West Castle Watershed (WCW) located on 

the East slopes of the Southern Canadian Rocky Mountains within Alberta (Figure 5). 

The WCW covers 375.5 km2 and is comprised of mountainous terrain ranging in 

elevation from the outlet of the watershed at 1332.5 m to the highest peak (Mount Haig) 

at 2632 m above sea level (ASL) consisting of variable land cover from montane 

communities to alpine communities. The dominant land cover present within this 

watershed is that of coniferous forest communities consisting predominantly of 

Lodgepole Pine (Pinus contorta) White Spruce (Picea glauca), Engelmann Spruce (Picea 

engelmannii), and Douglas Fir (Pseudotsuga menziesii). The region is also host to a 

variety of rare and endangered vegetative species including Limber Pine (Pinus flexilis) 

and Whitebark Pine (Pinus albicalus) both considered to endangered provincially while 

Whitebark Pine is also federally endangered (AEP, 2018). The main watercourses within 

the watershed are the Castle River and the West Castle River. The landscape has a history 

of anthropogenic use including extensive clear cut logging, petroleum exploration, and 

recreational uses such as off-highway vehicle use and other outdoor activities. As well as 

these landscape uses, there is currently an operational alpine ski resort (Castle Mountain 

Resort, 49Á19ᾳ6.9ᾴ N 114Á24ᾳ52.1ᾴ W) located within the WCW. The area encompassed 

by the WCW as well as the surrounding area was re-designated by the Provincial 

Government on February 16th, 2017 as Castle Provincial Park and Castle Wildland 

Provincial Park with the majority of this study area falling within the Castle Wildland 

Provincial Park. The study area was chosen as it represents a mountainous landscape, 
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heterogeneous (Figure 6) in nature, in both topography and land cover. This area also has 

the benefit of logistical support due to the presence of the University of Lethbridge Field 

Station. 

 

Figure 5: Map of study area watershed which covers 375 km2 of land including logger 

locations. 
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Figure 6: Hypsometry of the WCW, each bin representing a 25 m elevation band and the 

points representing the percent of total area noting that 50 % of the watershed is above or 

below the 1825 m bin. 

 

The WCW is a snow dominant, fully humid, and extremely continental climate 

according to its Koppen-Geiger classification. The extreme continentality of the location, 

as well as the influence of the westerlies and topography, make this location unique 

compared to other locations in the Canadian Rockies. Mean annual precipitation (1981-

2010) is 679.8 mm in Beaver Mines (1257 m), the nearest Environment Canada Station 

located 14 km from the study site (Environment Canada, 2018). Three Alberta 

meteorological stations exist close to the study area named Gardner Headwaters, Castle 

Auto, and West Castle (Figure 7). The region experiences intense chinooks, bringing 

extreme wind speeds as well as unseasonably warm temperatures. In addition to the 

chinooks, small-scale weather events such as inversions often occur within mountainous 

regions. The influence of topography on the fluidity of the atmosphere causes dense, 
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cooler parcels of air to drain and pool within the U-shaped valleys that occur in the 

WCW.  

 

 

Figure 7: Location of the nearest Alberta Government Meteorological Stations (red) and 

their associated elevation in comparison to stations implemented for this research (black). 

 

4.2 Regional Context 
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The Castle watershed is a part of the Crown of the Continent region known for its 

high biodiversity and a large number of endemic species relative to other temperature 

continental regions (Hauer et al., 2007). It sits on the leeward side of the Continental 

divide and is part of the Clark Range of the Rocky Mountains, a subdivision of the Border 

Ranges. This area lays between the broader Cordilleran region of British Columbia to the 

west and the great plains to the east and provides a unique opportunity to study a 

transitional region of geography, ecology, and climate.  

4.3 The Current Understanding of Climate in Castle Watershed 

 

The current climate of Southern Alberta can be representative of a continental 

climate (Cullen & Marshall, 2011; Anderson, 2014). More specifically, the Southern 

Alberta region is dominated by two major weather systems, the westerlies that blow over 

and through the mountains, and continental air masses, which are influenced by the 

position of the polar jet stream and the air masses brought by the prevailing westerlies to 

the area are maritime and continental polar respectively, and as such these two systems 

vary greatly in their impact on local climate (Cullen & Marshall, 2011). In regard to 

precipitation regimes for the Castle Watershed, moisture originating from the Pacific 

Ocean is deposited during winter months at high rates across the Cordillera and 

immediately on the leeward side of the Rocky Mountain range, trailing off into a rain 

shadow on the prairies (Reinelt, 1970; Al-Rawas & Valeo, 2009). With respect to the 

Castle Watershed, it was determined that precipitation that falls within the Castle 

Watershed contributes 14.9 % of the total volume of streamflow within the broader 

Oldman Watershed (Kienzle & Mueller, 2013). 
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Within the broad region of low relief terrain in Alberta, the temperature is mainly 

influenced by latitude and decreases south to north, while in the mountainous regions, this 

gradient is complicated by the influence of elevation (Schneider, 2013). Specifically, for 

the Castle Watershed, temperature ranges throughout the year from the extremes of 35 °C 

in the summer to -35 °C in the winter (Anderson, 2014). Generally, the temperature is 

assumed to change in relation to elevation at a uniform or constant rate (Minder et al., 

2010). A typical SLR used in climatic modelling is -6.5 °C km-1 and given the broad 

application of this SLR to climatic modelling, it is generally not clear if the use of this 

standard SLR is appropriate for temperature field generation (Cullen & Marshall, 2011).  

In the Castle Watershed, Pigeon and Jiskoot (2008) conducted an in-depth study of SLR 

at Castle Mountain Ski Resort within the watershed. They determined the pooling of cold 

air masses has an impact on average lapse rates for the region and as such, they worked to 

separate inverted SLR from normal SLR to better represent and model temperature in the 

area over time. Another study elucidated the seasonal and diurnal variations in SLR in 

complex terrain and the impacts for hydrological modelling (Minder et al., 2010). The 

concept and derivation of SLR representative of local and regional factors are essential to 

understanding the spatial extent of isotherms throughout complex terrain (Rolland, 2003; 

Mattie, 2009; Minder et al., 2010). 

4.4 Historical Evidence for a Changing Climate in Alberta 

 

 Elements of the cryosphere, such as permafrost and glaciers, are fundamentally 

associated with climate and therefore can be used as proxies for the general understanding 
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of historical climates. The extent and influence of glaciation have been recorded and 

observed through various means; including the use and interpretation of volcanic tephra, 

pollen, cosmogenic dating, vertebrate fossils, and glacially deposited earth materials 

(Bobrowsky & Rutter, 1992; Jackson et al., 1997; Dyke et al., 2002). During the 

Wisconsin glaciation, glaciers flowed out of the large catchment basin of the Castle 

Watershed and formed piedmont glaciers on the plains and foothills (Stalker, 1969). 

Specifically, in the Waterton-Castle region, a composite stratigraphic column was 

compiled by Stalker and Harrison (1977) as cited in Bobrowsky and Rutter (1992).  

 

In association with historical glacial extent evidence, glacial ice cores identifying 

the global trends in climate and the localized historical changes in the extent of glacial ice 

sheets, dendrology can be utilized to interpret regional historical climate. Research 

conducted by Luckman and Wilson (2005) sought the use of tree-ring analogs to interpret 

recent historical climate accurately. Their work was able to reconstruct the summer 

temperature for the time period between 950 ï 1994 (Luckman & Wilson, 2005). The 

findings from this work identified historical periods comparable to the current climate 

while concluding that the period of greatest warming trend was identified from the mid-

1800s onward (Luckman & Wilson, 2005).  

  



   

 

29 

 

5.0 Methods 

 

Methods for this research project consisted of a combination of field work, 

including the creation of a climatic sensor network and data collection, as well as data 

analysis, interpretation, air temperature modelling, and perturbing current air temperature 

models for future IPCC scenarios. 

5.1 Data Collection and Field Methodology 

 

Deploying sensors that capture the heterogeneity of the landscape was crucial and 

a distributed network needed to be established (Figure 9). Sites were chosen to represent 

landscape units present within the study area including valley bottoms, mid slopes, upper 

slopes, and mountain tops (Table 1). To accomplish this, elevational transects were 

placed leading up mountain slopes through the forested landscape to mountain peaks, as 

well as across topographically constrained valleys (Figure 8). Further, topographic 

position index (TPI), elevation, aspect, potential incoming solar radiation (PISR) and land 

cover were considered in the selection and placement of sites. TPI is a relative measure of 

topographic prominence or topographic protection where the average of a defined 

neighbourhood of cells is looked at in comparison to the cell of note to identify if it is 

above or below the average of the neighbourhood (Jenness, 2006). A high TPI value 

represents a cell that is prominent on the landscape and has a value > 0, a TPI value of 0 

is a perfectly flat region or a region of uniform change, and a value < 0 is in a depression 

or hollow in contrast to the surrounding terrain. These metrics were selected as criteria to 

give insight into the temperature variation observed within the landscape, topographically 
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but also biologically (e.g. above and below treeline) (Figure 9). As site selection was 

made in a GIS environment, real-world conditions varied slightly, and thus not all sites 

were able to be placed in the exact position planned within the software.  

 

Figure 8: The distribution of research sites across the WCW, WC6 is the highest site in 

the network with an elevation of 2382 m. ASL, the lowest being U of L ï Valley at 1412 

m ASL. 
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Table 1: Topographic variables and position in relation to treeline of each of the stations 

collecting temperature information. 

 Site Elevation Slope TPI  Aspect Treeline 

WC1 1433.0 13.3 -6.7 304.5 (West) Below 

WC2 1829.2 11.3 30.3 10.2 (North) Below 

WC3 1874.3 24.4 46.9 27.2 (North) Above 

WC4 2187.5 16.4 115.5 77.1 (East) Above 

WC5 1623.5 26.3 62.8 99.8 (South) Above 

WC6 2381.7 27.8 168.1 303.0 (West) Above 

WC7 2003.8 36.8 13.8 260.3 (West) Above 

WC8 1567.9 9.8 -86.5 304.8 (West) Below 

WC9 1678.4 31.9 -25.3 113.0 (East) Below 

WC10 1826.9 5.1 -56.9 143.4 (South) Below 

WC11 2171.5 33.2 163.7 331.6 (North) Above 

U of L - Mid 

Mountain 1834.9 19.9 -17.3 101.8 (East) 

Below 

U of L - Ridge 2154.1 20.9 164.7 100.8 (East) Above 

U of L - Valley 1412.1 4.6 -20.6 70.7 (East) Below 
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Figure 9: Geographically derived variables used to determine sensor placement. 9A is 

representing TPI. 9B is representing slope. 9C is representing elevation. 9D is 

representing aspect. 

 

 

 

 Air temperature data were collected hourly using Onset HoboÊ pendant loggers 

(12 in total) which were launched and deployed throughouttpi the study area, beginning in 
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August of 2016. This initial array of six sensors were bolstered throughout the summer 

months of 2017 to a total of 12 locations (Table 2). These sites were periodically 

revisited to ensure data was being collected as well as to retrieve for analysis. After many 

attempts to re-establish operation of the site titled West Castle Weather Station (WCWS), 

it was determined that the site inoperative and no data was able to be retrieved from the 

site during the duration of the study period. These specific logger models were chosen for 

several reasons including precision, accuracy, durability, functionality under extreme 

temperatures, as well as cost which was relatively inexpensive (~$70 each). The accuracy 

and resolution of these sensors, as reported by the manufacturer, is +/- 0.53°C within the 

range of 0° to 50°C and 0.14°C at 25°C respectively (Figure 10). Additionally, these 

loggers were tested to ensure functionality to extreme temperatures in a -80-degree 

Celsius freezer (Bonnaventure, unpublished data) with drift being considered acceptable 

for the site conditions. 

 

Figure 10: Accuracy, resolution, and timing error of Onset loggers. 
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At each site, solar radiation shields were mounted at the height of approximately 

1.6 m above the ground surface on a steel post or t-bar (Figure 11), unless restricted by 

potential snowpack and infi ll. Loggers suspected of burial within snowpack were 

mounted at approximately 2.6 m above the ground surface as a direct counter-measure in 

order to prevent this. Fitted within solar radiation shields (Onset RS1) were loggers 

equipped with thermistors and at particular sites relative humidity sensors (UA-001-64, 

U23-001) (Table 2). Loggers were also placed just below the ground surface at four sites 

as well to collect ground surface temperature. The ground surface temperature recorded 

was not used in the analysis but served as a comparison for other projects unrelated to this 

thesis. Furthermore, two sites were outfitted with an array of vertical iButton thermistors 

at regular intervals above the ground for the identification of snowpack depth and timing 

for use in correlation with ground surface temperatures in projects unrelated to this thesis. 

One site was outfitted more exhaustively with additional sensors collecting data including 

relative humidity, wind speed, and direction, soil moisture, photosynthetic active 

radiation (PAR), incoming radiation and snow depth stakes for the purpose of collecting 

additional regional climatic information (Table 2). 
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Table 2: A reference of all equipment used in the collection of environmental data within 

the WCW, as well as the accuracy, resolution, and locations name where sensors are 

present. Information retrieved from manufacturers websites. 

Manufacturer ID Measurement Accuracy Resolution Site Name 

Onset UA-001-64 Air Temperature +/- 0.53°C 0.14°C WC2-11 

UA-001-64 Ground Temperature +/- 0.53°C 0.14°C WC1,5,11 

U23-001 Air Temperature +/- 0.21°C 0.02°C WC5-6 

Relative Humidity +/- 2.5 % 0.05% 

UA-002-64 Light Intensity +/- 2.5 % 0.02% WC1-4 

S-WCA-

M003 

Wind Speed +/- 0.5ms-1 0.19 ms-1 WCWS 

Wind Gust +/- 0.5ms-1 0.19 ms-1 

Direction +/- 5.0° 1.4° 

S-LIA -M003 PAR +/- 5.0 umolm-

2s-1 

2.5 umolm-

2s-1 

WCWS 

S-LIB-M003 Solar Radiation +/- 10 Wm-2 1.25 Wm-1 WCWS 

S-THB-M003 Air Temperature +/- 0.21°C 0.02°C WCWS 

Relative Humidity +/- 2.5 % 0.10% 

S-TMB-

M003 

Ground Temperature +/- 0.2°C 0.03°C WCWS 

S-SMC-

M003 

Soil Moisture +/- 0.031 m3m-3 0.0007 

m3m-3 

WCWS 

Maxim 

Integrated 

DS1921G Temperature (Snow 

Depth) 

+/- 0.53°C +/- 0.53°C WCWS, 

WC11 

 

 

Figure 11: Examples of 4 sites within the WCW. Figure 11A is of WC5 and an example 

of a station above treeline. 11B is of the WCWS-BB station which is outfitted with 
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supplemental loggers. 11C is of WC10 and an example of a station below treeline. 11D is 

WC6 and is the logger at the highest elevation within the WCW (2382m). 

5.2 Data Processing and Input Variable Collection and Derivation 

 

Data were collected during this study over the outlined time periods from a total 

of 11 stations (Figure 12).  This network of stations was reinforced by the addition of 

three stations with a near-continuous data record for the study period from the Dr. Chris 

Hopkinsonôs ARTEMIS lab at the University of Lethbridge named U of L-Valley, U of 

L-Mid-mountain, and U of L-Ridge (Figure 8). 

 

Figure 12: Temporal coverage of data collection for this research, beginning in August of 

2016 and ending in the summer and fall of 2018. Circles indicate logging inception, 

crosses indicate loggers being removed or rendered inoperable, dashed lines indicating 

data that has been collected and yet to be retrieved, arrows indicate loggers continued 

logging. 

 

Using the collected data, temperature averages were calculated on daily, monthly 

and annual scales. Also, both daily max and daily minimum temperatures were 
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determined. For any sensors that malfunctioned, were not correctly recording, or were 

buried in snow, the data wereinfilled. A total of 16.8 % of the data were infilled using this 

process. This method was applied using the three nearest Alberta Government 

meteorological stations, Castle Auto, WestCastle, and Gardner Headwater (Figure 7) 

collecting air temperature data. A linear relationship was established between the average 

daily temperature of the data successfully collected from sites from this study and the data 

acquired from Environment Canada stations similar to the process by Wood et al. (2019) 

(Figure 13). The linear equation was used to fill gaps within the data from each station.  

 

Figure 13: An example regression curve where the temperature at the research site is a 

function of temperature at the independent station, used to infill  data between research 

sites and Environment Canada and the Government of Alberta stations within the region. 

 To reduce the potential compounding of error, the data was divided into two 

unique datasets. One dataset containing temporally gap-filled data, and one dataset that 

did not contain infilled data. The temporally gap-filled dataset (Set A), as described 

above, was used in analyzing the seasonality and temporal events such as inversions and 
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chinooks within the watershed as well as future projections. The non-gap-filled dataset 

(Set B) was used solely for spatial modelling and comparison between models. 

5.3 Air temperature General Linear Model 

 

Multivariate linear regression and linear regression were used to analyze the 

relationships between temperature, topographic, and land cover characteristics. The 

monthly average temperature (MAT) for each site was regressed against assemblages of 

explanatory variables in order to determine those that had the most influential and most 

robust explanatory ability. Variables such as elevation, TPI, slope, aspect, PISR, 

equivalent elevation, and albedo, similar to the method of studies of Cullen and Marshall 

(2011) and Wood et al. (2019), were all considered and used in multiple iterations and 

variations as explanatory factors. Equivalent elevation is a variable pioneered by 

Lewkowicz and Bonnaventure (2011) to express surface air temperature lapse rates in 

regions above and below treeline. Furthermore, the delineation of the treeline, a 

seemingly significant influence on local microclimate and boundary layer climate 

conditions (Lewkowicz & Bonnaventure, 2011; Ross, 2017), had to be spatially 

represented. Therefore, stations that existed above and below treeline were separated in 

order to run the model upon each region independently. 

 

Each iteration of the regression model was reviewed to determine if the values 

that were being produced by the equation were logical and within the realistic range for 

the time of year (i.e. the model was not producing negative relationships where it is 

expected positive ones should exist as with solar radiation). Explanatory variables that 
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resulted in erroneous values being predicted or illogical relationships were removed from 

consideration within the model. As a result, only elevation was the selected regression 

variable for modelling temperature. Variables that did not produce consistent statistically 

significant relationships were not considered for use in the final model. 

5.4 Cross-Validation 

 

The spatial model generated was validated through the use of the leave-one-out 

cross-validation (LOOCV) technique. LOOCV is accomplished by the iterative removal 

of individual stations and the re-computation of the general linear regression models on 

the new set of data missing one location. These new models were then used to derive the 

temperature at the location that had been left out and the difference between the model 

containing the totality of the locations and the network of stations with one missing was 

determined. This technique was applied for all stations across all months within the study 

period. 

5.5 Pre-Modelling 

 

Treeline for this region was determined using a supervised classification operation within 

ENVI software. Using a 0.5 m resolution image mosaic of Southern Alberta, the study 

area was isolated and ran through the classification process (Figure 14). Locations 

representing exposed rocky and sparsely vegetated areas were manually identified as 

above treeline, whereas locations with dense forest and prominently present vegetation 

were identified as below treeline. These manually identified regions were used to train the 

program to identify similar regions with spectral responses that matched the input 

regions. Once the program had identified all pixels within the study area to its closest 
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matching the supervised input data, they were quality controlled through on-site visual 

inspection, and the use of clumping and sieving algorithms within ENVI. Areas like roads 

and rivers were manually reclassified as below treeline locations. Classified treeline 

varied in the study region (1471-2459 m) but was generally found at a mean elevation of 

1980 m. As modelling over lakes could potentially cause substantial error in the 

calculation of surface air temperature, and there were no logging locations placed on the 

landscape in order to capture the variations there, they were artificially removed from the 

study area through the process of manual identification and delineation using 0.5 m image 

mosaic. 
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Figure 14: Regions within the WCW determined to be above or below treeline through 

supervised classification of aerial imagery. 

5.6 Modelling 

 

Once all input grids were prepared for the modelling process, the surface 

temperature at a location was determined by implementing the linear regression equation 

for each grid cell (10 m × 10 m) within the study area. Surface air temperature models 

were produced for all months, using Set B, over the time period selected for analysis as 

well as one representing a predicted annual mean air temperature (AMAT ). To ensure 
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realistic surface air temperatures were being modelled, these generated raster files were 

manually capped to remove extreme values well outside the norm. This process was 

achieved through identification of values that were three times greater than the standard 

deviation of the data, above and below the mean value, and the subsequent replacement of 

these values with the value that was equal to three times the standard deviation above or 

below the mean. This resulted in a hard cap for values within the model that consisted of 

air temperature values within a 99 % confidence interval. 

 

5.7 Future Models 

 

Using the software ClimateNA (Wang et al., 2016), three future climate normals 

were predicted along three RCP scenarios that were set out by the IPCC. This was done 

for each month over which the study period extended. For each sensor location, the 

coordinates and elevation were seeded into the software which then drew from an archive 

of precalculated models. The model within the software that was selected for use is the 

CanESM2, the second generation of a Canadian earth system model (Wang et al., 2016). 

The average surface air temperature provided through ClimateNA for the 1981-2010 

climate normal was used in association with future scenario IPCC RCP models to derive 

the difference in magnitude between the two.  

Equation 3: ὓ Ὕὥὅὔὃ  ɀ Ὕὥὅὔὃ  

Equation 4: Ὕὥ  ὓ  Ὕὥὡὅὡ  

where ὓ  is the difference in magnitude between  Ὕὥὅὔὃ  and  Ὕὥὅὔὃ , 

the average temperatures from both ClimateNA and the WCW (Set A) respectively. ὓ  
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is then applied to the WCW model derived, Ὕὥὡὅὡ , to generate a regionally 

corrected future air temperature, Ὕὥ . 

The magnitude of air temperature change was applied to the predicted mean air 

temperature surfaces for the July 2017 to June 2018 period (Bonnaventure & Lamoureux, 

2013). This is done as it is assumed that the local climate that had been determined 

through this research would be more representative of the region whereas the CanESM2 

and IPCC RCP models were more able to represent change into the future and at a global 

scale, thus combining top-down global circulation models and bottom-up local models.  

5.8 Model Comparison 

 

Models generated (Set B) for this research are compared to several other 

published models which share a spatial extent with the study area. Direct comparisons are 

made between the average surface air temperatures modelled within this work with the 

lower resolution models for the spatially coincident areas. As the model created by 

Hutchinson et al. (2009) and later further analyzed by Kienzle (2017) for the climate 

period of 1970-2010 is coincident with this study, it was used as a comparator for both 

annual air temperature as well as seasonal temperatures. Also used as a comparison is the 

ClimateNA model by Wang et al. (2016). This model utilizes and expands from previous 

models such as PRISM and ANUSPLIN topographically corrected surfaces (Wang et al., 

2016). This model is compared on an annual basis. The models were compared in all 

cases by subtracting the results of the generated models from the comparison models to 

form difference grids using raster calculator in ArcGIS. 

Equation 5: ὓὃὃὝ ὃὓὃὝ  ὈὭὪὪὩὶὩὲὧὩ ὋὶὭὨ 
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As the resolution for the models created for the Castle study area was of higher 

resolution than the comparison models, the comparative models were resampled to the 

same cell size using the Nearest Neighbor interpolation as the comparative models are 

discrete areas. The Alberta Climate Records dataset was resampled from a resolution of 

10 km × 10 km to a cell size of 10 m × 10 m. The ClimateNA dataset was resampled from 

a cell size of 4.65 km × 3 km to 10 m × 10 m, the rectangular cell size is a result of the 

dataset using angular units. This process did not serve to increase the resolution of the 

data but rather just to make the models numerically comparable on a pixel level 

(Bonnaventure & Lewkowicz, 2013).  

5.9 Surface Lapse Rate Derivation 

 

The average monthly temperature recorded at each site (Set A) is regressed 

against the elevation of each site to determine the rate of change in temperature as a 

purely elevational driven variable. The monthly average SLRs were calculated using the 

best-fit linear trend through the least squares method with input from all sites within the 

study area (Cullen & Marshall, 2011). To determine hourly SLR hourly temperature 

measurements were regressed again against elevation. SLRs calculated for above and 

below treeline were done through using the same methods with only stations above or 

below the classified treeline being used to determine lapse rates.    



   

 

45 

 

6.0 Results 

6.1 Observed Air Temperature 

6.1.1 Daily 

 

Daily Air temperature varied seasonally across the watershed from the coldest daily 

average temperature ï31.2 °C on January 13th, 2018 to the warmest of 24.6 °C on July 7th, 

2017 (Table 3). The monthly range of daily air temperature observed at each of the 

stations is presented in Figure 15. 

Table 3: Maximum and Minimum daily averages observed at each sensor location from 

July 2017 and June 2018 

Station Maximum (ęC) Minimum  (ęC) 

WC1 20.5 (September 2) -26.9 (December 30) 

WC2 22.1 (July 7) -26.5 (December 30) 

WC3 23.1 (July 8) -29.0 (December 30) 

WC4 20.2 (August 19) -30.4 (December 19) 

WC5 24.5 (August 28) -28.4 (December 30) 

WC6 19.6 (July 7) -22.3 (December 22) 

WC7 23.3 (July 7) -28.6 (December 29) 

WC8 21.2 (September 2) -27.8 (December 30) 

WC9 24.6 (July 7) -27.9 (December 31) 

WC10 21.2 (July 7) -31.2 (January 13) 

WC11 18.3 (July 8) -29.2 (December 30) 

Valley 23.1 (July 8) -26.4 (December 30) 

MidMtn  22.6 (July 8) -29.3 (December 30) 

Ridge 20.6 (August 29) -29.6 (December 29) 
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Figure 15: Box and whisker plots for daily average air temperature in ęC observed at 

each station indicating the mean, median, quartiles, standard error, and outlying data 

separated into monthly collections. 
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6.1.2 Monthly  

 

The month with the broadest range of MAT between sensors observed was 

September with monthly averages of 13.0 °C observed at site WC3 and 1.76 °C observed 

at site WC4. December observed MAT ranged from -7.48 °C at site WC9 to -10.4 °C at 

site WC4. The average range of monthly average air temperature observed within the 

study period was 7.78 °C throughout the year. The coldest average monthly temperature 

observed was February at -11.6 °C and the warmest month of July with a temperature of 

16.9 °C (Table 4). 

 

Table 4: Monthly average air temperature measured at each sensor location between July 

2017 and June 2018 inclusive. Italics denotes months that have had data infilled. 

Station Monthly Average Air Temperature (°C) 

 Jul Aug Sep Oct Nov Dec Jan Feb Mar  Apr  May Jun 

WC1 16.6 14.8 9.7 3.4 -2.3 -8.1 -3.6 -11.3 -2.6 -0.1 9.0 11.4 

WC2 17.7 15.3 9.1 1.7 -3.8 -10.3 -5.4 -12.0 -4.3 -1.0 8.1 9.4 

WC3 18.5 16.8 13.0 6.8 -4.5 -7.7 -3.9 -11.9 -3.7 0.0 10.1 10.1 

WC4 12.7 14.0 1.8 -4.5 -4.3 -10.4 -8.3 -13.5 -6.5 1.5 7.7 7.9 

WC5 20.0 17.9 11.4 3.3 -3.1 -8.0 -4.0 -11.2 -2.5 0.9 11.5 11.6 

WC6 14.7 11.8 5.2 -2.8 -6.8 -9.5 -7.2 -14.7 -7.9 -4.7 6.1 5.8 

WC7 18.0 14.8 8.3 0.4 -5.8 -9.5 -5.3 -13.3 -5.0 -1.6 8.7 8.4 

WC8 16.7 15.1 9.7 2.7 -3.1 -9.0 -4.4 -11.8 -2.9 -1.0 6.1 10.4 

WC9 19.8 16.9 10.5 2.6 -3.8 -7.5 0.1 -7.7 1.4 4.8 12.9 11.0 

WC10 16.3 13.4 7.1 -1.0 -7.2 -10.1 -7.4 -6.9 -6.1 -1.7 8.1 11.6 

WC11 15.3 13.1 7.7 0.9 -4.7 -9.7 -5.1 -13.4 -4.6 -1.0 6.0 8.8 

Valley 19.6 16.7 9.7 3.3 -2.7 -8.6 -4.2 -11.3 -2.5 0.5 9.5 11.6 

MidMtn  18.0 15.8 9.5 1.7 -4.6 -8.8 -4.6 -12.2 -2.6 1.3 9.3 9.7 

Ridge 15.8 13.6 7.2 -0.9 -7.0 -10.4 -6.2 -14.5 -6.3 -3.0 7.3 7.2 

Average 17.1 15.0 8.6 1.2 -4.5 -9.1 -5.0 -11.8 -4.0 -0.4 8.6 9.7 
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6.1.3 Seasonal and Annual 

 

The seasonal temperatures varied throughout the WCW from an average across 

the network of 13.9 ɕC during the summer months of June, July, and August to ï 8.4 ɕC 

during the winter months of December, January, and February. The AMAT as recorded 

from the sensor network over the study period was 2.2 °C (Table 5). The station with the 

coldest AMAT was WC6 at -0.7 ęC while the warmest AMAT was recorded at WC9 at 

5.2 ęC. 

 

Table 5: Average seasonal daily mean temperature observed at each sensor location in 

°C. 

Station AMAT  JJAave SONave DJFave MAM ave 

WC1 3.2 14.3 3.6 -7.5 2.1 

WC2 2.1 14.2 2.3 -9.1 0.9 

WC3 3.8 15.2 5.1 -7.7 2.2 

WC4 -0.1 11.6 -2.4 -10.6 0.9 

WC5 4.1 16.5 3.9 -7.6 3.3 

WC6 -0.7 10.8 -1.5 -10.3 -2.1 

WC7 1.6 13.8 1.0 -9.3 0.7 

WC8 2.5 14.1 3.1 -8.3 0.8 

WC9 5.2 16.0 3.1 -4.9 6.4 

WC10 1.4 13.8 -0.4 -8.2 0.1 

WC11 1.2 12.4 1.3 -9.2 0.1 

Valley 3.6 16.0 3.4 -8.1 2.5 

MidMtn  2.8 14.5 2.2 -8.5 2.7 

Ridge 0.4 12.2 -0.2 -10.4 -0.7 

Average 2.2 13.9 1.8 -8.4 1.4 

 

6.2 Surface Lapse Rates and Inversions  

 

The monthly average SLRs observed and calculated using the best-fit linear trend 

through the least squares method varied from ï8.0 °C km-1 in October to ï2.2 °C km-1 in 
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February (Table 6). Hourly average annual SLRs ranged from ï2.3 °C km-1 at 5 AM to -

8.1 °C km-1 at 2 PM (Figure 16) 

Table 6: Average monthly surface lapse rates calculated using best-fit linear regression 

(n=14). 

Year Month Average 

Monthly Surface 

Lapse Rate (°C 

km-1) 

The difference from 

Standard Surface 

Lapse Rate (°C km-1) 

2017 July -4.2 2.3 

August -4.0 2.5 

September -7.3 -0.8 

October -8.0 -1.5 

November -4.6 1.9 

December -2.3 4.2 

2018 January -5.8 0.7 

February -2.2 4.3 

March -6.9 -0.4 

April  -3.9 2.6 

May -2.9 3.6 

June -4.5 2.0 

 

Within the WCW, inverted SLRs were found to be present in the watershed for 18.5 

% of the time (Figure 17). A total of 163 distinct inversion events were observed, and the 

average length was 9 hours and 55 minutes. Average inversion strength was 4.8 °C km-1. 

The strongest hourly inversion was 21.2 °C km-1 and occurred on December 31st, 2017 at 

2:00 AM. The most extensive inversion lasted for 71 hours from December 6th to December 

9th of 2017. While inversions occurred most frequently (62.6 %) during the warmer periods 

of the year (April ï September) compared to 37.4 % in October ï March, there were more 

stable inversions present for more extended periods of time (e.g. 11 hours and 42 minutes) 

during the colder months (October ï March). 
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Figure 16: Observed annual averages of hourly surface lapse rate for the period of the 

study showing the presence of a diurnal signal. 

 

 

Figure 17: The strength and seasonal timing of daily inverted surface lapse rates. 
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6.3 Regression Models 

 

The models and statistics for each of the surfaces created are presented below 

(Table 7-8). The selected variable for the final model was exclusively elevation though 

statistics for the other models will also be presented in Table 9 and Table 10 including 

slope, TPI, aspect, PISR, and treeline. Treeline was used as a device to partition the study 

area and derive separate models for elevation within these regions and found to not be 

consistenly significant both above and below the deliniation. Cross-validation statistics of 

the regression models are also presented here (Table 11) showing the difference 

determined as a result of an individual station being removed from the modelling process, 

thus highlighting the ability of the rest of the network of sites to predict the value of the 

removed location.   
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Table 7: Monthly linear regression model statistics that were generated between July 

2017 and June 2018 where monthly average temperature was a function of elevation. 

Months where elevation did not have a statistically significant p-value of 0.05 are 

indicated by bold and italicized p-values. 

July (n=7) August (n=11) 

  Coefficients Standard 

Error 

P-value Coefficients Standard 

Error 

P-value 

Intercept 24.685 3.13008 0.00053 22.7098 2.36505 5.0*10-6 

Elevation -0.0039 0.00169 0.0697 -0.0043 0.00128 0.00855 

September (n=12) October (n=12) 

  Coefficients Standard 

Error 

P-value Coefficients Standard 

Error 

P-value 

Intercept 19.894 3.09856 7.6*10-5 14.5655 1.91002 1.8*10-5 

Elevation -0.0063 0.00165 0.00324 -0.0074 0.00102 2.5*10-5 

November (n=13) December (n=13) 

  Coefficients Standard 

Error 

P-value Coefficients Standard 

Error 

P-value 

Intercept 4.30949 1.34634 0.00844 -4.2148 1.864 0.045 

Elevation -0.0048 0.00072 3.4*10-5 -0.0025 0.00099 0.02748 

January (n=11) February (n=11) 

  Coefficients Standard 

Error 

P-value Coefficients Standard 

Error 

P-value 

Intercept 2.12522 1.56372 0.2072 -5.8446 1.01199 0.00027 

Elevation -0.0039 0.00084 0.0011 -0.0037 0.00054 7.9*10-5 

March (n=10) April (n=10)  

  Coefficients Standard 

Error 

P-value Coefficients Standard 

Error 

P-value 

Intercept 5.97932 0.98514 0.0003 5.02038 3.02826 0.13594 

Elevation -0.0056 0.00053 5.0*10-6 -0.0032 0.00162 0.08436 

May (n=11) June (n=11) 

  Coefficients Standard 

Error 

P-value Coefficients Standard 

Error 

P-value 

Intercept 12.7834 3.23709 0.00336 19.7844 1.08195 2.0*10-8 

Elevation -0.0024 0.00173 0.1943 -0.0057 0.00058 4.2*10-6 
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Table 8: Monthly r2 values of the elevation and temperature models generated for the 

WCW between July 2017 and June 2018. 

Month r2 

July 0.51 

August 0.55 

September 0.60 

October 0.84 

November 0.80 

December 0.37 

January 0.71 

February 0.84 

March  0.94 

April  0.33 

May 0.18 

June 0.91 

 

Table 9: The P-value and R2 value of Aspect, slope, TPI, and PISR in relation to 

temperature. Significant P-values in bold and italics. 

  Aspect Slope TPI  PISR 

Month n R2 P-value R2 P-value R2 P-value R2 P-value 

July 7 0.51 0.07 0.00 0.92 0.44 0.11 0.12 0.46 

August 11 0.32 0.07 0.01 0.79 0.23 0.13 0.01 0.77 

September 12 0.00 0.92 0.00 0.83 0.35 0.04 0.00 0.90 

October 12 0.00 0.86 0.03 0.60 0.53 0.01 0.00 0.96 

November 13 0.06 0.43 0.20 0.13 0.53 4.7×10-3 0.00 1.00 

December 13 0.06 0.42 0.03 0.56 0.24 0.09 0.00 0.87 

January 11 0.00 0.97 0.01 0.74 0.45 0.02 0.13 0.28 

February 11 0.02 0.72 0.04 0.56 0.42 0.03 0.04 0.57 

March  10 0.01 0.81 0.07 0.47 0.56 0.01 0.11 0.35 

April  10 0.26 0.13 0.04 0.57 0.16 0.26 0.00 0.88 

May 11 0.25 0.12 0.18 0.19 0.00 0.94 0.17 0.20 

June 11 0.02 0.68 0.12 0.29 0.60 5.0×10-3 0.13 0.28 

 

 

 

 



   

 

55 

 

Table 10: The P-value and R2 value of elevation in relation to temperature partitioned by 

presence above or below treeline. Significant P-values in bold and italics. 

 Treeline - Above Treeline - Below 

Month n R2 P-value n R2 P-value 

July 4 0.96 0.02 3 0.26 0.66 

August 4 1.00 1.1×10-3 7 0.15 0.39 

September 5 0.39 0.26 7 0.30 0.21 

October 5 0.59 0.13 7 0.86 2.6×10-3 

November 6 0.42 0.17 7 0.96 1.3×10-5 

December 6 0.49 0.12 7 0.10 0.49 

January 5 0.71 0.07 6 0.80 0.02 

February 5 0.85 0.03 6 0.81 0.01 

March  4 0.99 3.2×10-3 6 0.87 0.01 

April  4 0.36 0.40 6 0.49 0.12 

May 5 0.93 0.01 6 0.06 0.64 

June 5 0.95 0.01 6 0.88 0.01 

 

Table 11:  Leave-one-out Cross-Validation results showing the difference (ęC) between 

the model run using all points and the model with one of the points left out. Each data 

entry is the result of that location being removed for that particular month. Blanks 

indicate months without complete data coverage and have thus been left out. 

Name Jul Aug Sep Oct Nov Dec Jan Feb Mar  Apr  May Jun 

WC1 1.24 0.56 0.37 0.15 0.07 0.08 0.04 0.05 0.17 3.53 0.12 0.09 

WC3 0.20   0.00 0.02 0.10 0.14 0.08 0.10 1.73 0.19 0.10 

WC4   0.94 0.62 0.40 0.13 0.46 0.11 0.04 1.04 0.06 0.12 

WC5 0.37 0.32 0.26 0.12 0.05 0.04 0.04 0.10 0.12 3.01 0.44  

WC6 0.88 0.49 0.18 0.14 0.12 0.31 0.03 0.04 0.31 2.18 0.52 0.30 

WC7  0.10 0.12 0.08 0.05 0.03 0.06 0.01 0.05 0.95 0.11 0.01 

WC8  0.17 0.07 0.05 0.01 0.14 0.07 0.04 0.01 2.87 0.58 0.11 

WC9  0.17 0.16 0.07 0.01 0.31      0.10 

WC10  1.46 2.37 2.68 1.44 0.79       

WC11  1.65 2.24 2.57 1.67 0.94 1.36 1.35 1.97 0.95 1.08 2.02 

Valley 0.23 0.01 0.42 0.28 0.09 0.29 0.29 0.11 0.21 3.83 0.07 0.08 

Mid 

Mtn  0.08 0.09 0.11 0.07 0.01 0.00 0.05 0.04   0.10 0.03 

Ridge 0.19 0.03 0.18 0.11 0.18 0.14 0.05 0.16 0.03 0.02 0.07 0.09 

Average 0.45 0.46 0.62 0.53 0.32 0.25 0.24 0.19 0.30 2.01 0.30 0.28 
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Table 12: Averages of the Leave-one-out Cross-Validation results showing the difference 

(ęC) between the model run using all points and the model with one of the points left out. 

Each data entry is the result of that location being removed for that particular month. 

Name Average 

WC1 0.54 

WC3 0.26 

WC4 0.39 

WC5 0.44 

WC6 0.46 

WC7 0.14 

WC8 0.37 

WC9 0.13 

WC10 1.75 

WC11 1.62 

Valley 0.49 

Mid Mtn  0.06 

Ridge 0.10 

 

6.4 Modelled Air Temperature Surfaces 

 

The air temperature surfaces created using the models outlined above (Table 7) 

are presented below (Figure 18-27). The modelled AMAT  temperature across the entire 

study area ranged from -1.8 to 4.5 °C with an average modelled temperature of 2.1 °C.  
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Figure 18: Annual mean air temperature modelled across the WCW between the months 

of July 2017 and June 2018. 
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Figure 19: Average January temperature modelled across the WCW, ranging from the 

maximum modelled temperature of -3.13 °C and the minimum of -8.25 °C. 
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Figure 20: Average February temperature modelled across the WCW, ranging from the 

maximum modelled temperature of -10.75 °C to the minimum of -15.53 °C. 
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Figure 21: Average March temperature modelled across the WCW, ranging from the 

maximum modelled temperature of -1.54 °C to the minimum of -8.87 °C. 
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Figure 22: Average April temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 5.02 °C to the minimum of -5.42 °C. 
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Figure 23: Average May temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 9.55 °C to the minimum of 6.39 °C. 
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Figure 24: Average June temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 12.25 °C to the minimum of 4.89 °C. 
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Figure 25: Average July temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 19.49 °C to the minimum of 14.42 °C. 
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Figure 26: Average August temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 17.01 °C to the minimum of 11.45 °C. 
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Figure 27: Average September temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 11.46 °C to the minimum of 3.24 °C. 
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Figure 28: Average October temperature modelled across the WCW, ranging from the 

maximum modelled temperature of 4.65 °C to the minimum of -5.02 °C. 
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Figure 29: Average November temperature modelled across the WCW, ranging from the 

maximum modelled temperature of -2.08 °C to the minimum of -8.30 °C. 



   

 

69 

 

 

Figure 30: Average December temperature modelled across the WCW, ranging from the 

maximum modelled temperature of -7.57 °C to the minimum of -10.84 °C. 

  



   

 

70 

 

6.5 Perturbed Climate Models 

 

 Three IPCC climate perturbation models, RPC 2.6, 4.5, and 8.5 are presented 

below for three future climate normal periods (Figure 31-33). These models were chosen 

to be used because they represent three potential future radiative forcing scenarios 

associated with greenhouse gases emissions for low, middle, and high temperature change 

scenarios. The average change throughout a calendar year at each future interval for RCP 

2.6 is 2.3 ęC, 2.9 ęC, and 2.9 ęC for the respective climate normals of 2011-2040, 2041-

2070, and 2071-2100. For RCP 4.5 the average change throughout the year is 2.2 ęC, 3.5 

ęC, and 4.4 ęC for the same respective climate normal periods. For RCP 8.5 the average 

change throughout the year is 2.4 ęC, 4.4 ęC, and 7.1 ęC for the same respective climate 

normal periods. 
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Figure 31: Measured average monthly surface air temperature perturbed along IPCC 

RCP 2.6 pathway to 3 future climate normals including 2011-2040, 2041-2070, and 2071-

2100. 

 

Figure 32: Measured average monthly surface air temperature perturbed along IPCC 

RCP 4.5 pathway to 3 future climate normals including 2011-2040, 2041-2070, and 2071-

2100. 

 

Figure 33: Measured average monthly surface air temperature perturbed along IPCC 

RCP 8.5 pathway to 3 future climate normals including 2011-2040, 2041-2070, and 2071-

2100. 
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7.0 Discussion 

7.1 Observed Temperature 

 

The surface air temperature within the WCW varied daily, monthly and 

seasonally. Daily variability in temperature observed in the WCW presented in Figure 15 

and an average representation in Figure 34 show temperature trends as a result of 

synoptic climate conditions modified by weather events, site conditions and seasonality 

causing daily variability. A clear distinction in variability is the difference between the 

maximum and minimum daily average temperature. Minimum average daily air 

temperatures were mostly recorded during an arctic air mass intrusion from December 

29th-31st, 2017, while the coldest temperatures recorded outside of this time period were 

from sensors at mountain peaks and high ridge tops (WC4, WC6, WC10) (Table 3). The 

occurrence of maximum daily averages was temporally sporadic through the warmer 

months, though predominantly encircling an individual weather event around July 7th-8th, 

2017.  

 

Air temperature at a location may be influenced by the contributing upslope area, 

similar to water drainage regarding cold-air pooling, as well as the orientation of the 

surrounding topography (Dobrowski et al., 2009). In mountainous regions, especially 

within the valley bottoms, the idea of canyon geography plays a role in the redistribution 

of longwave radiative energy (Oke, 1987) which can influence the energy budget of a 

location. At mountain peaks the influence of surface area is reduced as there is minimal 

influential surrounding surface area that will contribute to temperature at a site, whereas, 

within valley bottoms, the inverse is true.  
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Figure 34: Box and whisker plot for the daily average air temperature throughout the 

study period averaged across all sensors within the watershed including mean, median 

quartiles, standard error, and outlying data. 

 

A comparison drawn between the climate normal from an Environment Canada 

meteorological station in Beaver Mines, Alberta, and the WCW monthly temperature can 

give insight into typicality of the study period (Table 13). As January temperatures are 

comparable between locations (0.3 ęC difference), both December and February deviate 

substantially with a difference of 4.5 ęC and 8.0 ęC respectively. Further, April, October, 

March, and November differ from Beaver Mines differ in excess of 3.0 ęC while May ï 

September vary 3.0 ęC or less. This indicates colder seasons within the region as being a 

highly variable period of the year whereas warmer seasons vary less substantially though 

more data collection and observation is needed to support this further.   
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Table 13: Monthly average temperatures (ęC) of the WCW for the 2017-2018 study 

period and climate normals from an Environment Canada meteorological station in 

Beaver Mines, Alberta for the climate period of 1981-2010. 

Month WCW  Beaver Mines Difference 

January -5.0 -4.7 0.3 

February -11.8 -3.8 8.0 

March  -4.0 -0.5 3.5 

April  -0.4 4.4 4.8 

May 8.6 8.9 0.3 

June 9.7 12.7 3.0 

July 17.1 16 1.1 

August 15.0 15.4 0.4 

September 8.6 10.8 2.2 

October 1.2 5.7 4.5 

November -4.5 -1.2 3.3 

December -9.1 -4.6 4.5 

 

7.2 Surface Lapse Rates 

7.2.1 SLR and Inversions  

 

The WCW region of the Rocky Mountains is characterized by unique weather 

events such as chinooks and cold-air pooling (Pigeon & Jiskoot, 2008). While the 

influences of chinooks in the region have been studied in detail (Nkemdirim, 1986; 

Nkemdirim, 1996; Nkemdirim, 1997) the presence, characteristics, and nature of 

inversions and inverted SLRs have had significantly less attention. Studies farther to the 

north have examined the significance of inversions within high-latitude mountainous 

regions of western Canada concerning permafrost distribution (Lewkowicz & 

Bonnaventure, 2011). The characterization of inversions in lower-latitude regions is 

necessary to properly understand and draw a comparison between the SLRs in mountains 

of both mid-latitude and higher-latitude regions, as well as providing data for local and 

regional climate models focusing on similarly affected complex terrain. Inversion prone 

landscapes may also influence the current distribution of flora and fauna sensitive to 
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extreme minimum temperatures, exemplified by species such as the Mountain Pine Beetle 

(Dendroctonus ponderosae) as regions prone to inversions may, more frequently, 

experience limiting temperatures to sensitive species (Safranyik, 1978). In contrast, these 

landscapes may impact the future distribution of species in the form of a climatological 

refugia as a result of consistent cold-air drainage into valleys providing a climatological 

niche for species buffered against the warming surrounding landscape (Lundquist et al., 

2008).  

 

Within the WCW, it was found that there were no inversion events that were 

frequent enough or persisted long enough to invert the SLR at the monthly scale, as seen 

farther to the north, although inversions were still present throughout all months in the 

study period. While the influence of inversions on average monthly temperatures was 

minimal, as the time step of interest is increased in resolution the importance of the 

influence of inversions also increases. This is not true for northern regions where 

inversions are extremely stable during the dominant winter season (Bonnaventure & 

Lewkowicz, 2013). While inversions are not stable, nor persistent on the landscape of the 

WCW for long enough to outweigh the influence of a normal SLR, they may contribute to 

the modification of recreation (skiing/snowshoeing) and faunal behaviour including 

habitat selection and migration corridors of temperature sensitive species. 

 

The SLRs observed through the work of Cullen and Marshall (2011) using the 

Foothills Climate Array (FCA) are compared in Table 14 against SLRs observed within 
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the WCW. The FCA extends from regions East of Calgary, Alberta into the Rocky 

Mountains to the Continental Divide to the west, encapsulating similar topography and 

experiencing similar weather and climate as the WCW.  

 

Table 14: Average monthly SLRs observed in the WCW for the year 2017-18 compared 

against the average monthly SLRs observed at the FCA for the time period of 2005-09 

(Cullen & Marshall, 2011). 

Month  Average 

Monthly SLR 

(°C km-1) 

Monthly SLR 

(FCA) (°C km-1) 

Difference 

 (°C km-1) 

January -5.8 -2.3 -3.5 

February -2.2 -1.5 -0.7 

Mar ch -6.9 -4.1 -2.8 

Apr il  -3.9 -5.6 1.7 

May -2.9 -6.6 3.7 

June -4.5 -5.8 1.3 

July -4.2 -4.6 0.4 

August -4.0 -4.5 0.5 

September -7.3 -4.9 -2.4 

October -8.0 -3.7 -4.3 

November -4.6 -3.7 -0.9 

December -2.3 -2.6 0.3 

Average -4.7 -4.2 -0.6 

 

The difference in observed SLRs between the two study areas is most notable in 

the month of October where there is a difference of -4.3 °C km-1 followed closely by May 

and January, with a departure of 3.7 °C km-1 and -3.5 °C km-1 respectively. These 

differences could be as a result of weather extremes occurring during the WCW study 

period and the moderating effect of the FCA data being an average of four years. Further, 

the difference could be also be attributable to, in part, chinooks that occur with more 

frequency in southern Alberta compared to more northern regions (Nkemdirim, 1996).  
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Daily SLR signals were also compared monthly to observe if seasonal patterns 

were apparent in the winter months (Figure 35).There are no periods of time that are on 

average inverted, though the observed SLRs are substantially lower than the often 

assumed SLR of -6.5 ɕC km-1 (Minder et al., 2010) (Table 6). This highlights potential 

drivers and controls on inversions between seasons where in the summer they are driven 

by the diurnal cycle and solar heating whereas during the winter they are more driven by 

regional or synoptic weather conditions in addition to solar influences. This leads to the 

dissimilar average January SLR observed as a result of frequent chinooks. 

 

 

Figure 35: Hourly surface lapse rates of WCW throughout the period of the study 

separated into monthly averages. 

  

SLRs were also derived for above and below treeline following studies that 

highlight the different SLRs exhibit in these regions (Lewkowicz & Bonnaventure, 2011). 
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The average daily SLR signal shown between above and below treeline regions exhibits 

an opposing relationship (Figure 36). On average, regions below treeline only 

experienced a normal SLR during periods of the day with strong solar radiation. At the 

same time, above treeline SLRs experience two hours of slightly inverted lapse rates, 

potentially as a result of solar radiation only being cast upon the exposed upper portion of 

the topography. This difference in SLRs at treeline has been noted in research by 

Bonnaventure and Lewkowicz (2013) citing the difference in mixing capabilities in these 

two regions as a possible explanation. 

 

 

Figure 36: The average hourly SLR observed for each hour within a day throughout the 

year differentiated between above and below treeline regions within the WCW. 

 

 Daily inversion frequency showed a seasonal signal (Figure 17, Figure 37) where 
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March that showed a muted diurnal signal and are more consistently present throughout 

the day. April ï September saw 904 hours (10.3 % of the year) of inverted SLRs within 

the WCW sensor network whereas the October ï March period only 715 hours (8.2 % of 

the year) consisted of inverted SLRs representing a total of 18.5 % of the year within the 

WCW. This differs substantially from locations in the far north where inverted winter 

SLRs have been observed to occur more than 50 % of the time (Smith & Bonnaventure, 

2017). 

 

 

Figure 37: Frequency of inverted surface lapse rate presence binned hourly over a day 

compared between the warm season months of April to September (orange) and cold 

season months of October to March (blue) within the WCW. 
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7.2.2 Chinooks 

 

A common meteorological event in Southern Alberta is the Chinook related to 

other winds in other parts of the world such as the Foehn, North-wester, and Berg of 

Europe, New Zealand, and South Africa respectively (Nkemdirim, 1986; Nkemdirim, 

1996). These events are driven by the relationship between prevailing winds such as the 

Westerlies, and the topography of a region that generally is perpendicular to the flow of 

air (Nkemdirim, 1996). Chinooks events are commonly associated with a sharp increase 

in air temperature to an unseasonably warm high followed by an equally sharp return to a 

cooler temperature (Nkemdirim, 1996). For the WCW study region, these patterns were 

observed frequently (Figure 38-39). Accompanying this pattern, there is an increase in 

gusty westerly winds, and a drop in relative humidity level (62 % to 47 %) (Brinkmann, 

1970; Nkemdirim, 1996; Cullen & Marshall, 2011). To assess the unique SLR observed 

in January of 2018 (Table 6) in contrast to the adjacent winter months of December 2017 

and February 2018 chinooks were identified as a possible explanatory mechanism 

(Figure 41). 
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Figure 38: Average daily air temperature of an East-West transect of government climate 

stations adjacent to the study area throughout December 1st, 2017 to February 28th, 2018. 

 

 

Figure 39: Inception of a singular chinook event in the morning of January 1st, 2018 in a 

region adjacent to the WCW study area showing the lag period between chinook onset in 

this East-West transect as well as highlighting the spike in temperature associated with 

chinooks. 
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In January 2018, four chinook events were subjectively identified based on several 

characteristics. These included indicative chinook patterns such as: 1) periods of a sharp 

temperature increase, 2) a commensurate decrease in relative humidity, 3) an increase in 

wind speed, as well as, 4) a change in wind direction towards predominantly gusting from 

the west. These identified events encompassed 77.4 % of the month of January (Figure 

41) bringing the average daily air temperatures in the WCW above 0 ɕC at times. This is 

substantiated by the monthly temperatures of the WCW sensors (Table 4) where the 

average surface air temperature is was observed to be -5.0 ɕC in January in comparison to 

December and February at -9.1 ɕC and -11.8 ɕC respectively. Nkemdirim (1996) found 

that chinook-rich winter seasonal averages had temperatures greater than -5.0 ɕC, and 

while the seasonal average does not exceed -5.0 ɕC, the January average does. 

Accompanying chinook events are high wind and turbulent air masses that are channelled 

down and through the East-West trending valley of the Rocky Mountains (Nkemdirim, 

1986; Nkemdirim, 1996). This event coupled with the winter prevalence of inverted SLRs 

can lead to a unique interaction where the turbulence of chinook winds may result in the 

break-up and sequestration of cold-air pooling and drainage.  

 

 December and February show little to no change in SLR across topography within 

the WCW while in January, influenced by chinooks, shows a seemingly normal SLR 

development   (-5.8 °C km-1). The influence of chinooks not only modifies the average air 

temperature within the watershed, but changes the relationship between temperature and 

elevation away from what might be expected in a chinook-weak winter. In the past 113 

years, there have only been ten instances where the monthly average temperature of 



   

 

83 

 

January is above -5.0 ɕC, and only two instances where the seasonal winter average is 

greater than or equal to -5.0 ɕC in the WCW (Figure 40). These data were derived from 

ClimateNA records (Wang et al., 2016). This means that, while it is showing a 

temperature anomaly, it also represents a substantial shift towards a normal SLR. 

 

 

Figure 40: Winter average and January average temperatures over from 1901 to 2013 

derived from ClimateNA (Wang et al., 2016) for the WCW region. 
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Figure 41: Identification of potential chinook events using daily average wind speed and 

direction, relative humidity, and temperature between December 1st, 2017 and February 

28th, 2018 where solid yellow boxes denote discernable chinook events and dashed grey 

boxes denote chinook events with a less observable unique signal lasting for a short 

period. Data from Pincher Creek Climate Station, data provided through Alberta Climate 

Information Service. 
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7.3 Regression Models 

 

The statistical significance of the models generated for this research is 

inconsistent and variable (Table 7-9). Only when temperature was regressed against 

elevation was the statistical significance of the relationship consistent (Table 7) where 

only the months of July, April, and May were found to have P-values greater than 0.05. 

This indicates that during these warm summer months there are other explanatory 

variables that can be used in conjunction with elevation to appropriately model 

temperature within the watershed. Aspect, TPI, PISR, and slope proved to be poor 

predictors of temperature (Table 9) and only TPI yielded any statistically significant 

relationships, though inconsistent. Treeline, in conjunction with elevation, also was 

significant throughout much of the study period though it was inconsistent for both above 

and below treeline, as well as temporally (Table 10). With such a small number of 

stations within the region and only one season of data being analyzed, the variability of 

the data collected may influence the significance of the explanatory variables as a result 

of weather events. Continued collection of data in concert with additional sites and an 

improved sampling distribution within the network would serve to reduce the variability 

in model performance and significance as well as improve statistical significance. 

Analysis and inclusion of further potential explanatory variables such as potential solar 

radiation, albedo, and evapotranspiration would be appropriate and potentially improve 

the spatial models. This is especially true with concern to solar radiation, as it was found 

that the placement of stations had an intrinsic bias where the relationship between 

temperature and PISR was found to decrease with increasing PISR.  
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7.4 Spatial Models 

 

To gain further insight into the interpolated surfaces, the mean surface air 

temperature was calculated for elevational bands of 100 m within the watershed. By 

doing this, the noise of the surface is muted and relationships between elevation, time of 

year, and temperature can be observed specifically in regards to slope of the lapse rate 

(Figure 42). The expected signal of a seasonal shift in air temperature is observed, but so 

too is the elevational influence especially during the cold dominant months. The chinooks 

occurring during the winter months (Figure 41) seem to be a substantial driver in the 

SLRs regionally, represented not only in the SLRs observed (Table 6) but also the 

elevational shift in modelled SLRs derived for the WCW (Figure 42). It is to be noted 

that December and February have very little change and no definite pattern of cooling in 

average temperature with elevation whereas January exhibits a strong, normal elevational 

SLR (Figure 42) in response to the presence of chinooks. January through April all show 

a slight average cooling effect being modelled at the lowest elevations, potentially 

indicating inverted lapse rates present within this 200 m elevation region. 
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Figure 42: Modeled air temperature averaged within 100 m elevational bands across the WCW exhibiting the variable slope of 

the modelled lapse rates.  
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7.5 Model Comparison 

 

To draw attention to potential oversight when modelling, especially as a result of 

large and unrepresentative cell sizes within regions of complex topography, a 

comparative analysis was done by determining the difference between small-scale models 

against the models generated through this research (Figure 43-45). It is to be noted that 

while there is only one year of data being compared to models that are derived from 

multiple years of data, this analysis still provides insight into seasonal or annual over or 

underestimation of temperature as a result of the complex topography not being 

represented within the cell size of broader models. Further, the differences seen between 

models may be also as a result of error or uncertainty in the models derived through this 

research. 

 

The statistics drawn from the differential surfaces, presented in Table 15, provide 

insight into where the larger models are the furthest away from the spatial models 

specifically generated for WCW. The Alberta specific model by Kienzle (2017) aligns 

well, on average, with the WCW model when compared annually where the mean 

difference between models is 0.42 ɕC. Seasonally this is not true, where in summer and 

fall the mean was -1.51 ɕC and -2.74 ɕC respectively while in winter and spring the mean 

was 2.90 ɕC and 2.47 ɕC respectively. This shows that there is a seasonally biased 

difference between models. In winter and spring, Alberta Climate Records modelled 

warmer temperatures while in summer and fall cooler temperature were modelled. 

Differential surfaces comparing ClimateNA to the WCW models, showed a bias to cooler 
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temperatures as the mean difference was -0.95 ɕC. In summer and fall seasons, models for 

this research derived temperatures at mountain tops that were cooler than Alberta Climate 

records modelled while also modelling warmer valleys, though mid-slope regions were 

within one degree of difference. The foremost deviation between the two models for these 

months is the valley temperature being underestimated. The discrepancy for winter and 

spring seasons is the inverse where Alberta Climate Records model predicted warmer 

temperatures across the WCW in comparison to the WCW specific models. Mid slopes 

and valley bottoms in specific cells were within one degree of difference while the 

remainder predominantly overestimated temperatures in the watershed. ClimateNA model 

difference surfaces are predominantly underestimating temperature throughout the 

watershed. Underestimated temperatures are constrained to valleys for the most part while 

temperatures are overestimates at mountain tops. The model aligns well in mid-slope 

regions as well as relatively flat topographic regions of the watershed. As ClimateNA 

data used to derive these difference surfaces is from the climate normal of 1961-1990, the 

differences observed could be an indication of climate change or the variability of a single 

year compared to an average of 30. 

 

The spatial surface air temperature models presented within this work contain 

orders of magnitude more data in contrast to both the Alberta Climate Records dataset 

and ClimateNA as a result of modelling at a resolution of 10 m × 10 m. Both Alberta 

Climate Records and ClimateNA datasets lack in their ability to describe the variability 

present within mountainous regions as a result of size of cells (Table 15). For example in 

a single cell of ClimateNA, the elevation range present is 1459 m - 2502 m and the 
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modeled temperature is 1.0 ɕC whereas the models for this research provided an expected 

range in AMAT of -1.2 ɕC ï 3.9 ɕC. In a single cell of Alberta Climate Records elevation 

ranges from 1385 m ï 2613 m, modeled an AMAT temperature of 1.1 ɕC, while the 

expected range of temperature modeled through this research was -1.7 ɕC ï 4.3 ɕC. 

Table 15: Differential surface statistics between ClimateNA (Wang et al., 2016) and 

Alberta Climate Records (Kienzle, 2017) and spatial models derived for this research. 
 

Max Min  Mean Standard 

Deviation 

Alberta Climate Records 

Annual 4.90 -3.14 0.42 1.52 

DJF 6.18 0.12 2.90 1.18 

MAM  7.44 -1.50 2.47 1.70 

JJA 2.67 -4.76 -1.51 1.40 

SON 2.75 -6.98 -2.74 1.82 

ClimateNA 

Annual 2.91 -3.16 -0.95 1.17 
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Figure 43: Difference of AMAT derived for this study area and MAAT for the 1970-

2010 climate period prepared by Kienzle (2017) following the work of Hutchinson et al. 

(2009), blue indicates regions where Alberta Climate Records modelled a cooler 

temperature, and red regions show places modelled to be warmer in contrast to surface air 

temperature derived for this research. Yellow indicates places within one degree (°C) of 

difference. The grid shows the cell size of the comparison model (10 km by 10 km). 
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Figure 44: Difference of seasonal mean temperature derived for this study area and 

seasonal mean temperature for the 1970-2010 climate period prepared by Kienzle (2017) 

following the work of Hutchinson et al. (2009). 44A) Winter: DJF, 44B) Spring: MAM, 

44C) Summer: JJA, 44D) Fall: SON. Blue colours indicate regions where Alberta 

Climate Records modelled a cooler temperature, and red regions show places modelled to 

be warmer in contrast to surface air temperature derived for this research. Yellow 

indicates places within one degree (ęC) of difference. The grid shows the cell size of the 

comparison model (10 km by 10 km). 












































