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Abstract 

 

Temperature structure within complex terrain is fundamental to determining stability, thermally-

induced circulations, and mountain weather, all of which impact those living, working, and 

recreating within it, as well as those external to it that depend on water from snowmelt. While 

numerous studies and text books outline many factors affecting slope air and free air 

temperatures, the interactions of these factors with the complex terrain makes predictability of 

temperature structures very difficult. This is further compounded by sparse observational data 

that has limited representativeness due to numerous localized effects. In preparation for the 2010 

Olympic and Paralympic Winter Games, temperature sensors were placed along the west slope 

of Whistler Mountain, and radiosondes were launched twice daily, creating a rare opportunity to 

investigate slope and free air temperature structure and evolution within a mountain valley.  

  

Daytime and nighttime temperature profiles are categorized by cloud cover, and very consistent 

lapse rates are found within categories. Profiles are compared for slope and free air within each 

category, and between categories. Case studies provide further detail in describing temperature 

structure evolution. Clear days give rise to the least uniform slope air temperature structure, but 

a consistent, fairly representative, linear lapse rate is nonetheless found. Overcast conditions 

effectively eliminate microclimates, producing a relatively linear slope air temperature structure. 

Additionally, consistent free air lapse rates are defined for each cloud cover category. While the 

majority of slope and free air lapse rates are statistically indistinguishable, significant slope-free 

air temperature differences still exist.  

  

Lastly, linear regression is used to develop an equation that successfully determines slope air 

temperatures from a given free air temperature, or vice versa. Together with the representative 

lapse rates, one is able to construct slope and free air temperature profiles given a single slope or 

free air temperature measurement. These results show that by separating profiles by weather 

condition, consistent temperature structures and relations can be extracted from a seemingly 

incoherent collection of complex mountain slope and free air profiles. In doing this, it becomes 

feasible to accurately predict these profiles, providing great utility to those impacted by 

mountain temperatures.   
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Chapter 1  
 

Introduction 

Mountain weather is determined by the intricate juxtaposition of synoptic-scale ambient 

conditions and local variations from terrain and surface characteristics (Barry, 2008; Whiteman, 

2000). The resulting temperature structure along mountain slopes and within the free air (FA, 

defined here as the column of air over the centre of the valley as observed by radiosonde ascent) 

is accordingly complex. Slope air (SA) undergoes radiative and turbulent heat exchanges with 

the mountainside, producing horizontal temperature gradients between SA and adjacent FA. 

Thermally-induced circulations arise from these temperature gradients producing irregular 

precipitation distributions and phase transitions (Whiteman, 2000), challenges that operational 

forecasters deal with daily. 

 

It can be argued that establishing a more accurate description of temperature patterns in complex 

terrain remains the single most important meteorological aspect of mountain climate research 

(Barry, 2008), and has a wide range of societal applications. For example, air temperature is 

highly correlated to avalanche activity and is a primary factor in snowpack evolution (Baggi and 

Schweizer, 2008; McClung and Schaerer, 2006). Additionally, with 40% of the world’s 

population dependent upon watersheds of rivers fed by mountains, accurate temperature values 

for input into snowmelt models are crucial for resource management (Barnett et al., 2005). 

Alpine temperatures have been previously estimated using the standard atmospheric lapse rate 

(Martinec and Rango, 1986), or a historically derived lapse rate for a given area (Daly et al., 

2002). None of these approaches account for daily fluctuations in vertical structure (Lundquist 

and Cayan, 2007).  

 

In British Columbia, understanding SA temperature structure and its connection to the FA has 

significant implications for the numerous ski areas including Whistler Blackcomb, the largest 

ski resort in North America, and the surrounding Coast Mountains which are heavily used for a 

variety of recreational activities. Specifically, this could improve prediction of low-level vertical 

temperature structure, and precipitation type. Moreover, hydroelectricity makes up over 90% of 
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BC Hydro power generation with its operations extending to the Cheakamus watershed which 

Whistler lies within (BC Hydro, 2012). Accurate lapse rates for input into their snowmelt model 

have the potential to minimize errors caused by the currently parameterized lapse rates (Quick 

and Pipes, 1977).  

 

Unfortunately, temperature measurements in complex terrain are subject to a myriad of local 

influences making temperature structure difficult to study. Recent technological advances, such 

as the development of inexpensive temperature sensors and data loggers (Whiteman et al., 

2000), have eased the cost of creating spatially-dense data collection networks; the benefit of 

which allows sites dominated by microclimates to be filtered or averaged out. They have also 

essentially eliminated the issue of non-concurrent observations (e.g., Wagner, 1930; Samson, 

1965). However, field experiments with co-located SA-FA measurements are still rare. The 

remainder of this chapter first looks at factors influencing SA and FA temperature, then 

overviews past methods used to estimate their altitudinal variation, and lastly concludes with a 

description of the research objectives.  

  

 

1.1 Factors Affecting SA and FA Temperature 

 

The work of de Saussure (1779-96) is considered to be the earliest research to explain 

temperature minima in the mountains, and the diurnal variation of lapse rates (summarized in 

Carozzi and Newman [1995]), garnering him the title as the first mountain meteorologist. 

However, it was not until the twentieth century that intensive observational work revealed 

temperature differences between summits (measured by weather stations) and the summit-level 

FA (measured by sondes carried aloft by balloons or kites) (Schmauss, 1907; Hildebrandt, 1912; 

Ficker, 1913; Hann, 1913; Whiteman and Dreiseitl, 1984; Barry, 2008). Statistical analyses by 

Peppler (1931), Schell (1934), and Ekhart (1939) established systematic temperature 

differences, and, as an extension of their work, Wagner (1938), Ekhart (1944, 1948), and Defant 

(1949) theorized the processes of differential heating of near-surface air masses, and the 

resulting circulation systems of slopes and valleys. This formed the basis of our current 

understanding of temperature patterns in mountainous regions (Richner and Philips, 1984). 
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Additionally, their work pioneered the effects of cloud cover, vegetation, topography, season, 

and snow cover on SA temperatures, and the subsequent heat transfer to the FA.  

 

Insolation is responsible for driving almost all meteorological processes on Earth, one of which 

is the heating of SA. During daytime, incoming shortwave radiation warms mountain slopes 

(Aguado and Burt, 2003; Mahrt, 2006). This energy is then transferred by conduction to a thin 

layer of near-surface air. Convective processes subsequently direct this more buoyant air away 

from the surface, warming the FA (Ahrens, 1994). Insolation increases with altitude as there is 

less atmospheric absorption and backscatter (ACIA, 2005). Based on this alone, one would 

expect that summits experience a higher daytime maximum temperature in comparison to lower 

elevations. However, increased insolation received near mountain peaks has little effect on air 

temperature (Whiteman, 2000). Instead the reduced land surface area at higher elevations leads 

to less heat transferred to the atmosphere during the day, and thus the diurnal temperature cycle 

amplitude decreases with altitude (Whiteman, 2000).  

 

As the sun dips below the horizon, radiative cooling occurs when outgoing longwave radiation 

starts to exceed the incoming shortwave radiation. Once the surface is colder than the adjacent 

air, energy transfers to the ground by conduction, and thus the bottom layers of air become 

cooler than the air a few metres above (Ahrens, 1994). Snow, a better longwave emitter than 

bare ground, enhances radiative cooling (Wilber et al., 1999). When this occurs on dry, cloud-

free, calm nights, a strong nocturnal radiative inversion can form (Ahrens, 1994). In the FA 

above the inversion, a neutral or weakly stable layer exists, left over from the previous day’s 

mixed layer (Oke, 1978). 

 

Slope angle and aspect are both fundamental to determining the amount of intercepted radiation 

and the associated localized mountain climate (Chapman, 1952; Barry, 2008). The most 

noticeable differences occur between shade-dominated north-facing slopes, and sun-exposed 

south-facing slopes in the Northern Hemisphere. Barry and Chorley (1987) show that for 

mountainous terrain in Trier, West Germany (50°N), the intensity of direct insolation increases 

as slope angle increases on south-facing slopes during wintertime, whereas the opposite is true 

for north-facing slopes. The contrast is large, decreasing from approximately 800 W m
-2

 on 

south-facing slopes, to 200 W m
-2

 on north-facing slopes (Barry and Chorley, 1987). Whiteman 
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(2000) illustrates similar findings at 40°N, showing similar insolation maxima occurring in the 

morning on east-facing slopes, and in the afternoon for west-facing slopes. Both aspects show 

an increase in radiation intensity with slope angle.   

 

As with slope aspect and angle, shading caused by topographical projections significantly 

modifies the instantaneous and daily total radiation received by a surface (Muller and Scherer, 

2005; Whiteman et al., 1989). Microclimatic differences can be produced over very short 

distances, with higher temperatures on sunny slopes and lower temperatures on slopes shaded by 

terrain (Whiteman, 2000; Howard and Stull, 2011). Colbeck (1994), for example, observed a 

4°C temperature difference between sunny and shaded snow-covered surfaces. Additionally, 

shading can have secondary effects, such as delaying local sunrise, which can then delay the 

development of upslope flows and the break-up of inversion layers (Whiteman, 2000). 

Topographic shading effects are more significant for north-south oriented valleys than east-west 

(Colette et al., 2003). 

 

Albedo is the fraction of incoming short-wave radiation that is reflected by a surface (Stull, 

1988), and typically ranges from 0.5 to 0.98 for snow-covered surfaces (ACIA, 2005). New, dry 

snow has the highest albedo values of 0.9 to 0.98 (Grenfell et al., 1994). As snow ages, its grain 

size increases, regardless if melting has occurred, causing a reduction in albedo over time 

(Wiscombe and Warren, 1980). Albedo of snow also changes with angle of incidence (based on 

solar zenith and slope angle), and with physical changes in the state of the snow which occur if 

conditions conducive to melting are present (Oke, 1978). Higher albedos occur during the early 

morning and evening when the surface is frozen and zenith angles are high. In the afternoon, 

production of a thin film of melt water on the snow surface can reduce the albedo to a value 

close to that of water (Oke, 1978). Any decrease in albedo increases the amount of energy 

absorbed at the surface, thereby enhancing the heating of SA.  

 

During the daytime, SA becomes warmer than FA over the centre of a valley, and buoyancy 

drives upslope flow (Oke, 1978). As air from the bottom and sides of the valley is removed, 

compensatory subsidence occurs over the centre of the valley. This adiabatically warms the FA, 

effectively distributing the energy absorbed by the slope throughout the entire valley atmosphere 

(Whiteman, 2000). As the temperature of the valley atmosphere increases throughout the day, 
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the mixed layer deepens (Whiteman, 2000). At night, radiative surface cooling results in SA 

becoming cooler than the FA at the same elevation (Whiteman, 2000). This colder, negatively 

buoyant air can then drain down slope through cold air drainage, collect in the valley below, and 

further contribute to the formation of a temperature inversion. Commonly seen in mountainous 

terrain, inversions can appear at night or at all times during the day over a snow-covered 

surface. Additionally, this cold air can drain down the gently-sloping valley floor in a process 

known as down-valley drainage (De Wekker and Whiteman, 2005). Removal of air from the 

valley bottom allows for compensatory subsidence from aloft. This adiabatic warming can 

decelerate the cooling of the FA within the valley (De Wekker and Whiteman, 2005; Whiteman 

et al., 2004). 

 

Diurnal temperature cycles and associated valley circulations that occur under quiescent 

conditions can be disrupted by synoptic systems (Oke, 1978). While these systems and their 

associated cloud cover, wind, and temperature advection are partially responsible for spatial and 

temporal changes in SA and FA temperatures (Lundquist and Cayan, 2007), valleys with steeper 

slopes are more protected from the overlying ambient flow (Mahrt, 2006). Under certain 

conditions, strong, synoptic-scale influences dominate local valley effects, resulting in close 

agreement between SA and FA temperature profiles, and even distant radiosondes. Conversely, 

there are situations in which the local valley processes dominate weaker synoptic-scale effects 

resulting in dramatically different SA and FA profiles. Examples of both are illustrated using 

Whistler-specific data and surrounding radiosondes (Fig. 1.1). In Fig. 1.1a, similar lapse rates 

are found in all profiles despite the >100 km distances between the four radiosonde launch sites. 

Alternatively, Fig. 1.1b shows dramatic differences in lapse rates for the same four profiles.  
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Figure 1.1: Example temperature profiles of Whistler Valley (SA and FA), and FA temperature data from 

nearby radiosondes illustrating a) agreement between profiles for 1515 PST 10 Mar 2010, and b) dramatic 

differences at 0315 PST 22 Feb 2010. In both cases, profiles have been plotted in metres above ground level. 

 

Locally, wind strongly influences the relation between SA and adjacent FA temperature profiles. 

Strong winds flowing perpendicular to the mountain chain can “flush” away the modified 

mountainside boundary layer air, which increases the flux of moisture and heat away from the 

surface, preventing large SA-FA temperature differences from forming (Barry, 2008; Ahrens, 

1982). In a comparison of summit-level SA and FA temperatures, Richner and Philips (1984) 

demonstrated that maximum daytime SA-FA temperature differences were markedly reduced as 

wind speed increased. Alternatively, light winds associated with weak pressure gradients and/or 

high pressure, provide optimal conditions for the development of large temperature differences 

between the SA and FA (Barry, 2008).  

 

Significant modification of Earth’s energy budget is caused by cloud cover (Stull, 1992). Clouds 

predominantly exert two competing daytime affects on surface temperatures: 1) they reflect a 

significant portion of insolation before it reaches the ground (Freedman et al., 2001), and 2) they 

absorb outgoing longwave radiation and emit radiation back towards the surface (Liou, 2002). 

At night, this latter process significantly reduces radiative cooling at the surface, inhibiting the 

formation of surface-based inversions (Barry and Chorley, 1992). The net contribution (positive 

or negative) of clouds depends on their horizontal extent, elevation, time of day, thermodynamic 

phase, liquid/ice content, and particle size distribution (Liou, 2002). 
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Aside from the aforementioned effects, there are also seasonal considerations. Decreased 

daylight hours in winter mean shorter periods of shortwave radiation absorption. Additionally, 

the tilt of the Earth away from the sun causes insolation to pass through a larger portion of the 

atmosphere with greater chance of being absorbed or scattered (Ahrens, 1994). Winter nights 

allow for longer periods of radiative cooling, providing the best conditions for strong surface-

based inversions to form (Ahrens, 1994).  

 

 

1.2 Methods for Estimating SA Temperature and SA-FA   

      Relationships 

 

Lapse rate is defined as the rate of temperature decrease with height (Whiteman, 2000). 

Although lapse rates are usually positive, they can vary considerably, and even negative lapse 

rates (inversions) are common in winter (Barry, 2008). Many studies simply use linear lapse 

rates to interpolate weather station data to other elevations where SA measurements do not exist 

(e.g., Martinec and Rango, 1998; Régnière, 1996; Running et al., 1987; Thornton et al., 1997). 

As Harlow et al. (2004) state, this is a problem because SA temperatures are influenced by the 

variable underlying land surface characteristics, yielding microclimates and irregular lapse rates 

(e.g., McCutchan, 1984; Mayr, 2000). This is particularly problematic in the quiescent, clear-

sky conditions that many of these studies investigate, where radiation-driven local effects tend 

to dominate. Overcast conditions, which have largely been neglected in this area of research, 

can significantly reduce radiation-driven small-scale variations. Under these conditions, 

interpolating SA temperatures using a linear lapse rate could significantly reduce the magnitude 

of temperature errors.  

 

Mean monthly lapse rates from slope stations have also been used to estimate SA temperature 

(e.g., Paul, 1976; Cortemiglia et al, 1989; Carrega, 1995). Averaging weather station data in this 

manner, however, provides limited useful information, as the timescale over which the data is 

averaged is orders of magnitude larger than that over which they fluctuate. Averaging all SA 
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temperature data to obtain monthly mean lapse rates regardless of synoptic conditions causes 

unique and important temperature structures to be smoothed out (e.g., Richardson et al., 2004).  

 

Another approach for estimating SA temperatures uses a second order autoregressive model. 

Furman (1978) derived a SA temperature dependence relationship for a station based on the 

previous day’s temperature. While this persistence-based equation may work reasonably well 

for quasi-stationary conditions, it would likely perform poorly in rapidly changing conditions.  

 

Several statistical studies (e.g., Douguédroit and de Saintignon, 1970; Peilke and Mehring, 

1977) have examined the variation of SA temperature with elevation and have attempted to 

partition the influences of aspect or surface-based inversions. McCutchan and Fox (1986), for 

instance, analyzed temperature data on an isolated peak in New Mexico during the Falls of 1981 

and 1982. Sensors were placed at the base and mid-mountain on northeast-, northwest-, 

southeast-, and southwest-facing slopes, as well as at the peak.  Data were stratified by day and 

night with light winds (peak winds <5 m s
-1

) and strong winds (peak winds >5 m s
-1

) to 

highlight influences on temperature due to elevation, wind speed, and aspect. Results from 

linear regression analysis determined that elevation was a significant predictor without 

exception, and that the effect of aspect was significant except at 0000 LST when winds were 

strong. Likewise, Pielke and Mehring (1977) used five years of temperature data collected from 

weather stations in West Virginia and Virginia, finding that mean monthly temperatures 

correlated best to elevation during summer as nightly inversions induced larger standard errors 

in the winter months. Polynomial functions may provide a better fit to winter data (Barry, 2008).  

 

Early work (e.g., Ekhart, 1948) argued for the independence of SA from FA temperatures, but 

more recent literature (e.g., Barry, 2008) has found a strong link, suggesting that under certain 

synoptic conditions, FA temperatures can be used to estimate SA temperatures, or vice versa. In 

support, Mahrt (2006) explains that SA-FA temperature differences are bounded by a maximum 

value, restricted by thermally-driven circulations that redistribute excess heat. Despite these 

concepts of interconnected SA-FA temperatures, surprisingly few linear regression studies have 

used FA temperature as a predictor for SA.  
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McCutchan (1983) compared temperatures from radiosonde soundings (0400 and 1600 LST) to 

temperatures measured on the slopes of the San Bernadino Mountains in California for 19 days 

spread over 3 June–23 October, 1975. Temperatures were measured on various slope aspects 

and elevations. The SA was generally warmer (0.5–2.9°C) than the FA during the day, and 

colder (-2–-4.8°C) at night, but topographical influences produced microclimates at certain 

stations. This resulted in non-linear SA temperature profiles, yet the averaged SA lapse rates 

were found to be almost identical to that of the FA, even during afternoon. FA temperature at 

station elevation, mixing ratio, u-component and v-component wind, and total cloud cover were 

all examined as potential predictors in a stepwise linear regression, but most were discarded, 

leaving FA temperature as the best predictor for SA at given time and elevation. It was then 

determined that a single equation (instead of one for each station) could be used to model SA 

temperature. Here, FA temperature, elevation, and cloud cover were found to be statistically 

significant predictors. The resulting daytime and nighttime equations, however, produced 

considerable standard errors of 1.52°C and 1.32°C, respectively. 

 

Aside from aforementioned studies, few attempts have been made to describe SA temperature 

variation using general statistical models (Barry, 2008). This is perhaps because past attempts 

have suffered from sizeable standard errors (on the order of 2°C), and have not proven 

transferable to other regions (e.g., Thompson, 1981; McCutchan, 1983). Some studies use an 

alternative approach, employing short-term (on the order of a few days), intensive field 

programs, with the aim of finding stronger SA-FA relationships that are specific to certain 

weather conditions. Whiteman et al. (2004), for example, compared high-resolution SA (on 

varying aspects) and FA temperatures in an enclosed alpine basin, under clear, quiescent 

conditions. In general, nighttime SA temperatures were cooler than the FA above the cold air 

pool, however, temperatures were more or less horizontally homogeneous within the cold pool. 

Hence, SA temperatures (independent of aspect) can provide suitable proxies for the FA 

temperatures within a cold pool under strong stability and weak winds. Whiteman et al. (2004) 

also speculated that basins or valleys enclosed by sheltering topography provide the best 

configuration for this SA-FA proxy. While short-term studies such as Whiteman et al. (2004) 

provide considerable insight into the evolution of temperature structure in alpine terrain, they 

are unable to establish whether these results are reproducible on other nights with similar 

synoptic conditions. 
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Studies in this subject area generally fall into two categories: 1) those with fine-resolution 

spatial data (e.g., Whiteman et al., 2004; Mayr, 2000) that are able to provide details on 

temperature structures and processes, but only span a few days at most, and 2) those with annual 

or multi-decadal observational datasets (e.g., Cortemiglia, 1988) but only a small number of 

weather stations. Few studies (e.g., Lundquist and Cayan, 2007; Dreiseitl, 1988) have attempted 

to bridge this gap, but have had limited success due to long distances between SA and FA 

measurements. This absence of studies dealing with data availability at intermediate temporal 

and spatial scales is perhaps the most significant gap in the current body of literature. 

 

 

1.3 Research Objectives  

 

In Whistler, British Columbia, the installation of a dense array of meteorological 

instrumentation in connection with the 2010 Olympic and Paralympic Winter Games created an 

unprecedented opportunity to investigate SA and FA temperature structure. This work has many 

implications for the south Coast Mountains, including improved temperature, precipitation type, 

and avalanche prediction, and higher quality input for snowmelt models. 

 

Specifically, this Whistler-based field study examines SA and FA temperature profile 

characteristics and their relation to each other using a new approach of categorizing profiles by 

cloud cover hours. In doing so, this research will address the following objectives:  

 

 Obtain representative SA and FA lapse rates for each cloud cover category and evaluate 

the consistency of these profiles 

 Describe and explain SA-FA temperature differences and how these profiles evolve over 

time 

 Describe the structure of surface-based inversions both on the slope and within the FA, 

and provide insight for forecasting their formation, persistence, and break up 

 Quantify the SA-FA temperature relation by deriving an equation that determines SA 

temperature from FA temperature, and vice versa 

 Develop a model to construct complete SA and FA temperature profiles for a given 

cloud cover category. 
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The remainder of this thesis is organized as follows. Chapter 2 describes the geographical and 

climatological setting of sites, meteorological instrumentation, and field study design. Chapter 3 

presents SA and FA temperature profiles under clear and cloudy sky conditions and discusses 

the factors that cause differences between them. Additionally, the nature of inversions within 

Whistler Valley is discussed. In Chapter 4 an equation is developed for diagnosing SA and FA 

temperatures and finally, concluding remarks and recommendations for future work are 

presented in Chapter 5.  
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Chapter 2 
 

Sites, Instrumentation and Field Study Design 

 

Environment Canada (EC) installed over 40 surface weather stations (Olympic Automated 

Network, hereafter OAN) to gain familiarity with the weather of the 2010 Olympic and 

Paralympic venues, and to acquire data for use in model output statistics (Joe et al., 2010). Five 

of these stations were located on Whistler’s slopes, and, in addition to the Whistler Mountain 

Air Chemistry Observatory station, served as the starting point for the observational field 

campaign presented in this research. Further installation of five University of British Columbia 

(UBC) temperature sensors in January 2009 created high-resolution pseudo vertical slope-air 

(SA) profiles. SA temperatures (measured by weather stations on the slope) and free air (FA) 

temperatures (measured by radiosondes) were analyzed to meet the objectives presented in 

Chapter 1. Described below are the field sites, instrumentation, and field study design used to 

collect and analyze data from the Olympic Forecasting Team Practicum (3–24 Feb 2009), the 

Olympics (5–28 Feb 2010), and the Paralympics (5–21 Mar 2010).  

 

 

2.1 Climatology and Geographical Setting of the Whistler  

      Region 

Located approximately 100 km north of Vancouver, BC, Whistler is nestled in the southernmost 

Coast Mountains, a range of steep, often glaciated peaks with most ranging in height from 

2000–2500 mASL (Fig. 2.1). Whistler is influenced by its proximity to the Pacific Ocean and 

generally experiences mild winters with frequent low pressure systems bringing ample 

precipitation to the area (Mass, 2008; Roeger et al., 2002). The general northeast-southwest 

orientation of the Whistler Valley causes low-level valley winds to be topographically 

channeled to either southwesterly “inflow” winds (flowing inland from the Coast) associated 

with low pressure systems (Klock and Mullock, 2001; Barton, Personal Communication), or 

northeasterly “outflow” (flowing from the Interior to the Coast) winds from continental 
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anticyclones. Outflow events bring dry, cold air down the valleys, through mountain gaps, 

towards the Strait of Georgia (Mass, 2008). Consideration of local complex terrain effects is of 

utmost importance when estimating temperature patterns in this area. Wind channeling through 

narrow valleys and mountain passes along with thermally-driven up- and down-slope flows can 

lead to low cloud formation and rapid changes in precipitation type (Mailhot et al., 2010).  

 

 

 

 
Figure 2.1: Map of study region showing the location of Whistler (blue square), Vancouver (black square), 

and surrounding radiosonde stations (red circles).  

 

Whistler Mountain is heavily forested up to the tree line at approximately 1750 m, with the 

exception of numerous large swaths that have been clear cut for ski trails. The large vertical 

relief results in significant temperature differences between Whistler’s base (654 m) and peak 

(2180 m). It is therefore not uncommon for rain to be falling in Whistler Village with heavy 

snowfall in the alpine. Despite these spatial variations, snow depths ranged from 1.2–3.6 m on 

the upper portions of the mountain to 0.70–1.27 m near its base during the study period. 
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2.2 Instrumentation  

 

2.2.1 EC Slope Air Temperature Sensors 

 

Four EC surface observing stations (VOT, VOB, VOL, VOH) were positioned on the west slope 

along the alpine courses and one (VOA) on the northeast slope (Table 2.1; Fig. 2.2). Each 

installation followed the Meteorological Service of Canada (MSC) “Siting Standards for 

Meteorological Observing Sites” (MSC, 2001), which were derived from World Meteorological 

Organization recommendations (WMO, 1996), individual instrument manuals, and 

manufacturer’s recommendations (Wong, Personal Communication). While a variety of 

meteorological instrumentation was present at the EC stations, only temperature sensors are 

relevant to this study. Joe et al. (2010) provide a more detailed account of site instrumentation 

and Olympic weather services. All instrumentation operated continuously during the three 

observational periods with funding provided by EC and the Vancouver Organizing Committee 

for the 2010 Olympic and Paralympic Winter Games (Doyle, Personal Communication).  

 

 

Station ID Latitude 

(hddd°mm'ss.s") 

Longitude 

(hddd°mm'ss.s") 

Elevation (mASL) 

VOT N50 04 45.2 W122 57 04.4 782 

VOB N50 04 37.0 W122 56 52.1 918 

VOL N50 05 06.7 W122 57 51.4 1300 

VOA N50 05 15.8 W122 58 37.3 1624 

VOH N50 05 30.0 W122 58 51.3 1662 

WHI N50 03 33.4 W122 57 27.2 2180 
Table 2.1: Locations of EC surface stations used in this study. The use of mASL within this table and in 

subsequent text indicates metres above sea level. 

 

Each 3-m high platform (e.g., Fig. 2.2a) contained a Campbell Scientific HMP45C temperature 

sensor housed within an unaspirated 10-plate radiation shield positioned on an arm that 

stretched outwards from the platform. All instrument specifications, including UBC sensors 

(below), are described fully in Appendix A. Surface station maintenance was provided by 

Whistler Mountain ski patrol who removed accumulated snow as needed. Data loggers recorded 

the average 1-minute temperature once every 15 minutes.  
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Figure 2.2: a) EC surface station (VOB), and b) locations of VOA and VOH (red circles) relative to the ridge 

line (red line) which separates VOA from the west slope and the rest of the stations (image courtesy of 

Google Earth).  

 

A sixth EC observing station, WHI, was located at the summit of Whistler Mountain (Table 2.1; 

Fig. 2.2b). It contained a Campbell Scientific HMP45CF temperature sensor housed in a 10-

plate radiation shield, and was mounted to a post on the northwest side of the Air Chemistry 

building. The data logger recorded instantaneous temperatures every minute.  
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Analysis of SA temperature profiles from winter 2009 and 2010 revealed that VOA frequently 

reported temperatures that deviated significantly from adjacent stations, including nearby VOH. 

This is most likely explained by the different aspect (northeasterly) of VOA (Fig. 2.2b), the tall 

vegetation sheltering it on all sides, and a topographic concavity leading down to it from the 

southwest. These factors affect the amount of intercepted radiation and its susceptibility to cold 

air drainage (Barton, Personal Communication). VOA was sited to ensure representative 

precipitation measurements first and foremost, and its resulting sheltered location compromises 

wind and temperature measurements to some extent (Wong, Personal Communication). 

Measurements from VOA frequently skewed the mountainside temperature profile, producing 

unrealistic lapse rates. To confirm the anomalous nature of the VOA readings, temperature 

profiles (excluding VOA) were fitted with a loess curve, and temperature at the elevation of 

VOA (TVOA loess) was calculated. The difference between TVOA loess and TVOA was found to be 

non-zero, indicating that TVOA is inconsistent with the statistical nature of the bulk dataset; VOA 

temperature data are therefore omitted from this study.  

 

Together, WHI and the four OAN stations (excluding VOA) will be referred to as EC stations. 

For a detailed overview of the siting for each weather station, refer to Appendix B. 

 

2.2.2 Additional Slope Air Temperature Sensors 

 

As part of the UBC component of this study, five temperature sensors (UBC1, UBC2, UBC3, 

UBC4, UBC5) were installed on lift towers (hereafter UBC stations; Table 2.2). Temperature 

sensors (Hoskins Scientific U23-002 Hobo sensor and data logger) were placed in a non-

aspirated 10-plate radiation shield and attached to the northeast side of lift tower ladders (Fig. 

2.3).  

 

Station ID Latitude 

(hddd°mm'ss.s") 

Longitude 

(hddd°mm'ss.s") 

Elevation 

(mASL) 

UBC1 N50 04 15.0 W122 57 02.8 1763 

UBC2 N50 04 39.5 W122 57 24.1 1599 

UBC3 N50 04 57.2 W122 57 39.8 1462 

UBC4 N50 05 14.8 W122 58 10.0 1040 

UBC5 N50 05 36.1 W122 59 16.2 654 
Table 2.2: Locations of UBC stations used in this study. 
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Figure 2.3: UBC temperature and relative humidity sensor (UBC3) within a radiation shield and its 

attachment to the ski lift tower ladder. 

 

Three criteria were used to select appropriate lift towers: 

 

1) Elevation: to fill in data gaps left by EC stations and provide equal vertical spacing 

of temperature measurements 

2) Accessibility: for downloading data and maintenance purposes 

3) Terrain: similar exposure to radiation and wind, and to avoid topographical features 

prone to localized temperature modifications (i.e., cold air sinks) 

 

Additionally, UBC stations adhered to the siting standards of EC stations (MSC, 2001) 

summarized in Appendix C. Following WMO guidelines, temperature sensors were placed at 

1.5 mAGL (WMO, 1996). Regular visits (every 2–4 weeks) ensured the sensors remained 

unblocked by accumulated frozen precipitation and that they maintained their 1.5 mAGL height 

(which varied somewhat according to snow depth).  

 

During the Olympic and Paralympic periods, direct access to two UBC sensors was denied, but 

visual inspections allowed for monitoring of site conditions. Fortunately, temperature sensors 

remained within 0.17 m of the target height, with the exception of a period of less than 24 h on 

March 16, 2010. 

 

Despite omitting VOA temperature data from the analysis, this was the only EC station where 

permission was given to temporarily mount UBC stations and determine if systematic 

differences existed between the two types of sensors. Using a two-week dataset from January 
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2009, statistical tests of temperature differences (UBC-EC) produced a mean bias of -0.04°C 

and a root mean square difference of 0.44°C. Given the accuracies of these sensors, ±0.36°C and 

±0.30°C for UBC and EC, respectively (Appendix A), these discrepancies were deemed to be 

within an acceptable range, and no corrections were applied. UBC sensors were then relocated 

to their permanent positions along the west slope of Whistler Mountain as described above. 

Loggers were first set to record instantaneous temperatures every five minutes from January 

2009 to January 2010. The logging interval was then decreased to record instantaneous 

temperatures every 15 minutes to preserve data logger memory space during February and 

March 2010. Together, EC and UBC stations create high-resolution (average of 170 m vertical 

separation) SA temperature profiles from 654–2180 mASL (Fig. 2.4). 
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Figure 2.4: Locations of EC (blue) and UBC (yellow) stations overlaid on (a) a digital elevation model cross-

section (plan view topographic map inset [shaded every 200 m]), and (b) Whistler-Creekside ski trails with 

Men’s (left), Women’s and Paralympic (right) alpine courses (red). Images courtesy of Paul Joe (EC) and 

Whistler Blackcomb.  
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2.2.3 Whistler Radiosonde 

 

Following similar definitions in Ekhart (1948) and Whiteman et al. (2004), FA is defined as the 

column of air over the centre of Whistler Valley. To gather FA temperature data, radiosondes 

were launched from the Whistler radiosonde station (VOC), installed and operated by EC. The 

station was co-located with the manned Whistler weather station (WAE) approximately 5 km 

north of the Whistler-Creekside slope (Fig. 2.5). It took 4–10 minutes for the Whistler 

radiosonde to ascend from valley bottom to summit level. Due to the short flight duration and 

limited temporal resolution of the SA temperature sensors, radiosonde profiles are assumed to 

be an instantaneous measurement at the time of their launch [e.g., radiosondes launched at 0315 

PST (FA) are compared to SA temperature observations at 0315 PST].  
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Figure 2.5:  Maps of Whistler Valley and surrounding terrain using (a) a shaded smoothed rendering of a 3-

arc-second digital elevation model looking south-southeast, and (b) a plan view topographic map (shaded 

every 200 m). Locations of Whistler radiosonde station/manned observing station (red), Whistler Peak 

(blue), and Blackcomb Peak (green) are shown for reference (Images courtesy of Paul Joe, EC). 

 

Vaisala RS92-SGP Radiosondes were used at this site, recording temperature, humidity, 

pressure, wind direction, and wind speed every two seconds (Appendix A). The raw data was 

then quality controlled by EC, and released for public use (Bowling, Personal Communication). 

Whistler radiosondes were launched three times daily (0315, 0915, and 1515 PST) from 3–24 

Feb 2009, four times daily (0315, 0915, 1515, and 2115 PST) from 5–28 Feb 2010, and two 

times daily (0315 and 1515 PST) from 5–21 Mar 2010. Data from the 0315 and 1515 PST 

launches were primarily used in this study, although case studies use additional launch times. 
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2.3 Field Study Design 

 

This field study was designed to investigate the relation between SA temperature profiles on 

Whistler Mountain and FA profiles over the valley during wintertime under clear sky and 

cloudy conditions. To this end, nighttime and daytime SA and FA temperature profiles were 

categorized by cloud cover.    

 

Local sunrise (sunset) for February 2009/2010 varied from 0657–0745 PST (1706–1753 PST) 

and from 0630–0727 PST (1754–1943 PST) for March 2010. Large areas of Whistler Mountain 

lose sunlight (and start cooling) well before sunset (Howard and Stull, 2011). The soundings at 

1515 and 0315 PST proved the most logical times to observe the cumulative effects of daytime 

heating and nighttime cooling processes. Therefore, the daytime (nighttime) periods will be 

defined as 0700–1515 PST (1900-0315 PST), inclusive.  

 

Cloud cover was categorized by cloud cover hours (CCH), adapted from Stull (1991), defined 

here as: 

                                                                      5 

(1)  CCH = Σ Cihi , 

                                                                     
i=1

 

where Ci is the value of fractional cloud cover (defined in Table 2.3) for the cloud layer with the 

most extensive coverage, and hi is the number of hours Ci was observed.  

 

i Assigned value of 

fractional cloud 

coverage (Ci)  

Actual fractional 

cloud coverage 

defined by 

METAR code 

METAR cloud 

cover descriptor 

1 8/8 8/8 OVC 

2 6/8 5/8–7/8  BKN 

3 3.5/8 3/8–4/8  SCT 

4 1.5/8 1/8–2/8 FEW 

5 0/8 0/8 SKC 
Table 2.3: Cloud cover values used to calculate CCH. The value of Ci (column 2) was assigned using the 

average fractional sky coverage defined by METAR (aviation routine weather report) code. For example, 

BKN (broken) cloud cover implies 5/8–7/8 coverage, hence an average value of 6/8. 
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Cloud cover hours were summed during the nighttime and daytime periods. Hourly cloud cover 

was obtained from the observing site WAE. Cloud cover observations were taken around the 

clock at WAE in February and March 2010, however, in February 2009 observations were only 

taken from 0700–1600 PST. Supplementary data (described below) was used to fill these gaps.  

 

Clear skies are defined as daytime/nighttime periods having CCH <1/3 the duration of the 

period, while cloudy skies have CCH values >2/3 of the period. Partly cloudy sky periods are 

omitted from this study to maintain a definitive distinction between cloudy and clear conditions. 

 

Cloud cover conditions were further verified by use of satellite imagery and web cameras. 

GOES 11 visible satellite imagery (4-km resolution) provided top-down verification of cloud 

cover during the day (satellite data courtesy of EC). Nighttime cloud analysis used GOES 11 

infrared satellite imagery (8-km resolution) with cloud-top temperature colour enhancement for 

cloud height identification.  

 

Webcam images (10-minute resolution) from VOC were used to corroborate cloud cover 

reported by the valley observer at WAE. A second webcam situated near the top of Blackcomb 

Mountain pointing southwards towards Whistler Mountain confirmed the extent of cloud cover 

above the peak. The latter web camera was particularly important because a valley observer can 

only discern cloud base and not its vertical extent over Whistler Mountain. Together, satellite 

imagery and webcams were used to eliminate days/nights where broken or overcast cloud layers 

did not extend above the summit from the cloudy sky category.  

 

One adjustment to the WAE-calculated CCH was made for days/nights that were categorized as 

partly cloudy or overcast but only contained thin (cloud opacity 0/8–3/8, as observed in webcam 

images), high cirrus. Upon comparing clear sky profiles to those with cirrus, it was found that 

thin cirrus had little to no impact on slope or free air profiles. This type of cloud does not appear 

to affect the daytime/nighttime radiation budget enough to cause a significant effect on slope or 

free air temperatures (Pepin and Norris, 2005; Oke, 1978).  

 

Profiles for 20–21 Feb 2009, and 18–21 Feb 2010 were classified as having clear skies, but are 

not included in the clear sky category of profiles due to persistent inversion conditions. Under 
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these circumstances the vertical temperature structure and evolution differ significantly from the 

diurnal inversion formation and breakup found in other clear sky cases. These are instead 

discussed separately in case studies in section 3.4.  

 

Analysis of cloudy sky profiles revealed two subcategories. Manual synoptic classification using 

satellite interpretation determined whether a profile was collected within the pre-/post-frontal 

airmass, or within the frontal zone, which generally featured heavier precipitation and stronger 

winds. This “circulation-to-environment” method of classification (Yarnal, 1993) delineated the 

pre-/post-frontal (type A) profiles from those obtained within the frontal zones (type B). Under 

an idealized setting, one might expect a systematic difference in lapse rates between the pre- and 

post-frontal airmasses. In this study, however, SA and FA temperature profiles are below ridge 

top within complex terrain, and lapse rates typically associated with pre- and post-frontal 

conditions are significantly altered by upstream terrain. 

  

 

2.4 Chapter Summary 

 

This chapter provided an overview of the 2009/2010 observational field study designed to meet 

the objectives outlined in Chapter 1. Careful site selection in conjunction with continuous 

maintenance resulted in a high-quality data set. Further, the combined use of bottom-up 

(METAR and VOC webcam) and top-down (Blackcomb webcam and satellite) cloud cover 

observations allowed for a robust classification of sky conditions. The clear sky and cloudy sky 

categories are now used to explore the wintertime relation between SA and FA temperature 

profiles.  
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Chapter 3 
 

Comparisons of Slope Air and Free Air Wintertime 

Temperatures 

 

3.1 Introduction 

 

In this chapter temperature profiles from the west slope of Whistler Mountain (SA) are 

compared to the Whistler radiosonde data (FA) to determine the SA-FA temperature relation 

during wintertime over a snow-covered surface. The analysis is organized into clear sky 

conditions followed by cloudy sky conditions, each examining profiles for the daytime and 

nighttime. After determining representative lapse rates for each cloud cover category, 

differences between SA and FA temperatures are explained. Case studies are then used to 

describe how clear and cloudy sky profiles evolve over time. The final section analyzes the 

formation and dissipation of inversions in Whistler Valley. 

 

 

3.2 Winter Clear Sky Analysis 

 

In this section, comparisons are made between SA and FA temperature profiles for daytime 

(1515 PST) and nighttime (0315 PST) clear sky conditions. First, an overview of the 

temperature profiles and their tendencies for each cloud cover category is provided. Using these 

qualitative descriptions, temperature differences between the SA and FA for a wintertime, snow-

covered surface are compared with literature on slope-free air temperature relations. 
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3.2.1 Vertical Profiles: Day and Night 

 

In Fig. 3.1 clear day profiles are origin-adjusted by removing the vertically-averaged mean 

temperature, so that the vertical temperature structures can be more easily compared. The 

profiles feature generally consistent near-dry adiabatic lapse rates, and consequently the 

averaged profiles (Fig. 3.1 black lines) are representative of typical FA and SA profiles for clear 

days at 1515 PST. The mean lapse rates for the FA and SA are 8.36°C km
-1

 and 8.04°C km
-1

, 

respectively, with both having standard deviations of ~1.30°C km
-1

. The lapse rates are not 

statistically different from each other, a result that is further illustrated in Fig. 3.1b which 

overlays the SA and FA averaged profiles. Thus, the SA and FA data can be combined to yield a 

single lapse rate of 8.26°C km
-1

 with a standard deviation of 1.25°C km
-1

. 
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Figure 3.1: Temperature profiles for the category of clear days obtained at 1515 PST for a) FA, and b) SA. 

All profiles (grey, solid) were origin-adjusted by removing the vertically-averaged mean temperature, and 

the average profile (black) is provided. Dots in FA profiles (a) are radiosonde data interpolated to the 

elevation of the weather stations, while dots in SA profiles (b) are the average temperature at each weather 

station. Dry adiabats (grey, small dashed) and moist adiabats (grey, large dashed) are included for reference. 

Additionally, the averaged FA profile is shown (black, dashed line) for comparison on (b). 

  



28 
 

FA profiles are smoother than SA profiles (cf. Figs. 3.1a, b). The station locations for the SA 

profiles were chosen to minimize representativeness issues, (i.e., avoid microclimates; full site 

descriptions are provided in Appendix B). In complex terrain, however, it is not possible to 

avoid these completely, and the effects of shading and other factors (as discussed in section 1.1) 

are apparent.  

 

Profiles obtained at 0315 PST for clear nights are shown in Fig. 3.2, with the average profile 

(Fig. 3.2 black lines) representing the typical temperature structure for the FA (Fig. 3.2a) and 

SA (Fig. 3.2b). The FA profiles reveal a pronounced surface-based inversion layer that develops 

in the middle of Whistler valley overnight under clear sky conditions. The strong inversion 

marked by the bottom four stations (UBC5 [645 mASL] to UBC4 [1040 mASL]) is present in 

all profiles and has an average lapse rate of -9.48°C km
-1

 with a standard deviation of 4.21°C 

km
-1

. Above the inversion (UBC4 [1040 mASL] to Peak [2180 mASL]), the average lapse rate 

is 3.30°C km
-1

 with a standard deviation of 1.88°C km
-1

. Both portions of the profile are 

absolutely stable, indicating the suppression of vertical motion throughout the depth of the 

valley. 
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Figure 3.2: Temperature profiles for the category of clear nights obtained at 0315 PST for a) FA and b) SA. 

All profiles (grey, solid) were origin-adjusted by removing the vertically-averaged mean temperature, and 

the average profile (black) is provided. Dots in FA profiles (a) are radiosonde data interpolated to the 

elevation of the weather stations, while dots in SA profiles (b) are the average temperature at each weather 

station. Dry adiabats (grey, small dashed) and moist adiabats (grey, large dashed) are included for reference. 

Labeled points are referred to in text.   
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The SA profiles, by contrast, exhibit a deep, predominantly isothermal layer up to ~1300 mASL 

(cf. Figs. 3.2a and b). The average lapse rate within the isothermal layer (UBC5 [654 mASL] to 

VOL [1300 mASL]) is 0.40°C km
-1

 (standard deviation of 3.05°C km
-1

), becoming 3.94°C km
-1

 

(standard deviation of 2.44°C km
-1

) above the isothermal layer (VOL [1300 mASL] to Peak 

[2180 mASL]). The FA and SA lapse rates for both the bottom and top portions of the profiles 

are statistically different from each other and from the daytime clear sky lapse rate. 

 

 

3.2.2 Daytime Temperature Differences for Summit, Slope and Valley  

          

The discussion of temperature differences between the SA and adjacent FA for daytime (1515 

PST) will be divided into three subsections; summit, slope, and valley. Related studies (e.g., 

Pepin and Lundquist, 2008; Barry, 2008) have adopted similar divisions based on different 

processes dominating the various regions of the mountain. 

 

Summit  

 

The average SA-FA temperature difference at summit-level (2180 mASL) for clear daytime 

profiles is 1.17°C (Fig. 3.3). This value is much larger in magnitude and different in sign than 

the results of numerous other studies. Hansel (1962) found mean monthly daytime SA-FA 

temperature differences at an 1134-m summit to be -0.5°C and -0.6°C for February and March, 

respectively. Peppler (1931) found daytime summit SA-FA differences on clear days (cloud 

coverage of 0/10–1/10) to be -2.2°C. The daytime temperature differences observed in this study 

more closely resemble values found in summertime studies on bare slopes. For example, 

Richner and Philips (1984) found daytime summit SA-FA differences of approximately 0.8–

2.6°C.  
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Figure 3.3: Average SA-FA temperature difference at the elevation of each weather station under clear sky 

conditions for daytime (1515 PST, solid) and nighttime (0315 PST, dashed) temperature measurements. 

Standard deviation bars are provided. Summit, Slope, and Valley sections are delineated by horizontal, red, 

dot-dashed lines. Stations VOH (red circle, top), and VOB (red circle, bottom) are highlighted and referred 

to in text. 

 

There is a relatively large amount of variability both in the summit-level SA and FA 

temperatures (Figs. 3.1a and b), and in the SA-FA temperature differences (standard deviation 

of 2.10°C, Fig. 3.3). In fact, large summit-level SA-FA temperature differences of 2.7°C to 

4.1°C with an isothermal SA temperature structure between UBC1 and Peak were observed in 

36% of clear daytime profiles (e.g., Fig. 3.4a), compared to the much smaller remaining 

temperature differences of 1.5°C or less. A histogram (Fig. 3.4b) using all daytime summit-level 

SA-FA temperature differences illustrates this division. A similar discontinuity was found in 

nighttime data. 
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Figure 3.4: a) FA (blue) and SA (red) temperature profiles showing a large positive summit-level SA-FA 

temperature difference for 1515 PST 19 Feb 2009, and b) a histogram of summit-level SA-FA daytime 

temperature differences.  
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Synoptic-scale processes such as warm air advection at the summit are unlikely to be the cause 

of such large SA-FA temperature differences as the effects would be seen in both the FA and 

SA temperatures. Furthermore, linear regression analysis failed to reveal any variable (wind 

direction, wind speed, cloud cover, precipitation, and time of day) as being able to account for 

these distinct profiles. Therefore, the anomalous summit-level SA warming is a local effect most 

likely caused by this sensor’s unique location (see Appendix B, WHI station). Possible 

explanations include but are not limited to, additional longwave radiation from the building wall 

(located within 15 cm of sensor), decreased aspiration due to blocking by the building, or the 

build up of rime ice on the sensor. Rime ice often accumulates on buildings and instruments on 

the summit. Not only would this limit aspiration but it would insulate the sensor from the 

surrounding air, leading to temperature measurements that deviate significantly from actual SA 

conditions.  

 

Discarding data from profiles displaying this anomalous temperature structure (hereinafter 

defined as a summit-level SA-FA temperature difference >2.5°C, giving a near-isothermal layer 

between UBC1 and Peak), the average clear sky summit-level SA-FA temperature difference is 

reduced from 1.17°C to 0.65°C. Although still warmer than other studies (e.g., Hansel, 1962; 

Peppler, 1931), these new results likely better reflect the summit-level temperature structure 

near Whistler Mountain. This temperature difference seems appropriate given the competing 

processes of surface heating, and the local heat removal by upper-level winds, and is in 

agreement with similar reasoning found in Pepin and Lundquist (2008). 

 

Slope 

 

During the daytime, SA-FA differences average 0.49°C through the slope portion of the profile 

(VOT [782 mASL] to UBC1 [1763 mASL]), with an average standard deviation of 0.62°C (Fig. 

3.3). These positive SA-FA temperature differences are explained by the greater heating of SA 

by conduction from the underlying surface than heating of the FA by convective processes. This 

average temperature difference is smaller than that of McCutchan (1983), who found an average 

SA-FA difference of 2.1°C during summertime at 1600 PST. This is expected, given the lower 

amounts of insolation absorbed at the surface in this study due to the higher albedo associated 

with a snow-covered slope, reduced daylight hours, and lower sun angle. Additionally, solar 
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energy absorbed by a snow-covered surface is partially expended through the processes of 

melting and sublimation, and thus the transfer of sensible heat to the air is greatly reduced 

(Pepin and Norris, 2005). 

 

The sign and magnitude of daytime differences are subject to local factors (e.g., slope angle, 

aspect, topographical shading, and albedo) that produce variations in the net radiation received 

by a particular area. This impact of local factors was first shown in Fig. 3.1, and is again 

illustrated by the non-linear SA-FA differences in Fig. 3.3. In particular VOH and VOL (Fig. 

3.3 red circles) have noticeably cooler microclimates. These sites are both situated on raised 

knolls which have greater exposure to winds, and consequently are more likely to be well-mixed 

with the adjacent FA. VOL also experiences enhanced shading from nearby trees that border 

this site to its south. Numerous other studies (e.g., McCutchan, 1983; Whiteman et al., 2004) 

have encountered similar problems with the placement of stations that are highly subject to local 

influences and differing levels of exposure. 

 

Valley 

 

Lastly, clear daytime SA-FA valley-level (654 mASL) temperature differences average -1.14°C 

(i.e., the bottom of the Whistler slope is colder than the near-surface air over the middle of the 

valley, Fig. 3.3). Differences in surface albedo and topographic shading provide the most likely 

explanations as the daytime spatial distribution of surface air temperature is primarily forced by 

insolation (Mahrt, 2006). The radiosonde site, VOC, is closely surrounded by forest to its west 

and paved roads to its east giving it a much lower effective albedo than the snowy, open slopes 

that encircle UBC5, allowing for more absorption of insolation and heating during the day. 

Secondly, topographic shading of UBC5 late in the afternoon results in an earlier cessation of 

insolation than the area around VOC.  
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3.2.3 Nighttime Temperature Differences for Summit, Slope and Valley  

        

Summit 

 

The average summit-level (2180 mASL) SA-FA temperature difference for clear sky nighttime 

profiles is -1.45°C with a standard deviation of 1.29°C (Fig. 3.3). These results are similar to 

various field studies from other summit locations around the world. For instance, nighttime 

mean summit-level SA-FA temperature differences of -1.9 and -1.8°C were found for the Harz 

Mountains, Germany for the months of February and March, respectively (Hansel, 1962). 

Peppler (1931) similarly found wintertime summit-level SA-FA temperature differences of 

-2.8°C under clear sky conditions in the northern Alps.  

 

The relatively large standard deviation about the mean at the summit in comparison to all other 

elevations (Fig. 3.3) can be explained by two phenomena. As was observed with daytime 

summit-level SA-FA comparisons (e.g., Fig. 3.4a), some nighttime profiles also show 

anomalously warm temperatures at the summit-level (Peak) station. Secondly, there were cases 

where the appearance of subsidence warming at the Peak station significantly lagged its 

appearance in FA measurements, resulting in large temperature differences (up to -6.7°C). This 

is illustrated using a series of SA and FA profiles from the evening of 17 Feb 2010 until the 

morning of 18 Feb (Fig. 3.5). From 2115-0315 PST the FA subsidence inversion sinks from 

2150 mASL to 1400 mASL (Fig 3.5a). No such warming is observed in the SA (Fig. 3.5b); 

instead the profile cools. It is not until 0915 PST that the upper portions of the SA profile 

(>1500 mASL) warm. By this time, the FA subsidence inversion has lowered to ~1000 mASL.  
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Figure 3.5: Profiles for a) FA, and b) SA at 2115 PST 17 Feb 2010,  0315 PST 18 Feb 2010, and 0915 PST 18 

Feb 2010 illustrating the lag in subsidence warming of the SA relative to the FA. 
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Anomalously warm summit-level SA temperatures and the delay of subsidence warming in the 

SA, both giving rise to large standard deviations, could result from rime ice on the sensor. 

Alternatively, the shallow stable layer of cool air that develops on slopes at night may also play 

a role in preventing subsidence warming from being detected on the slope until daytime heating 

can destabilize the surface layer and mix down the warm air.  

 

Slope 

 

For nighttime, clear sky conditions, SA temperatures are colder than FA temperatures for the 

slope portion of the profile (VOT [782 mASL] to UBC1 [1763 mASL], Fig. 3.3). There is, 

however, a very clear distinction between the bottom half of the slope, where the average 

temperature difference is -0.90°C, and the top half of the slope, where the average temperature 

difference increases to -2.64°C. The boundary between these two portions of the profile 

approximately coincides with the top of the SA isothermal layer (Fig. 3.2). This change occurs 

consistently at the same level through all clear sky nighttime profiles.  

 

In general, the results from Whistler Mountain agree with the literature (e.g., Whiteman, 2000; 

McCutchan, 1983; Lundquist and Cayan, 2007), in that nighttime SA temperatures during 

wintertime over a snow-covered surface should be colder than the adjacent FA. These nighttime 

differences are predominantly caused by longwave radiation loss from the slope and the 

downward flux of sensible heat from the near-surface air, which combine to create a layer of 

cooler slope air. The increase in SA-FA temperature differences above the valley inversion is a 

feature also documented in a previous nighttime SA-FA temperature comparison in an alpine 

basin (Whiteman et al., 2004). They observe that as cold air drains downslope, and further down 

the more gently sloping valley floor, compensatory adiabatically warmed air can enter through 

the top of the valley atmosphere.  This adiabatically-warmed FA at upper levels within the 

valley creates large horizontal SA-FA temperature differences, whereas the SA-FA temperature 

differences within the surface-based inversion maintain a much more horizontally homogeneous 

temperature structure.  
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Valley 

 

Lastly, comparison of the valley portion of the profile (654 mASL) reveals a nighttime, clear 

sky SA-FA difference of 2.23°C (Fig. 3.3). Figure 3.2 shows a strong inversion develops in the 

middle of Whistler Valley versus the isothermal profile found in the SA. The radiosonde launch 

site is susceptible to cold air drainage from the surrounding mountain slopes as well as 

additional cold air from the glaciers at the head of Fitzsimmons Creek (Oke, 1978). While 

gentle down-valley drainage allows some of this air to exit the valley, a large portion pools in 

the middle of the valley. Furthermore, Olympic Ridge, north of the lowest SA sensor (UBC5) 

shelters this SA station from the down-valley drainage, and thus UBC5 is subject only to local 

downslope drainage. 

 

 

3.2.4 Case Study: Diurnal Temperature Evolution for Clear Skies 

 

Thus far, comparisons have been made between SA and FA temperatures under clear sky 

conditions at 0315 and 1515 PST along with a discussion of the factors responsible for creating 

temperature differences between them. A case study is now provided using data from 19–20 Feb 

2010 when radiosondes were launched four times daily, and allows for an in-depth examination 

of how SA and FA temperatures progress throughout a 24-hour period of clear sky conditions. 

Specifically, this section addresses when and where cooling/heating occurs, its magnitude, and 

how these changes affect the SA-FA relation.  

 

A surface analysis (Fig. 3.6a) illustrates the ridge of high pressure centred over BC during this 

time period. The corresponding multispectral satellite image (Fig. 3.6b) shows clear skies over 

the majority of BC with small amounts of low cloud (denoted by pale yellow shading) seen in 

the interior valleys.  
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Figure 3.6: (a) Surface analysis, and (b) multispectral visible satellite imagery for BC at 1010 PST 20 Feb 

2010 (courtesy of EC). The surface map has sea level pressure contoured every 4 hPa, and fronts and trowals 

are analyzed with traditional symbols.   

 

The majority of cooling occurs within the first 6 h (1515–2115 PST 19 Feb, Fig. 3.7) and is 

greatest in the lower levels  [>5°C (6 h)
-1

], with more uniform, smaller amounts of cooling in the 

upper levels [average of 2.5°C (6 h)
-1

 for SA, 1.3°C (6 h)
-1

 for FA]. The SA generally 

experiences greater amounts of cooling than the FA with the exception of the lowest (valley) 

level.  It is during this time that previously warmer SA becomes colder than the FA, and also the 

time period when the inversion forms in the FA. 
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Figure 3.7: 6-h temperature changes under clear sky conditions for SA (solid, circles) and FA (dashed, 

squares) over time periods denoted during 19-20 Feb 2010. 

  

During the following time period (2115 PST 19 Feb to 0315 PST 20 Feb), similar amounts of 

cooling occur along the entire profile in both the SA [average of 1.1°C (6 h)
-1

] and FA [average 

of 1.5°C (6 h)
-1

] (Fig. 3.7). An even smaller amount of cooling occurs in the SA [0.38°C (6 h)
-1

] 

and FA [0.71°C (6 h)
-1

] during the third time period (0315–0915 PST 20 Feb, Fig. 3.7), with 

slight warming [0.9°C (6 h)
-1 

for SA, 0.4°C (6 h)
-1 

for FA] occurring on the upper portion of the 

mountain. The warming results from insolation affecting the upper elevations first in the early 

morning. The SA warms more during this period, but remains cooler than the FA at this time 

(not shown). 

 

The SA and FA warm most from 0915–1515 PST 20 Feb. The SA warms 1.7°C (6 h)
-1

 faster 

than the FA on average at all levels (Fig. 3.7). The bottom portion of the valley atmosphere, 
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where the inversion is eroded, is where the largest warming occurs. Additionally, increased land 

surface area at lower elevations leads to more heat transferred to the FA. 

 

These results suggest that daytime SA warming is delayed well past sunrise due to topographical 

shading, and the majority of nighttime cooling occurs within the first few hours of sunset with 

little adjustment thereafter. Even where insolation is intercepted earlier by upper portions of the 

mountain, slope heating is minimal. This is likely due to early morning insolation striking the 

earth at a very low angle, which means a) it passes through a thicker layer of atmosphere leading 

to large amounts of scattering and absorption, and b) it strikes the ground at a low angle 

delivering smaller amounts of energy over a larger surface area (Ahrens, 1994). Further, the 

high albedo of the snow-covered surface leads to an even smaller amount of energy absorbed by 

the slope. As the solar angle increases and albedo decays throughout the later parts of the day 

(Wiscombe and Warren, 1980), more energy is absorbed at the surface and subsequently re-

emitted to the FA, contributing to more significant afternoon warming.  

 

Rapid cooling of the SA occurs when the surface no longer receives incoming shortwave 

radiation but continues to emit longwave radiation. There is, however, a maximum amount of 

heat that can be lost before temperature gradients between the SA and FA become so large that 

valley circulations take over to re-distribute energy (Mahrt, 2006). The negligible change in SA-

FA temperature differences that occur after 2115 PST suggests the FA and SA have reached an 

equilibrium; whereby any further radiative cooling on the slope is balanced by the removal of 

cold air, likely via cold air drainage down-slope and down-valley.  

 

3.3 Winter Cloudy Sky Analysis 

 

3.3.1 Vertical Profiles: Day and Night 

 

As discussed in Chapter 2, cloudy day profiles were divided into pre-/post-frontal profiles, and 

those within the frontal band. Profiles within these categories (Fig. 3.8) share consistent vertical 

temperature structures, and consequentially the average profiles (Fig. 3.8 black solid lines) are 

representative of the typical shapes of the subcategory profiles for cloudy days at 1515 PST. The 

mean lapse rates for the drier pre-/post-frontal category (type A) for the FA and SA are 7.64°C 
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km
-1

 and 5.60°C km
-1

, respectively. The more saturated frontal conditions (type B) produce 

near-moist adiabatic lapse rates; averaging 5.07°C km
-1

 and 4.31°C km
-1

 for the FA and SA, 

respectively (compare dashed black lines to solid black lines in Figs. 3.8b and d).  

 

 

 
Figure 3.8: Temperature profiles for the category of cloudy days obtained at 1515 PST for a) FA type A, b) 

FA type B,  c) SA type A, and d) SA type B. All individual profiles (solid, grey) were origin-adjusted by 

removing the vertically-averaged mean temperature, and the average profile (black) is provided. Dots in FA 

profiles are radiosonde data interpolated to the elevation of the weather stations, while dots in SA profiles 

are the average temperature at each weather station. Dry adiabats (grey, small dashed) and moist adiabats 

(grey, large dashed) are included for reference. Additionally, the average FA and SA profile for type A is 

shown (dashed black line) in (b) and (d) respectively for comparison.  
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Daytime SA profiles for cloudy skies have more linear lapse rates as compared to those for clear 

skies (cf. Figs 3.8c and d, Fig. 3.1b). The effect of microclimates is less pronounced as cloud 

cover reduces incoming shortwave radiation (up to 10% of its clear sky value) and significantly 

modifies the surface long-wave budget (Oke, 1978). 

 

Cloudy night individual and average air temperature profiles for 0315 PST are shown in Fig. 

3.9. The mean lapse rates for type A for FA and SA are 6.11°C km
-1

 and 5.20°C km
-1

, 

respectively; while the more saturated, well-mixed type B profiles have more stable lapse rates 

of 4.23°C km
-1

 and 3.86°C km
-1

 (e.g., black, dashed line tends towards solid, black line in Figs. 

3.9b and d).  
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Figure 3.9: Temperature profiles for cloudy nights obtained at 0315 PST for a) FA type A,  b) FA type B, c) 

SA type A, and d) SA type B. All profiles (grey, solid) were origin-adjusted by removing the vertically-

averaged mean temperature, and the average profile (black) is provided. Dots in FA profiles are radiosonde 

data interpolated to the elevation of the weather stations, while dots in SA profiles are the average 

temperature at each weather station. Dry adiabats (grey, small dashed) and moist adiabats (grey, large 

dashed) are included for reference. Additionally, the average FA and SA profile for type A is shown (black, 

dashed line) on (b) and (d) respectively.  

 

For both types A and B, radiative exchange between the cloud cover and surface inhibits the 

development of a strong, surface-based inversion (cf. Figs. 3.9a-d, Fig. 3.2). Any cold air 

drainage from the surrounding mountain slopes is unable to produce a deep inversion, and 
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instead a shallow low-level isothermal layer frequently forms in the middle of the valley (Figs. 

3.9a and b). This indicates that while the synoptic conditions act to prevent a nighttime 

inversion from forming, limited cold air drainage and radiative cooling over the snow-covered 

surface of Whistler Valley still produce a stable surface-based isothermal layer. This isothermal 

layer is not observed in the SA profiles (Figs. 3.9c and d), where a near-moist adiabatic lapse 

rate is found throughout.  

 

By comparing all the SA and FA cloudy type A and B lapse rates and their associated standard 

deviations, certain categories could be combined. Cloudy type A days and nights for SA and 

cloudy type A nights for FA were statistically similar, yielding a representative lapse rate of 

5.63°C km
-1

 with a standard deviation of 0.95°C km
-1

. Likewise, cloudy type B days and nights 

for both the SA and FA data can be combined giving a lapse rate of 4.32°C km
-1

 with a standard 

deviation of 1.26°C km
-1

. Fig. 3.10 summarizes the statistically significant lapse rates for all 

cloudy sky categories. 

 

 

Figure 3.10: Statistically significant lapse rates for cloudy sky categories. 

 

It is not surprising that the datasets for type B day and night are similar as stronger winds within 

the frontal zone keep the slope-valley atmosphere well-mixed. However, this is the first time, to 
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the author’s knowledge, that a statistically similar lapse rate has been demonstrated throughout 

the diurnal cycle. It is interesting that cloudy type A SA profiles also yield similar profiles for 

daytime and nighttime. Data for daytime FA type A was statistically different from all other 

cloudy sky datasets. This is most likely due to reduced landmass at higher elevations leading to 

significantly less heat transferred to the FA and ample heat transfer from the sidewalls and 

valley floor to the FA in the bottom portion of the valley atmosphere, creating a steeper lapse 

rate.  

 

 

3.3.2 Daytime Temperature Differences for Summit, Slope and Valley  

 

A discussion of cloudy sky temperature differences between the SA and adjacent FA is now 

provided with the temperature profiles divided into the same three sections as above: summit, 

slope, and valley. Comparisons to clear sky conditions will also be made to help explain the 

different processes that dominate under cloudy conditions.  

 

Summit  

 

The average summit-level (2180 mASL) SA-FA temperature difference for cloudy daytime 

profiles is 2.61°C and 0.87°C for type A and B, respectively (Fig. 3.11). Comparing these 

results to other studies, Peppler (1931) found that the average SA-FA temperature difference for 

a mountain in the northern Alps from October-March was 0.1–0.5°C for cloud cover 8/10 or 

greater. Summertime observations (April-September) from that same study concluded afternoon 

temperature differences were only slightly larger at values of 0.8–1.0°C. Richner and Philips 

(1984) found that 1500 LST temperature differences between the SA and FA were 

approximately 0.75–1.6°C.  
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Figure 3.11: Average SA-FA temperature difference at the elevation of each weather station under cloudy 

sky conditions for daytime (1515 PST) and nighttime (0315 PST) temperature measurements for a) type A, 

and b) type B. Standard deviation bars are provided. Summit, slope, and valley sections are delineated by 

red, dot-dashed lines. 
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Anomalously large positive SA-FA temperature differences also appeared under cloudy skies. 

For cloudy type A, anomalous differences (>2.5°C) appeared in 42% of all profiles, and in 

cloudy type B, only 8%. One possible explanation is that the higher wind speeds found near 

frontal zones keeps the SA and FA well–mixed, reducing local effects. Moreover, the mean FA 

summit-level temperatures between cloudy type A and B differ by 4°C, with type A averaging 

-9.2°C and type B averaging -5.1°C (not shown). Type A profiles are within the optimal 

temperature range for icing on sensors to occur [-9°C–-15°C (MOIP, 2000)], and thus, more 

cases of anomalously large positive differences are observed.  

 

Slope  

 

In Fig. 3.11b the average SA-FA temperature difference for the slope portion of the profile 

under cloudy type B daytime conditions is 0.53°C. The SA is heated more uniformly under 

cloudy as compared to clear sky conditions and the temperature differences are more uniform 

along the entire slope (c.f. Figs. 3.3, 3.11b).  

 

The well-mixed environments of the stormy type B profiles were expected to produce smaller 

temperature differences than those of type A. Instead, the average temperature difference for 

cloudy type A for mid-mountain and below shows almost negligible differences (0.26–0.07°C) 

with some stations reporting colder SA (up to -0.44°C) (Fig. 3.12). These results are likely due 

to complications from a phenomenon specific to Whistler Mountain, known as Harvey’s Cloud. 

This cloud has a base above VOT and cloud top below 1850 mASL (Joe et al., 2010; Joe, 2009). 

Refer to Mo et al. (2011) for a detailed discussion of the formation, persistence and dissipation 

of Harvey’s Cloud. The affect on the vertical temperature structure above the valley, however, is 

shown for the first time here.  
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Figure 3.12: Average daytime (1515 PST) SA-FA temperature difference at the elevation of each weather 

station under type A and B cloudy sky conditions. The bottom portion of the mountain is highlighted and 

referred to in text. 

 

To illustrate, an example of the effects of Harvey’s Cloud from 24 Feb 2010 is now provided. 

On this date a series of upper-level shortwave troughs passed over the central BC coast creating 

widespread instability over the region. The southwesterly synoptic flow behind these shortwave 

troughs dominated Whistler for the entire day with lee wave clouds visible along the southern 

Coast Mountains (Fig. 3.13). 
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Figure 3.13: Multispectral visible satellite imagery for southwestern BC for 1530 PST 24 Feb 2010 (courtesy 

of EC). Labels highlight A: east-northeastward movement of a shortwave trough, B: large-scale 

southwesterly onshore flow over the South Coast, and C: lee wave cloud pattern over southwestern BC. All 

features were derived from a sequence of satellite images. 

 

Webcam images illustrate the overcast conditions reported by the observer at VOC (Fig. 3.14a), 

with a break in the cloud at mid level and overcast conditions above the mountain (Fig. 3.14b). 

A persistent southerly push of marine stratus up Howe Sound with additional help from lee 

wave subsidence in capping the cloud kept boundary layer conditions in Whistler moist. Wind 

data collected from the OAN weather stations observed southerly up-valley winds through 

Squamish and Whistler Valley with light upslope winds measured at VOT, VOB and VOL 

helping to sustain the mid-mountain cloud until 1330 PST.  
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Figure 3.14: Webcam images (courtesy of EC) for 1400 PST 24 Feb 2010 taken from a) VOC (looking up 

towards Whistler Mountain), and b) the top of the Men’s downhill course (looking down and westwards 

towards Whistler Valley).  

 

From 1330 PST onwards, southerly flow persisted through the Squamish and Whistler Valleys, 

and upslope (westerly) winds at VOL were maintained. At VOT, however, a wind shift was 

observed where winds on the lower-mountain reversed direction becoming downslope (easterly) 

for the rest of the afternoon. Precipitation over the middle of the valley from Harvey’s Cloud 

had ceased by noon, but measurable localized precipitation over Whistler Mountain was 

observed late in the afternoon. At this time SA below UBC3 became cooler than the FA at the 

same elevation over the middle of the valley, most likely due to precipitation-induced diabatic 

cooling (Fig. 3.15). The cooled SA began to sink giving light downslope winds. Reversal of 

mountain slope winds due to precipitation-induced diabatic cooling was also documented in 

Steiner et al. (2003). 
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Figure 3.15: FA (blue) and SA (red) profiles for 1515 PST 24 Feb 2010. UBC3 highlighted to mark the 

transition of warmer SA relative to FA, to cooler SA. 

 

This is also supported by time-heights of SA relative humidity (Fig. 3.16). Note the dry layer 

that develops above the mid-mountain cloud by 1000 PST. Mo et al. (2011) provide a detailed 

explanation of how the development of this dry layer can act as an indicator of lee wave 

subsidence, trapping the mid-mountain cloud below.  
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Figure 3.16: Time-height diagram of relative humidity for 24 Feb 2010 using data collected from OAN 

autostations VOC, VOT, VOB, VOL, VOA, RND, and PEK (figure courtesy of Paul Joe, EC). 

 

For cloudy type A, there were a total of six profiles showing similar temperature profile 

characteristics to Fig. 3.15. Four of these cases coincide with Harvey’s Cloud events presented 

by Mo et al. (2011) and the lower mountain wind reversal presented here. If the Harvey’s Cloud 

cases are removed from the cloudy type A dataset, SA-FA temperature differences for the slope 

portion of the profile average 0.65°C. This is greater than the 0.53°C difference for cloudy type 

B profiles, as was originally expected. By eliminating cases where the effects of Harvey’s Cloud 

influence lower portions of the profile, one is left with regular mid-level overcast conditions, 

where slope temperatures are dominated by diffuse insolation. Arithmetic means are highly 

sensitive to outliers (Crawley, 2005), averaging these two entirely different phenomena should 

be avoided. 

 

Valley  

 

Daytime valley-level (654 mASL) SA-FA temperature differences are -0.5°C and -0.29°C for 

cloudy type A and B, respectively (Fig. 3.11). Under cloudy conditions, shortwave energy is 

reflected, scattered and to a lesser extent, absorbed by clouds reducing the amount of shortwave 

radiation that reaches the surface. This is evidenced by the smaller temperature differences 

across the valley floor as compared to sunny sky conditions (1.14°C). As expected, smaller 

temperature differences are associated with the stormier cloudy type B conditions. 
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3.3.3 Nighttime Temperature Differences for Summit, Slope and Valley  

 

Summit  

 

The average summit-level (2180 mASL) SA-FA temperature differences for cloudy nighttime 

profiles are 1.81°C and 0.86°C for type A and B, respectively (Fig. 3.11). These relatively small 

differences confirm the postulate that locations that are more susceptible to clouds and/or wind, 

such as mountain summits, should have SA temperatures that are closely related to FA 

temperatures (as proposed by, e.g., Pepin and Lundquist, 2008). However, the positive nighttime 

temperature differences are at odds with studies performed on various mountaintops around the 

world (e.g., Pepin and Norris, 2005). For instance, Richner and Philips (1984) found that on 

average the summit-level SA-FA temperature difference at 0400 LST was approximately 

-1.9°C. For days with cloud cover greater than 8/10, Peppler (1931) found early morning 

summit-level SA-FA temperature differences of -1.6–-0.3°C, with the highest amounts of cloud 

cover producing the smallest difference. 

 

Examining all cloudy nighttime profiles (not shown), the summit-level SA-FA differences for 

type A ranged from 1.03–3.31°C, while for type B, values ranged from 0.16–1.88°C. Hence, 

summit-level SA temperatures are always warmer than the adjacent FA under all nighttime, 

cloudy conditions, in contrast with findings from the previous studies listed above (also compare 

to Fig. 3.3). Of these profiles, there were more anomalously warm summit temperatures (SA-FA 

difference of >2.5°C) in cloudy type A profiles (33%) than type B (17%), as in the daytime 

profiles above. The anomalous summit-level temperatures in all cloud categories suggest that 

proper sensor placement is crucial for obtaining representative temperature data. Specifically, 

close proximity to heat sources (e.g., buildings, vents, etc.) should be avoided.  

  

Slope  

 

During the night, SA is predominantly colder than the adjacent FA for both type A and B 

through the slope portion of the profile (VOT [782 mASL] to UBC1 [1763 mASL]). Type A 

temperature differences average -0.53°C, while the saturated, well-mixed type B profiles give an 

average temperature difference of -0.22°C (Fig. 3.11). There are numerous cases where cloudy 
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type B SA and FA profiles directly overlap, whereas the majority of type A profiles exhibit 

large SA-FA differences (e.g., Fig. 3.17). During cloudy type B nights, clouds and wind both 

limit radiative surface cooling and keep the valley atmosphere well-mixed, practically 

eliminating the SA-FA temperature differences. 

 

 

Figure 3.17: Examples of FA (blue) and SA (red) profiles obtained at 0315 PST for a) cloudy type A on 17 

Mar 2010, and b) cloudy type B on 23 Feb 2009.  

 

The average temperature differences for cloudy type A and B (-0.22 and -0.53°C, respectively) 

are much smaller than those for clear nights (-0.90 and -2.64°C, respectively; cf. Figs. 3.11, 

3.3). This is because cloud cover counteracts nighttime radiative cooling through downward 

longwave radiation, which in turn reduces cold air drainage (Whiteman, 2000; Pepin and Norris, 

2005). The downward longwave radiation from clouds increases as cloud base temperature 

increases (Oke, 1978). Thus, low-level stratus layers contribute more energy to the slope than 

mid- to high-level clouds. Likewise, greater cloud cover amounts absorb and emit more 

downward longwave radiation, allowing less surface-based outgoing longwave radiation to 

escape to space (Liou, 2002). Peppler (1931) observed this as well, finding that as cloud cover 

increased, temperature differences decreased. Additional mixing caused by strong southwesterly 

flow up Howe Sound as synoptic systems pass over Whistler further reduces SA-FA differences.  
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Valley  

 

Lastly, valley-level (654 mASL) nighttime cloudy type A and B SA-FA differences are  0.42°C 

and 0.36°C, respectively (Fig. 3.11). This illustrates the small, but noticeable differences that 

occur between SA and the shallow, relatively isothermal surface-based layer in the middle of the 

valley. There is no evidence of cold air pooling at the bottom of the slope; the near-constant SA 

lapse rate (Fig. 3.9) extends to valley bottom.  

 

The presence of extensive cloud cover significantly reduces the net longwave radiation lost from 

the slope, reducing the SA-FA differences. Buoyancy differences are weaker, inhibiting cold air 

drainage, and thus, only a very shallow stable layer forms at VOC. This local depression 

amongst an undulating valley floor can impact the local heat budget (Haiden and Whiteman, 

2005), giving rise to subtle temperature differences across Whistler Valley. Clear sky 

conditions, by contrast, generated a strong surface-based inversion with SA-FA differences of 

2.23°C.  

 

 

3.3.4 Case Study: Diurnal Temperature Evolution for Type B  

         Cloudy Skies  

 

At 1515 PST on 10 Feb 2010 a trowal extended from Oregon, up towards the Haida Gwaii off 

the North Coast of BC, bringing precipitation to Whistler. As the trowal moved eastward, it was 

quickly followed by a second low pressure system and its associated warm front, which passed 

through Whistler shortly after 1000 PST 11 Feb (Fig. 3.18a). As 11 Feb progressed, 

precipitation began as a rain-snow mix in the valley bottom, switching over to rain near noon. 

Freezing levels rose from 900 mASL at 0915 PST to 1300 mASL at 1515 PST, with a near-

freezing layer extending up to 1600 mASL.  

 

Looking at cloud cover evolution over the 24-h time period, the overcast cloud layer hovered 

between 2060–2334 mASL, with lower scattered-broken layers at approximately 1206 mASL. 

Satellite analyses revealed broken layers of high cloud associated with the trowal persisting over 

the Whistler region until 1700 PST 10 Feb. As the high cloud moved eastward, a band of low-
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mid level cloud lingered on the Coast Mountains in the unstable onshore flow until the second 

low arrived. By 0430 PST 11 Feb, thick warm-frontal cloud dominated southwest BC and 

persisted for the remainder of the period (Fig. 3.18b).  

 

   

 

 
Figure 3.18: (a) Surface analysis, and (b) infrared-redtop satellite imagery over southwestern BC for 1000 

PST 11 Feb 2010 (courtesy of EC). The surface map has sea level pressure contoured every 4 hPa, and fronts 

and trowals are analyzed with traditional symbols. Frontal positions were determined using all available 

data including surface observations, radar, and animation of infrared, visible and water vapour satellite 

imagery. Darker red colours on the infrared image denote colder cloud tops.  
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The largest overall cooling rates are found in the SA from 1515–2115 PST 10 Feb [1.7°C (6 h)
-1

 

on average] (Fig. 3.19), but very small cooling rates occur in the FA [0.4°C (6 h)
-1

 on average], 

with the exception of the valley-level. The valley-level FA cooling [1.9°C (6 h)
-1

] is much 

smaller than that of the clear sky case study in section 3.2.4 [9.2°C (6 h)
-1

], and  clearly 

illustrates the limiting effect of cloudy frontal conditions on radiative cooling and cold air 

drainage. During this period of limited cooling, the SA becomes colder than the FA, and a 

shallow isothermal layer forms in the FA at valley bottom. 

 

Figure 3.19: 6-h temperature changes under cloudy sky conditions for SA (solid, circles) and FA (dashed, 

squares) over time periods denoted during 10–11 Feb 2010. 

 

From 2115 PST 10 Feb to 0315 PST 11 Feb (Fig. 3.19), there are negligible changes for much 

of the SA and FA profiles [averaging 0.3°C (6 h)
-1 

and -0.07°C (6 h)
-1

, respectively]. The 

exception is slight warming at the upper two elevations in the SA and FA [averaging 1.0°C (6 

h)
-1 

and 0.7°C (6 h)
-1

, respectively]. A significant warm air intrusion aloft (>1450 mASL) 

associated with the warm front is observed in the third time period (0315–0915 PST 11 Feb; 
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Fig. 3.19). Below this, SA undergoes a small amount of warming [averaging 0.6°C (6 h)
-1

], 

whereas the FA remains unchanged. This is a fairly common phenomenon in mountainous 

areas, where the low-level baroclinic structure of a front is stripped off by upstream terrain, 

leaving the valley atmosphere relatively unchanged (Colle et al., 2002; Steenburgh, 2003; 

Shafer et al., 2006). The SA becomes warmer than the FA during this period.  

 

The largest warming occurs during the late morning/early afternoon (0915–1515 PST 11 Feb, 

Fig. 3.19). During this time diffuse solar radiation warms the SA (and in turn the FA), and the 

mild maritime airmass settles into southwest BC. Mixing due to convective processes and 

mechanical turbulence has eroded nearly all of the colder valley atmosphere, with the exception 

of the lowest few hundred metres, where only small warming rates are observed [~0.8°C (6 h)
-1

 

for SA and FA] (Fig. 3.19). 

 

This case study has provided insight into the complex interactions between terrain and transient 

synoptic weather systems, and the resulting evolution of the SA and FA temperature profiles. 

First, relatively little temperature change occurs in the FA in any portion of the case study. The 

FA normally has a small diurnal temperature change above 850 hPa (Seidel and Free, 2005), but 

under cloudy conditions the changes below 850 hPa are just as small. Hence, SA temperature 

changes predominantly dictate the changes in SA-FA temperature differences. The majority of 

SA cooling occurs within the first few hours of sunset and is likely caused by the loss of 

longwave radiation from the surface. The effectiveness of clouds at absorbing this outgoing 

radiation and re-emitting it back towards the surface is apparent in cloudy-clear sky case study 

comparisons. The magnitude of cooling taking place in the first 6 h is significantly reduced, and 

thus much less air drains down-slope towards the valley floor. In this case a shallow (264 m 

thick), surface-based isothermal layer formed in the FA. Following the initial SA cooling, the 

valley-level FA reaches equilibrium, and no significant further changes to the FA occur. Initial 

SA warming results from both daytime heating and synoptic-scale warming from the warm 

front, on the upper portions of the mountain, with subsequent warming along the entire slope in 

late-morning/early-afternoon.  
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3.4 Case studies: Formation and Break Up of Inversions  

 

While much of section 3.2 dealt with averaged characteristics of diurnal surface-based 

temperature inversions under clear skies, it did not describe the evolution of individual cases. 

Out of the 55 nights with observations from winter 2009/2010, 53% had surface-based 

inversions. Here, two case studies are presented describing the formation and break up of a 

strong, multi-day inversion, a weak inversion, and the synoptic conditions associated with each. 

 

 

3.4.1 Strong, Multi-day Inversion Case Study 

 

On 19 Feb 2009, a ridge of high pressure began to build over central BC as an upper-level low 

and its associated cloud cover drifted northwestward away from the southern BC coast. The 

ridge continued to strengthen over the following 24 h, maintaining stable conditions and clear 

skies over the southern Coast Mountains (Fig. 3.20). Northeasterly, low-level outflow winds 

spread through southern sections of Howe Sound. At Whistler, winds recorded over this three-

day period at VOH reached their daily maxima, ~13 km hr
-1

, between 1000–1700 PST, dropping 

to ~7 km hr
-1

 overnight. Valley bottom (VOC) winds recorded daily maxima of ~6 km hr
-1

 

between 1000–1600 PST, becoming quiescent overnight. Clear sky conditions continued until 

late evening on 21 Feb 2009 when a low moving eastward towards the BC coast brought 

increasing cloud cover.  

 

  
Figure 3.20: (a) Surface analysis and (b) infrared satellite imagery over southern BC at 2200 PST 20 Feb 

2009 (courtesy of EC). The surface map has sea level pressure contoured every 4 hPa, and fronts and trowals 

are analyzed with traditional symbols. Lighter grey colours on the infrared image denotes colder cloud tops. 
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Calm, cloud-free conditions provided an environment that maximized nighttime net longwave 

radiation loss from the surface, increasing the strength of the inversion from -10.8°C km
-1

 to 

-29.7°C km
-1

 for SA, and from -22.0°C km
-1

 to -51.9°C km
-1

 for FA with each successive night 

from 19–21 Feb (Fig. 3.21). The inversion reached its peak at 0315 PST 21 Feb 2009.  
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Figure 3.21: Progression of a multi-day temperature inversion in Whistler Valley at 0315 PST on 19–21 Feb 

2009 for a) FA and b) SA.  Light blue (a) and red (b) shaded areas indicate the average depth of the surface-

based inversion. The darker shaded areas highlight the average depth of the stable layer aloft. 

 

Atop the surface-based inversion resided a deep (~680 m for SA, >1380 m for FA) stable layer 

(Fig. 3.21 dark shaded areas). SA and FA lapse rates in this layer became more stable each night 

as the synoptic ridge continued to strengthen. The associated adiabatic warming due to 

subsidence aloft is illustrated in the upper portion of the FA and SA profiles (Fig. 3.21).    
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Daytime heating from the low winter sun angle was unable to overcome the continuous long 

wave radiation loss from the snow-covered surface. Thus, with each successive night the 

surface-based inversion increased in strength (Fig. 3.21). This combined with adiabatic warming 

at the mid-levels within the valley caused the depth of the daytime stable layer to increase (Fig. 

3.22 shaded areas). The resulting daytime temperature structures are significantly different than 

those observed under single day (clear skies lasting no longer than 24 h) clear sky conditions 

(cf. Figs. 3.1, 3.22b and c). Additionally, a surface-based inversion appears in nighttime SA 

profiles under a multi-day period of clear skies, a feature that was not found in single day events 

(cf. Figs. 3.2b, 3.21b).  
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Figure 3.22: Daytime SA (red) and FA (blue) temperature profiles for 1515 PST on a) 19, b) 20, and c) 21 

Feb 2009. The shaded areas (red for SA, blue for FA) indicate the increasing depth of the stable layer 

(inclusive of any surface-based inversion) with each successive day. 

 

A change in the overlying synoptic conditions from an approaching low aided in the break up of 

the surface inversion at approximately 1200 PST 21 Feb. In the hours following (1200–1600 

PST), a residual inversion layer (~1300–1462 mASL) persisted aloft (not shown). A nearly 

identical evolution was observed during the continuous clear sky period of 18–21 Feb 2010. 

 

Insufficient daytime heating and resultant weakened convection during winter are commonly 

linked to persistent inversions (Whiteman et al., 2001). Inversions may strengthen further via 
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warm air advection aloft, low-level cold air advection (e.g., Arctic air intrusions), or warming 

aloft due to subsidence from a high pressure centre (Zhong et al., 2001). As shown above (Fig. 

3.21), inversions continually strengthen under these multi-day clear sky conditions. Despite 

significant warming aloft, minimal change in surface temperature occurs between nights (e.g., 

-6.3°C–-7.5°C for FA, -5.5°C–-6.2°C for SA from 19–21 Feb 2009). Likewise, there is little 

change in the daytime low-level temperature structure and surface temperatures (e.g., 5.7–5.4°C 

for FA, 4.3–3.7°C for SA from 19–20 Feb 2009). With most cities and towns located in valley 

bottoms, persistence forecasting of nighttime low and daytime high temperatures is expected to 

work well under these conditions. The break up of persistent inversions often requires a change 

in synoptic conditions. Forecasting if and when sufficient conditions for break up will occur is 

difficult (Smith et al., 1997), and due to the large vertical temperature gradient involved, can 

lead to large forecast errors.   

 

The forecasting of daily temperature inversion formation in Whistler Valley is easier, simply 

requiring satellite interpretation of cloud cover and the use of prognostic models to determine 

whether clear sky conditions will prevail throughout the night. Additionally, these inversions are 

usually foreshadowed by a 1515 PST radiosonde profile featuring a shallow (15–50-m deep) 

surface-based inversion (e.g., Fig. 3.23a blue shading). This is an indication that ideal radiative 

cooling conditions are in place. These inversions grow to an average depth of 386-m within the 

middle of the valley and form a 646-m near-isothermal layer in the SA by 0315 PST (Fig. 3.23b 

blue and red shading). By late morning, the inversions frequently became distributed over a 

greater depth as they weaken, sometimes covering the entire depth of the valley (Fig. 3.23c blue 

shading). These inversions generally dissipate with the help of daytime heating by 1200–1400 

PST (not shown). 
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Figure 3.23: FA (blue) and SA (red) temperature profiles showing the evolution of a diurnal temperature 

inversion for a) 1515 PST 16 Feb, b) 0315 PST 17 Feb, and c) 0915 PST 17 Feb 2009.  The depth of the FA 

inversion is indicated by blue shading and the SA isothermal layer is illustrated by red shading. 

  

3.4.2 Weak Inversion Case Study 

 

Section 3.3 discussed the radiational feedback between the mountain surface and overlying 

clouds, which inhibits nighttime inversion formation. There were, however, a few cases where 

despite widespread cloud cover, a surface-based inversion briefly developed. Inversions of this 

nature were significantly weaker and shorter-lived than their clear sky counterparts, as 

illustrated in the following example.  
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Amidst a pattern of storms continually battering BC, a low approached the BC coast from the 

southwest at 0400 PST 13 Feb 2010. By 1000 PST an intense warm front brought heavy 

precipitation and strong southeasterly winds, with VOH recording speeds up to 22 km hr
-1

 

lasting throughout the day and into the overnight period. The front progressed inland around 

0400 PST 14 Feb (Fig. 3.24), and winds at VOH gradually decreased to 7 km hr
-1

 by 0600 PST. 

Despite the winds on the upper mountain, the sheltered valley bottom saw near-calm conditions 

(mostly 0–2 km hr
-1

) over the two-day period. Showers lingered along the coast in the unstable 

airmass behind the weakening cold front for much of 14 Feb.  

 

  
Figure 3.24: (a) Surface analysis and (b) infrared-redtop satellite imagery over southern BC for 0400 PST 14 

Feb 2010 (courtesy of EC). The surface map has sea level pressure contoured every 4 hPa, and fronts and 

trowals are analyzed with traditional symbols. Frontal positions were determined using all available data 

including surface observations, radar, and animation of infrared, visible and water vapour satellite imagery. 

Darker red colours on the infrared image denote colder cloud tops. 

 

The passage of this intense frontal band resulted in a well-mixed valley atmosphere with nearly-

identical SA and FA temperature profiles (Fig. 3.25a). The saturated (SA RH >96.7% for all 

stations) conditions produced nearly-moist adiabatic lapse rates. Despite the lingering 

precipitation early morning on 14 Feb, quiescent valley-bottom winds allowed the formation of 

a shallow, surface-based inversion within the FA (Fig. 3.25b). 
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Figure 3.25: SA (red) and FA (blue) temperature profiles from a) 1515 PST 13 Feb, b) 0315 PST 14 Feb, and 

c) 0915 PST 14 Feb 2010. Blue shaded areas indicate the depth of the FA surface-based inversion. 

 

Forecasting the formation of inversions under cloudy skies can be more difficult than multi-day 

or diurnal clear sky inversions as their development is rare, can occur in a very short amount of 

time, and may even take place in the wake of a passing front. Unlike for clear sky inversions, 

surface-based, shallow precursor inversions in the previous afternoon’s 1515 PST FA profile 

(e.g., Fig. 3.25a) tended to be absent. If a cloudy sky inversion forms overnight (e.g., Fig. 3.25b 
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blue shading) they tend to become weaker and shallower (50–100-m deep) until 0915 PST (e.g., 

Fig. 3.25c blue shading), deteriorating rapidly by 1100 PST (not shown). In addition to 

potentially large low temperature forecast errors, predicting the correct precipitation type when 

an inversion is present can be problematic. Further research is needed to investigate how 

inversions form under these conditions. 

 

 

3.5 Chapter Summary 

 

Co-located SA and FA data presented in this chapter provided a unique, comprehensive view of 

temperature structure and evolution in Whistler Valley under varying conditions of cloud cover. 

Grouping profiles by CCH and time of day resulted in a robust means of categorization whereby 

profiles showed consistent lapse rates over two consecutive winter seasons.  

 

Under clear sky daytime conditions all FA profiles display an extremely consistent, linear 

temperature structure. The shape of the coinciding SA profiles was relatively non-linear due to 

local microclimate effects. The average lapse rate of the SA profiles, however, was consistent, 

allowing for a fairly representative linear SA mean lapse rate. Due to statistical similarities, FA 

and SA data were combined, and a representative mean lapse rate of 8.26°C km
-1

 was 

calculated. Given the consistency of SA and FA profiles over the observational period, these 

lapse rates can be used to estimate temperature at any height on the slope or in the valley 

atmosphere during winter under most clear sky conditions. The SA is warmer than the FA 

during the daytime, in agreement with previous studies (e.g., Whiteman, 2000; Barry, 2008). 

However, SA-FA temperature differences are smaller than in other studies (e.g., McCutchan, 

1983) likely due to the shortened day light hours, low solar angles, and the high albedo of the 

snow-covered slopes in this study.  

 

At night under clear skies, surface-based inversions develop within the FA, with an average 

depth of 386 m and a lapse rate of -9.48°C km
-1

. By contrast, in the SA a predominantly 

isothermal temperature profile (lapse rate of 0.40C° km
-1

) forms up to 1300 mASL. The SA-FA 

temperature differences arise from net longwave radiation loss at the slope surface 

predominantly within the first few hours of sunset, and subsequently from cold air drainage. At 
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the summit level, this surface-based stable layer may temporarily mask large-scale subsidence 

warming until daytime heating can destabilize and erode this surface layer. At lower elevations 

the SA is colder than the FA, but these temperature differences are smaller in the bottom half of 

the valley where cold air pools. This horizontally near-homogeneous temperature structure 

within the valley-bottom cold pool has been observed in enclosed alpine basins (Whiteman et 

al., 2004), but was an unexpected finding for this unenclosed valley. 

 

Case studies described the strong, persistent inversions that can form over a multi-day period of 

clear sky conditions, and the rare, weak inversions that can develop under cloudy skies. Under a 

persistent ridge, surface-based inversions can strengthen and grow to cover the entire depth of 

the valley. This occurs through synoptically-driven day-to-day subsidence warming throughout 

most of the profile, and relatively small day-to-day surface-based cooling. A change in the 

synoptic conditions (i.e., break down of the ridge) is often necessary to eliminate multi-day 

inversions. Alternatively, cloudy sky weak inversions can be much more difficult to predict as 

they are quite rare. Fortunately, these events are short-lived and much shallower than under 

clear sky conditions. 

 

The diurnal clear sky case study indicates that most SA warming occurs well after sunrise, while 

the majority of cooling occurs within the first six hours of sunset. After this initial nighttime 

cooling, an equilibrium is reached between the SA and FA whereby further near-surface cooling 

is redistributed by slope/valley circulations. Although the magnitude of warming/cooling 

decreased significantly for the cloudy night diurnal case study, the trends were similar. For both 

sky conditions, changes in SA temperatures account for the vast majority of changes in SA-FA 

temperature differences. 

 

Cloudy day and night profiles were divided into types A (pre-/post-frontal) and B (frontal), and 

compared to clear sky conditions. The daytime and nighttime lapse rates were statistically 

similar (with the exception of the FA for daytime type A) and thus those datasets were 

combined. This simplified the analysis leaving statistically significant lapse rates of 7.64°C km
-1

 

for FA daytime type A, 5.63°C km
-1

 for the remaining FA/SA type A categories, and 4.32°C 

km
-1

 for FA/SA type B. The reduction in lapse rates from type A to B was mirrored in the SA-

FA temperature differences. The only exception was during episodes of Harvey’s Cloud where 
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localized precipitation-induced diabatic cooling produced cooler SA on the lower half of the 

mountain during the day. 

 

At night, cloud cover for types A and B inhibited the formation of a surface-based inversion. 

The nighttime SA-FA temperature differences (-0.53°C for type A, -0.22°C for type B) are not 

only smaller than their daytime counterparts, but they are also much smaller than clear sky 

nighttime conditions (-0.90°C within inversion, -2.64°C above inversion). While Whiteman et 

al. (2004) postulated that under clear sky conditions SA and FA profiles within the surface-

based inversion act as good proxies for each other, these results show that under cloudy 

conditions the entire SA and FA profiles can serve as proxies for each other. 

 

Numerous instances of anomalously warm summit-level SA temperatures were observed 

throughout this study, which emphasizes the importance of careful site selection when installing 

instruments and the difficulties that arise from taking measurements in such an exposed 

location. The true magnitude of summit-level SA-FA temperature differences was not 

ascertainable, a common problem in previous studies (refer to Barry, 2008 for a complete 

review). 

 

Lastly, this study illustrates that clouds help create a smoother SA temperature profile; one that 

is less subject to microclimates and perhaps more representative of temperatures at a given 

elevation. Likewise, SA-FA temperature differences are much more uniform along the entire 

slope. While the impacts of cloud cover on local heat budgets have been reported by numerous 

studies (e.g., Samson, 1965; Richner and Philips, 1984; Peppler, 1931), this is the first time, to 

the author’s knowledge, that such linearity in SA temperatures and a consistent SA lapse rate 

has been shown.  
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Chapter 4 
 

A Diagnostic Model for Constructing SA and FA 

Temperature Profiles 

 

4.1 Introduction 

 

Now that a clearer understanding of the vertical structure and evolution of temperature within 

the Valley has been established, along with the robustness of lapse rates under different 

conditions, this chapter will attempt to employ this knowledge to create a diagnostic tool. First a 

few metrics are used to quantify SA-FA differences. Next, the lapse rates calculated in Chapter 

3 are combined with a linear regression analysis to construct SA and FA temperature profiles 

based on a single SA or FA temperature at a given elevation (e.g., mid-mountain station, VOL). 

To this end, SA versus FA temperature scatter plots are examined and discussed, followed by 

the development of a diagnostic equation for each cloud cover category.  

 

 

4.2 Linear Regression Analysis 

 

The development of a regression model begins by determining what type of relation exists 

between SA and FA temperatures using scatter plots (i.e., linear or nonlinear). Data from only 

the slope portion of the temperature profiles are used; temperature data at the UBC5 (valley) 

elevation are irrelevant as they are technically not FA comparisons to SA, but instead two valley 

surface temperatures, and summit-level data are not included for reasons previously discussed 

(see sections 3.2 and 3.3). 

 

The strong, linear relation between SA and adjacent FA temperatures is illustrated for clear days 

(Fig. 4.1a) and cloudy type A nights (Fig. 4.1b). Refer to Appendix D for results from all cloud 

cover categories.  
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Figure 4.1: Scatter plots of SA temperature versus FA temperature (open circles) for a) clear days, and b) 

cloudy type A nights. Two lines are plotted: a reference line with a slope of 1 (black, dotted), and the linear 

regression model (red, solid). Mean bias error (MBE), mean absolute error (MAE), root mean square error 

(RMSE), and adjusted-r
2
 values are provided (see Appendix E for equations). 

 

The reference line (Fig. 4.1 black dotted line) represents where data points would lie if SA 

temperatures were identical to the FA. The MBE provides the average bias of SA relative to FA, 

while the MAE and RMSE are measures of the average SA-FA differences. Data points lying to 

the right of the reference line are representative of SA temperatures that are cold relative to the 

FA (negative MBE); while data points to the left represent SA that is warmer than the FA 

(positive MBE). In Figs. 3.3 and 3.11, averages were used to describe SA-FA temperature 

differences at each station, but here the scatter plots provide a better illustration of 

predominantly warmer SA under clear skies at 1515 PST (Fig. 4.1a), and colder SA for cloudy 

type A (pre-/post-frontal)  at 0315 PST (Fig. 4.1b). Out of all the categories, cloudy type B 

nights had the smallest MBE (-0.22°C; Appendix D), while clear nights (above inversion) had 

the largest (-2.24°C; Appendix D). 

 

Comparing  MAE, and RMSE for all cloud cover categories (Fig. 4.1, and Appendix D), cloudy 

type B nights have the smallest values (0.43°C and 0.54°C, respectively), while clear nights 

(above inversion) have the largest (2.24°C and 2.53°C, respectively). Smaller SA-FA 

differences are expected for windy, cloudy (type B) conditions due to the well-mixed slope-

valley atmosphere. The clear night values corroborate the results of section 3.2.3, where larger 

SA-FA temperature spread occurs above the surface-based inversion due to decoupling of the 

SA layer from the rest of the valley atmosphere. 
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Since MAE is a linear scoring rule (equal weight to all temperature differences), and RMSE is 

quadratic (higher weight to outliers), they can be used together to diagnose the variation in SA-

FA temperature differences for each cloud cover category. The greater the difference between 

MAE and RMSE, the greater the variance in the individual temperature differences of the 

sample (Neter et al., 1996). The RMSE-MAE difference for cloudy type B nights (0.11°C) is 

smaller than for clear nights (above inversion, 0.29°C), indicating smaller SA-FA spread 

variance for cloudy type B nights. A similar assessment for the other categories reveals 

variances for clear nights (within inversion), cloudy type A days, and cloudy type B days are 

relatively small (strong SA-FA linear relation), while variances for clear days, and cloudy type 

A nights are a bit larger (slightly weaker linear relations). 

 

The linear regression models developed to determine the SA temperature from observed FA 

(radiosonde) temperature at a given reference elevation for each cloud cover category take the 

following form: 

 

(2)   TSA(Zr)n = a0 + a1TFA(Zr)n 

 

Where TSA(Zr)n  is the SA temperature at a reference elevation, Zr, TFA(Zr)n is the FA temperature 

at that same elevation, a0 is a constant, a1 is the regression coefficient, and n is the number of 

data pairs. Results are displayed in Table 4.1. The linear regression model for clear nights is 

broken into two distinct equations using the average depth of Whistler Valley FA inversions 

(SA isothermal layer) to delineate the portions of the temperature profiles within, versus above 

the inversion (isothermal layer). 
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Cloud Cover 

Category 

Equation: 

TSA(Zr)= 

Standard Error 

for 

Adjusted-r
 2

 

Clear Days 0.44 + 1.05 TFA(Zr) a0: 0.08 

a1: 0.02 

0.97 

Clear Nights 

(within inversion) 

-1.00 +  0.92 TFA(Zr) a0: 0.10 

a1: 0.04 

0.90 

Clear Nights 

(above inversion) 

-2.43 + 0.92 TFA(Zr) a0: 0.18 

a1: 0.05 

0.86 

Type A Days 0.45 + 0.96 TFA(Zr) a0: 0.11 

a1: 0.02 

0.97 

Type A Nights -0.65 +  0.96 TFA(Zr) a0: 0.12 

a1: 0.03 

0.94 

Type B Days 0.50 + 0.96 TFA(Zr) a0: 0.06 

a1: 0.03 

0.91 

Type B Nights -0.27 + 0.96 TFA(Zr) a0: 0.05 

a1: 0.02 

0.96 

Table 4.1: Linear regression output from (2) showing constants, coefficients, their associated standard 

errors, and adjusted-r
2
 values for all cloud cover categories. Each equation is statistically significant 

according to the standard errors. 

  

Multiple linear regression (as opposed to simple linear regression) analysis was then performed 

in an attempt to improve the fit of the model by incorporating elevation data as a predictor, and 

took the following form 

 

(3)  TSA(Zr)n = a0 + a1TFA(Zr)n + a2z  

 

Scatter plots of TSA versus z were generated (not shown) to demonstrate the linear relation. 

While a general decrease of temperature was observed as elevation increased, the overwhelming 

dominance of TFA as a predictor caused all other terms in the multiple linear regression to be 

non-significant (Appendix F). A forward step Akaike’s Information Criterion confirmed that the 

simple model (2) was superior to the complex model (3) as the additional parameter did not 

cause a reduction in deviance of at least 2.0 (Crawley, 2005). 

 

The linear regression models (Equations in Table 4.1, also see Fig. 4.1 and Appendix D red 

lines) represent the lines that minimize the sum of squares of the residuals (Crawley, 2005). 

Although the linear regression models (Fig. 4.1 and Appendix D red lines) visually seem close 

to the reference line (Fig. 4.1 and Appendix D black dotted lines), based on the regression 

coefficient standard errors (Table 4.1), the slopes (a1) of the linear models are significantly 

different from 1.  
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A common measure of fit, r
2
, represents the fraction of the total variation in TSA that is explained 

by the regression equation (Crawley, 2005). However, r
2
 will increase as additional data are 

added, even if the new data do not increase the predictive capabilities (Neter et al., 1996). An 

alternative measure of fit is adjusted-r
2
 which will only increase if newly added data increase 

the explanatory capabilities of the model (Neter et al., 1996). The high adjusted-r
2
 values for 

each cloud cover category indicate that the simple model (2) provides an excellent fit to the 

data. Therefore, the equations provided in Table 4.1 can be used to determine TSA at a given 

elevation using TFA, or if (2) is solved for TFA, TFA can be determined given TSA. 

 

  

4.3 Diagnostic Model for Constructing SA and FA  

      Temperature Profiles 

 

The model used for constructing SA and FA temperature profiles from a single, routine SA or 

FA temperature measurement consists of two steps. First, for a given elevation, cloud cover 

category, and SA (FA) temperature, the linear regression models (Table 4.1) are used to 

determine the corresponding FA (SA) temperature. Next, the results of Chapter 3 illustrated that 

the temperature profiles within each cloud cover category have consistent, representative lapse 

rates (summarized in Table 4.2). These lapse rates can be used to construct the complete SA 

(FA) and FA (SA) temperature profiles using the initial SA (FA) and calculated FA (SA) 

temperature. A flow chart (Fig. 4.2) depicts this two-step process. 
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Cloud Cover Category Lapse Rates [°C km
-1

] 

SA FA 

Clear Days 8.26 8.26 

Clear Nights (within 

inversion) 

0.40 -9.38 

Clear Nights (above 

inversion) 

3.94 3.30 

Type A Days 5.63 7.64 

Type A Nights 5.63 5.63 

Type B Days 4.32 4.32 

Type B Nights 4.32 4.32 
Table 4.2: Statistically significant SA and FA mean lapse rates for each cloud cover category summarized 

from Chapter 3 results. The average height of the Whistler Valley inversion (isothermal) layer was used to 

delineate the within inversion lapse rates from the above inversion lapse rates for FA (SA). 
  

 

 
 

Figure 4.2: Flow chart indicating how a single, routine SA temperature measurement at a given reference 

elevation (Zr) can be combined with the linear model equation and lapse rate for a particular cloud cover 

category to construct the complete SA and FA temperature profiles. Constant (b0) and coefficient (b1) are 

found by re-arranging (2) to solve for TFA. The same can be done given a single FA temperature. 

 

To demonstrate the construction of SA and FA temperature profiles using this model, the 

appropriate equations and lapse rates are applied to one profile from the 2009/2010 dataset. 
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Comparisons are then made between the actual versus model temperature profiles. The 

temperature profile obtained at 0315 PST (nighttime) 9 Feb 2009 (an independent dataset was 

not available) was classified as cloudy type A, and its observed SA temperature at 1300 mASL 

(station VOL) was used to initiate calculations (Fig 4.3 black square). This was deemed to be a 

suitable location as it is not strongly affected by unrepresentative local processes such as 

localized cold air pooling or rime ice buildup on the sensor. 

 

Following the steps outlined in Fig. 4.2, the nighttime cloudy type A SA lapse rate of 5.63°C 

km
-1

 (Table 4.2) was applied to the observed temperature at VOL to extrapolate the full SA 

temperature profile (Fig. 4.3 red line). TFA(1300 mASL) was determined by solving the cloudy 

type A nighttime linear regression equation (Table 4.1) for TFA. Lastly, the corresponding 

cloudy type A nighttime FA lapse rate of 5.63°C km
-1 

(Table 4.2) was applied to the calculated 

TFA(1300 mASL), and used to extrapolate the FA temperature profile (Fig. 4.3 blue line). Actual 

FA and SA temperatures (Fig. 4.3 solid circles) observed at 0315 PST 9 Feb 2009 are included 

to illustrate the exceptional performance of this model. The largest absolute errors for the SA 

and FA were 0.41°C and 0.55°C, respectively.  
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Figure 4.3: Model (lines) and actual (solid circles) temperature profiles for SA (red) and FA (blue) at 0315 

PST 9 Feb 2009.  The observed temperature at station VOL (black square) was used to initialize calculations. 

 

The construction of clear night SA and FA profiles is more complicated as one has to use the 

linear equations and corresponding lapse rates for both above the inversion and within the 

inversion (Tables 4.1 and 4.2). However, if the observed SA or FA temperature used to initialize 

calculations is above (within) the inversion, the temperature profile above (below) the mean 

inversion height can be constructed down (up) to the top of the inversion using the above 

(within) inversion lapse rate. The remainder of the temperature profile is constructed using the 

within (above) inversion lapse rate from the temperature at the inversion top. Since this process 

involves using two equations and two lapse rates, each having their own standard errors, the 

errors will be additive. 

 

4.4 Chapter Summary  

 

After some initial quantification of SA-FA relationships, this chapter concluded by developing a 

model for constructing SA and FA temperature profiles in Whistler Valley based on a given 
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cloud cover category and a single SA or FA temperature measurement. The strong diagnostic 

capabilities of the linear regression equations were substantiated by high adjusted-r
2
 values. 

Error analysis showed that weaker (stronger) linear relations coincided with the larger (smaller) 

temperature differences and variances. In the model SA and FA temperature profiles constructed 

in the above example, as well as the error characteristics presented in Table 4.1, the small errors 

promise substantial improvements over the results found for previous methods used in other 

mountainous areas across the US and Europe (e.g., McCutchan, 1983; Paul, 1976; Cortemiglia 

et al., 1989; Carrega, 1995; Furman, 1978).  
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Chapter 5 
 

Conclusions and Recommendations for Future Research 

 

 

5.1 Conclusions 

 

Meteorological instrumentation installed by EC for the 2010 Olympic and Paralympic Winter 

Games was combined with additional UBC temperature sensors to create a high-resolution SA 

temperature profile along the west slope of Whistler Mountain. This, in conjunction with a 

three-month (February 2009/2010 and March 2010) FA temperature dataset obtained from the 

nearby Whistler radiosonde, created an extraordinary opportunity to investigate the relation 

between SA and FA vertical temperature structure in complex terrain.  

 

In doing so, a new, robust method for categorizing SA and FA temperature profiles by cloud 

cover was developed. The calculation of CCH established a systematic method for defining 

clear (<1/3 duration of period) and cloudy (>2/3 duration of period) skies. Further, the use of 

METAR, combined with supplementary data from satellite and webcams provided a complete 

picture of the cloud cover that was fed into the CCH equation.  

 

Categorizing SA and FA temperature profiles using CCH gave consistent, repeatable lapse rates 

for each category across all months. Statistically indistinguishable SA and FA lapse rates were 

found for each category with the exception of daytime cloudy type A and nighttime clear 

conditions. These results indicate that under many conditions, the change in temperature with 

height is independent of its proximity to the west slope of Whistler Mountain. Therefore, 

inexpensive slope-side temperature sensors and data loggers provide useful proxies for the FA 

temperature structure and can replace much more expensive, labour-intensive radiosondes under 

certain conditions.   

 

Cloudy skies prevented nighttime FA inversions or SA isothermal layers from forming, which 

meant statistically similar daytime and nighttime lapse rates (except for FA type A). Such 
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findings shed more light on the dampening effects clouds have on diurnal stability fluctuations 

within the valley-atmosphere.  

  

Despite similar SA and FA lapse rates, there are still significant SA-FA temperature differences 

whose magnitudes vary between cloud cover categories. Hence, SA and FA temperature profiles 

are parallel but are not coincident.  

 

Daytime clear sky SA temperature profiles are relatively non-linear due to local effects, a 

common observation throughout the literature (e.g., Mahrt, 2006). Previous studies’ short 

observational periods, perhaps compounded by their methods of categorization, failed to 

assemble a collection of consistent temperature profiles, and thus the prevailing wisdom is that 

SA temperature profiles under clear skies are highly variable both in time and space (Lundquist 

and Cayan, 2007; Rolland, 2003; Barry, 2008). In this study, however, the vertical temperature 

structures were consistent within categories, allowing for a fairly representative mean lapse rate 

to be defined. 

 

Further, this study is the first, to the author’s knowledge, to examine the effect of overcast cloud 

cover on temperature profiles within a mountain valley. The linearity of cloudy daytime and 

nighttime SA profiles suggests that the linear lapse rate approximations invoked in previous 

studies (e.g., Martinec and Rango, 1998; Régnière, 1996; Running et al., 1987; Thornton et al., 

1997) may work fairly well under cloudy skies.  This finding is in disagreement with Harlow et 

al. (2004), who stated that this simplification induces large errors due to site-specific 

microclimates. The present study shows that overcast conditions essentially eliminate these 

microclimates, leading to a consistent, linear lapse rate throughout the entire SA profile. 

 

The magnitude of SA-FA temperature differences is largest for clear skies and smallest for 

cloudy type B. Changes in SA temperatures accounted for the majority of changes in SA-FA 

differences. Daytime temperature differences were much smaller than those found in 

summertime studies over bare ground (e.g., McCutchan, 1983). This can be explained by 

shortened daylight hours, low solar angles, and the high albedo of the snow-covered surface. 

SA-FA differences are generally uniform through the slope portion of the profile, while both the 

summit- and valley-level differences are heavily influenced by local effects on SA temperatures.  



83 
 

  

During clear nights, the SA-FA temperature difference within the surface-based stable layer is 

only about a third of what is found above, showing increased horizontal homogeneity near 

valley bottom. These findings are similar to those of Whiteman et al. (2004) for an enclosed 

basin. This shows that horizontal homogeneity of surface-based stable layers can be found in 

both enclosed basins and drained valleys, and thus is encouraging for the applicability of these 

findings to other valleys and basins.   

 

Linear regression analysis was used to further quantify the link between SA-FA temperatures. 

Scatter plots illustrated a strong (high adjusted-r
2
 values) linear relation, leading to an equation 

relating SA and FA temperatures for each cloud cover category that provided an excellent fit to 

the data. This equation allows FA temperature to be determined using SA temperature, and vice 

versa. The standard errors (0.02–0.18°C) associated with these simple, linear equations are an 

order of magnitude less than the multiple regression equations found in the literature [e.g., 1.32–

1.52°C in McCutchan (1983)]. This suggests that sorting temperature data by CCH greatly 

strengthens and simplifies the SA to FA relation. 

 

Lastly, a new model was developed that uses a single SA or FA temperature measurement to 

construct the complete SA and FA temperature profiles for a given cloud cover category. This 

method offers a substantial improvement to estimating SA and FA temperatures than currently 

used methods such as monthly mean lapse rates (e.g., Carrega, 1995), persistence-based 

equations (e.g., Furman, 1978), and correction functions (e.g., Dreiseitl, 1988); all of which fail 

to describe daily fluctuations in temperature structure. 

 

 

5.2 Limitations and Recommendations for Future Research 

 

Daytime near-surface air temperatures are predominantly driven by insolation. As even partial 

cloud cover significantly modifies insolation received locally (Mahrt, 2006), irregular 

temperature patterns can develop along the slope. Previous investigations have shown strong 

relations between temperature and either clear or overcast skies (e.g., Barry, 2008; Peppler, 

1931), yet data for partly cloudy skies does not fit well between these two extremes (Richner 
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and Philips, 1984). To maintain a distinction between clear and cloudy conditions, partly cloudy 

sky periods were omitted from this study. Further studies are required to investigate the SA-FA 

relation under such conditions. 

 

Multi-day clear sky conditions were removed from the clear sky dataset and analyzed separately 

using case studies. Daytime temperature profiles deviated from the typical near-dry adiabatic, 

linear structure due to persistent surface-based inversions found in both SA and FA profiles. 

Nighttime SA profiles showed an uncharacteristic inversion instead of an isothermal layer. 

Hence, the diagnostic equations developed here will not work as well under these conditions. 

 

The diagnostic model presented in this work represents a new approach to understanding and 

quantifying the strong relation between SA and FA temperatures. Categorizing profiles by CCH 

has shown repeatable results across two winter seasons in Whistler Valley. Future work should 

test this method in other mountainous areas to determine its transferability to areas outside 

Whistler Valley. 

 

When constructing SA and FA temperature profiles using the linear regression model, it is 

recommended that the initial SA or FA temperature measurements be obtained from a 

representative mid-mountain site (see Appendix C). A summit-level consistent SA-FA relation 

has not yet been found in the literature (Barry, 2008), and valley-level areas are highly 

susceptible to local cold air pooling and must also be avoided. Using data from either of these 

locations to initialize calculations could lead to less accurate temperature profiles.  

 

This work has several relevant applications to forecasting, and hydrological models in complex 

terrain. Dynamic forecasting models often do a poor job of simulating the details of boundary 

layer temperature structure (e.g., Price and Bush, 2004), especially within mountain valleys 

(Zhong and Fast, 2003; Reeves et al., 2011). Further, in many cases model terrain is too coarse 

to resolve the full depth of the valley bottom. This is usually the most crucial elevation to 

forecast for, as this is where population centres and agriculture tend to be located. To alleviate 

this issue, one could use a dynamical model forecast for a single point within the valley where 

the model’s skill is highest, and then use this diagnostic model to construct complete SA and FA 
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profiles. The resulting improved temperature and precipitation type forecasts would have a wide 

range of benefits.  

 

Another important application of this research is snow melt modeling. Over 90% of BC Hydro’s 

power is derived from hydroelectricity, including that from the Cheakamus River Basin in 

which Whistler is located. Replacing the current methods for approximating SA vertical 

temperature structure with those described here has the potential to greatly reduce temperature 

errors, improving the timing and magnitude of runoff. Increased forecast accuracy ultimately 

reduces operating costs, saving money for BC Hydro and its customers (McCollor and Stull, 

2009).  

 

In closing, the work presented here fills a gap between previous studies employing short-term 

field studies with high observational density, and others that used longer periods of study but 

lower observational density. As such, this research is uniquely situated to provide findings that 

are both temporally and spatially robust. This paper adds to our growing understanding of the 

structure and evolution of temperature in mountain valleys, while also contributing a valuable 

tool for accurately constructing SA and FA profiles from a limited amount of information.   
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Appendix A: Instrument Specifications  
 

Instrument ID Range and Accuracy Logging interval 

Hoskins 

Scientific 

U23-002 

temperature 

and relative 

humidity data 

logger  

UBC1, 

UBC2, 

UBC3, 

UBC4, 

UBC5 

Temperature measurement 

range: -40°C to +70°C 

 

Accuracy:  

-20°C to 0°C: ±0.36°C 

0°C to +25°C: ±0.18°C 

+25°C to +40°C: ±0.2°C 
 

5 minutes (changed 

to 15 minutes in 

January 2010) 

Campbell 

Scientific  

HMP45C 

temperature 

and relative 

humidity 

sensor  

VOB, VOT, 

VOL, VOA, 

VOH 

Temperature measurement 

range: -40°C to +60°C 

 

Accuracy:  

-40°C to -20°C: ±0.4°C 

-20°C to 0°C: ±0.3°C 

0°C to +20°C: ±0.2°C 

+20°C to +40°C: ±0.2°C 
 

15 minutes  

Campbell 

Scientific  

HMP45CF 

temperature 

and relative 

humidity 

sensor  

WHI Temperature measurement 

range: -55°C to +50°C  

 

Accuracy:  

-50°C to -40°C: ±1.0°C 

-40°C to -30°C: ±0.8°C 

-30°C to +50°C: ±0.6°C 

-10°C to +10°C: ±0.3°C 
 

1 minute 

Vaisala 

RS92-SGP 

radiosonde 

VOC Temperature measurement 

range: -90 °C to +60 °C  

 

Reproducibility in sounding: 

1080 to 100 hPa: 0.2 °C, 

100 to 20 hPa: 0.3 °C, 

20 to 3 hPa: 0.5 °C, 

Resolution: 0.1 °C 

 

Three times daily 

(0315, 0915, 1515 

PST) for February 

2009. Four times 

daily (0315, 0915 

1515, 2115 PST) in 

February 2010. 

Two times daily 

(0315, 1515 PST) 

for March 2010. 
Table A.1: Specifications for all instrumentation used in this study. 
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Appendix B: Weather Stations 
 

The following provides a description of each weather station site including the slope aspect, 

elevation, and the general surroundings. Each section also contains a series of photographs and 

maps to provide a visualization of each station’s configuration and its location relative to other 

stations or topographical features. Stations are described in ascending order. 

 

B.1 Automated Station UBC5 

 

Aspect: Base of a west-facing slope 

Elevation: 654 mASL 

 

Since the lowest EC weather station recorded temperatures approximately 130 m above the 

valley floor, UBC5 (Fig. B.1a) was specifically installed at the base of Whistler Mountain to 

complete the mountainside profile. Positioned on the first gondola tower, gentle beginner ski 

trails led skiers down toward the Creekside Village on either side (Fig. B.1b). A broad, flat patio 

area with nearby hotels and restaurants was located due-west of the sensor. Its location was far 

enough away from crowds and buildings to avoid unwanted heat sources but close enough to the 

valley floor to record temperature inversions.  

 

  
Figure B.1: a) UBC5 temperature and relative humidity sensor, and b) view east (uphill) of tower 1 on the 

Creekside gondola. 

 

  

B.2 Automated Station VOT 

 

Aspect: West-facing slope 

Elevation: 782 mASL 



97 
 

Venue construction delayed the installation of VOT until February 2009 where it was first 

installed down-slope from the alpine course finish line. It was then relocated on top of the 

Olympic judge’s platform on the north side of the finish line in December 2009 (Fig. B.2). Here, 

its 270° exposure on the northwest corner of the building minimized unwanted effects from the 

buildings below and ensured that the station was well away from crowds and vehicles. Located 

on a fairly broad, non-forested ski trail with gentle relief, this site provided temperature 

measurements that were representative of finish line conditions.  

 

  

Figure B.2: Location of VOT (had not been installed when these pictures were taken) relative to the finish 

line with photograph a) taken from behind judge’s platform, looking uphill (Photograph courtesy of Drew 

Pawley, EC), and b) taken on the alpine course, looking downhill at the finish line. 

 

 

B.3 Automated Station VOB 

 

Aspect: West-facing slope 

Elevation: 918 mASL 

 

VOB was located in a small clearing within the forest on a gentle slope between the Lower 

Dave Murray trail (alpine course) and the Lower Franz’s trail (Fig. B.3). It was representative of 

the lower portion of the Men’s and Women’s alpine events and its installation in January 2006 

(prior to VOT), provided a long temperature record for this portion of the course. Insufficient 

aspiration of this sensor was possible given the extent of the surrounding forest illustrated in 

Fig. B.3b, thus it was beneficial to have VOT nearby to better measure temperature on the 

alpine course and provide comparisons for VOB data.  
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Figure B.3: a) Weather station VOB, and b) location of VOB in relation to alpine courses and VOT (Image 

courtesy of Google Earth).  

 

 

B.4 Automated Station UBC4 

 

Aspect: West-facing slope 

Elevation: 1040 mASL 

 

UBC4 was mounted on tower 17 of the Creekside Gondola alongside the Dave Murray ski trail 

(Fig. B.4). Thick forest bordered this sensor to its north with thinner vegetation to its south. A 

wide swath was clear cut through the trees to make way for the gondola line, exposing this 

sensor to upslope and downslope flow (Fig. B.4b). A steep cliff was situated upslope (east) of 

the sensor, and a moderately steep slope dropped down through the trees to its west. The 

surrounding terrain and vegetation did not appear to have skewed the temperature data. 
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Figure B.4: a) View east (uphill) with the angle of the adjacent Dave Murray ski slope (blue line) shown, and 

b) view west (downhill) showing UBC4 and its position relative to the surrounding vegetation. 

 

 

B.5 Automated Station VOL 

 

Aspect: West-facing slope 

Elevation: 1300 mASL 

 

VOL, also known as “Mid-Station”, was located on a knoll approximately 20 m above the 

Creekside Gondola lift exchange (Fig. B.5). The Men’s and Women’s Olympic Downhill 

courses came down on either side of this site. Although VOL was located in a relatively flat 

area, the slope quickly dropped away to the west (downhill towards the Creekside Village), with 

a steep cliff to the east (uphill) and moderately-sloped ski trails that funneled down into this area 

from the north and south. This site was the least sheltered out of all the mountainside stations. 
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Figure B.5: a) VOL with wind tower, and b) VOL relative to lift exchange (Photographs courtesy of Mark 

Barton, EC). 

 

 

B.6 Automated Station UBC3 

 

Aspect: West-facing slope 

Elevation: 1462 mASL 

 

Located on tower 9 of the Big Red Express Chair and adjacent to a broad, beginner’s ski run 

(Pony Trail), UBC3 had good exposure to upslope flow from the southwest (Fig. B.6). A path 

through thin vegetation had been clear cut for the Gondolas exposing the sensor to air flow from 

the west through northwest directions. The immediate topography was composed of gentle relief 

from the ski trail and gondola line. Steep cliffs then bordered this area on both the uphill (east) 

and downhill (west) sides.  
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Figure B.6: a) View southwest showing UBC3 in relation to the chair lift line (due west) and the Pony Trail, 

and b) view north illustrating UBC3’s exposure to upslope and downslope flow. 

 

 

B.7 Automated Station UBC2 

 

Aspect: Bench above a west-southwest-facing slope 

Elevation: 1599 mASL 

 

UBC2 was mounted on tower 17 (Big Red Express Chair) in a predominantly flat area with 

sparse vegetation outlining the surrounding ski trails (Fig. B.7). A nearby slope dropped away to 

the west-southwest and a small mountain ridge blocked it from air flow to the northeast. The 

concern with this location was that the tower was located in small (in radius) but deep 

depression. Fortunately, drifting snow filled in the hole, preventing unwanted effects (e.g., cold 

air pooling) and allowed the sensor to be easily maintained at a height of 1.5 m above the 

surrounding level ground surface.  
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Figure B.7: a) View west showing UBC2’s attachment to the ski lift tower, and b) view up-mountain 

indicating the position of tower 17 of the Big Red Express Chair in relation to the surrounding mellow ski 

trails. 

 

 

B.8 Automated Station VOA 

 

Aspect: Northeast-facing slope 

Elevation: 1624 mASL 

 

As shown below (Fig. B.8a) VOA was co-located with one of the Whistler Mountain weather 

stations (Pig Alley – WHIST1). This area was predominantly flat with sparse vegetation to the 

southwest and thicker forest to the northeast. Surrounding ski trails were gentle beginner slopes 

with a short, steeper section uphill to the southwest. Located on the other side of the ridge from 

the alpine course on a northeast-facing slope (Fig. B.8b), the diurnal temperature cycle of VOA 

differed significantly from nearby stations. Temperature data from VOA was thus omitted from 

this study.  
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Figure B.8: a) Weather station VOA co-located with Whistler Mountain weather station, and b) locations of 

VOA and VOH (red circles) relative to the ridge line (red line) which separates it from the slope where the 

rest of the stations are located (Image courtesy of Google Earth).  

 

 

B.9 Automated Station VOH    

 

Aspect: On a ridge-top separating the northeast- and west-facing slopes 

Elevation: 1662 mASL 
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Located in an open area near the top of the Garbonzo Express Chair, VOH (Fig. B.9) had good 

exposure in most directions (aside from vegetation to the north-northwest). Approximately 40 m 

higher than VOA on top of the ridge separating the west slopes of the alpine courses from the 

rest of the mountain, this station provided more representative temperature measurements for 

the upper alpine courses. 

 

   
Figure B.9: a) Base of VOH station showing relative humidity and temperature sensor (circled), and b) 

entire VOH station showing 10-m wind tower (Photographs courtesy of Mark Barton, EC). 

 

 

B.10 Automated Station UBC1 

 

Aspect: West-facing slope 

Elevation: 1763 mASL 

 

UBC1, mounted on tower 28 (Big Red Express Chair), provided temperature measurements 

representative of the upper west-facing slope. Located just below Roundhouse Lodge, the 

surrounding slopes were broad, and extremely gentle in all directions (Fig. B.10). Its close 

proximity to tree line meant that nearby vegetation was sparse. Aside from some blocking from 

the small ridge to its north-northeast, this sensor had ideal exposure in all other directions. 
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Figure B.10: a) View west (downhill) showing UBC1’s attachment to tower 28, and b) view east (uphill) of 

the sparse vegetation and surrounding ski trails. 

 

B.11 Automated Station WHI 

 

Aspect: On the peak of Whistler Mountain directly above the west-facing slope  

Elevation: 2180 mASL 

 

The WHI station was situated on the west side of the broad, flat peak of Whistler Mountain (Fig. 

B.11a). Instrumentation is attached to a post on the southwest corner of a building, directly 

above an extremely steep drop into Whistler Bowl. Blocked by the building to its east through 

south, the temperature sensor had good exposure in all other directions. This site, however, 

undergoes frequent riming (Fig. B.11b) which inhibits natural aspiration of the sensor within the 

radiation shield.  

 

  
Figure B.11: a) Photograph taken from UBC1 looking southeast towards Whistler Peak, and b) southwest 

corner of the WHI building illustrating the position of the temperature and relative humidity sensor (yellow 

box). 
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B.12 Automated Station VOC/Manned station WAE 

 

Elevation: 651 mASL 

 

Special mention of weather station VOC is given, as it was the site from which radiosondes 

were launched. VOC was co-located with the manned Whistler weather station (WAE) in the 

middle of the valley, approximately 1.5 km north of Whistler Village (Fig. B.12). The Sea-to-

Sky highway is situated within metres of this enclosed area’s eastern fence, with large trees 

surrounding it from all other directions. Due to its location in the valley, this site was prone to 

exceptionally cooler nighttime temperatures. Cold air drainage combined with radiative cooling 

produced valley temperature inversions, a phenomenon seen frequently in the radiosonde 

profiles. 

 

  
Figure B.12: a) Weather station VOC co-located with the radiosonde launch station, and b) view looking 

south towards Blackcomb (left) and Whistler (right) (Photographs courtesy of Mark Barton, EC). 
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Appendix C: Siting Standards for Temperature Measurements  
 

 

Taken from MSC (2001) the following siting standards are consistent with World 

Meteorological Organization recommendations, individual instrument manuals, and 

manufacturer’s recommendations. 

 

The site should be located: 

 

(i) such that sensors shall be at a distance from vertical obstructions (e.g., trees, 

buildings, etc.) of at least two times the height of the obstruction for Stevenson 

screens. 

(ii) in an area which provides ease of access for the observer. 

 

Locations for sites which shall be avoided are: 

 

(i) the top of hills 

(ii) in hollows, at the bottom of narrow valleys and near hills, ridges, or cliffs 

(iii) near isolated ponds or streams 

(iv) near roads where snow from snow clearance operations, or dust, can affect the site 

(v) where there is excessive human or animal traffic 

(vi) where excessive drifting snow accumulates 

(vii) near vehicle parking areas  

(viii) where heat is exhausted by buildings or vehicles 
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Appendix D: Scatter Plots of TSA versus TFA Temperature 
 

Scatter plots of SA temperature versus FA temperature (open circles) for all cloud cover 

categories. Two lines are plotted: a reference line with a slope of 1 (black, dotted), and the linear 

regression model (red, solid). MBE, MAE, RMSE, adjusted-r
2
 were calculated using the 

equations provided in Appendix E. The average height of Whistler Valley inversions was used 

to delineate temperature data within the inversion data from that above the inversion. 

 

       
Figure D.1: Scatter plots of SA versus FA temperature for clear nights within and above the inversion. 

 

 
Figure D.2: Scatter plot of SA versus FA temperature for cloudy type A days. 
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Figure D.3: Scatter plots of SA versus FA temperature for cloudy type B days and nights. 
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Appendix E: Equations 
 

Equations below modified from Kutner et al., (2004) and Neter et al., (1996). 

 

Mean bias error 

     

 

Mean absolute error 

       

 

Root mean square error 

 

 

r
2
, coefficient of determination 

 

 

Adjusted-r
2
 

 

 

Where:  

p = number of parameters 

n = number of observations 

SSE = error sum of squares 

SSTO = total sum of squares 

MSE = mean square error 
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Appendix F: Multiple Linear Regression Results 
 

“***” highlights significant terms 

Generally, p values <0.001 are significant (Crawley, 2005). 

 

 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept 0.72 0.50 1.44 0.15 

TFA 1.04 0.03 41.08 <2e-16 *** 

Elevation -0.0002 0.0004 -0.58 0.57 
Table F.1: Multiple linear regression results for clear days. 

 

 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept -1.34 0.34 -3.91 0.000189 *** 

TFA 0.95 0.30 31.47 < 2e-16 *** 

Elevation 0.0003 0.0003 0.98 0.33 
Table F.2: Multiple linear regression results for clear nights (within inversion). 

 

 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept -3.48 3.70 -0.94 0.35 

TFA 0.89 0.05 18.56 <2e-16 *** 

Elevation 0.0003 0.0022 0.15 0.88 
Table F.3: Multiple linear regression results for clear nights (above inversion). 

 

 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept 0.26 0.35 0.73 0.47 

TFA 0.97 0.03 36.12 <2e-16 *** 

Elevation 0.0002 0.0003 0.58 0.56 
Table F.4: Multiple linear regression results for type A days. 

 

 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept 0.08 0.43 0.18 0.86 

TFA 0.92 0.04 24.57 <2e-16 *** 

Elevation -0.0006 0.0004 -1.76 0.08 
Table F.5: Multiple linear regression results for type A nights.  
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 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept 0.99 0.30 3.36 0.00115 ** 

TFA 0.90 0.05 19.84 < 2e-16 *** 

Elevation -0.0004 0.0002 -1.71 0.09 
Table F.6: Multiple linear regression results for type B days. 

 

 Coefficients Standard 

Error 

t value Pr(>|t|)     

Intercept -0.01 0.20 -0.03 0.98 

TFA 0.94 0.02 43.04 <2e-16 *** 

Elevation -0.0002 0.0002 -1.36 0.18 
Table F.7: Multiple linear regression results for type B nights. 

 

 

 

  

 


