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Abstract

Modelling surface air temperature across regions of relatively complex terrain has
historically presented a challengitagk Using topographically erived variables in
association with land cover, monthly linear regression models were derivedpping
surface air temperature across the West Castle Watershed, Alberta. Hourly, daily, and
monthly surface lapse rates were determined for the studydg@rity F, 20177 June
30", 2018). The monthly surface lapse rates observed varied bet®veed km? in
October and2.2aC kmt in FebruaryThe role of frequent chinook events was observed
in tchedistinct surface lapse rate Januarycompared againste previous and following
months;January had a surface lapse ratesd# oC kmi! comparedda December and
February of2.3aC knt and-2.2C km! respectivelylnverted surface lapse rates were
found to exhibit a seasonal pattern in occurrence and were present for 18.5 % of the study

period.



Acknowledgments

The completion of this thesis winl not be possible without the suppprovided
by somany peopleFirstand foremosa sincere thank you toy supervisor, DrPhilip
Bonnaventurgfor theinvaluable guidance and assistance throughout this process which
without, | undoubedy would havehada much mordlifficult experience. Thankou for
teachingmethat research involgeboth hard work and dedication but requires laughter,
comradery, and drink around a campfire with friendswould also like to thank the
members ofny committee for lheir helpfulinsight and guidang¢ér. Letts for providing
monetary support in assoti@ with his valuable insight, Dr. Hopkinson who shared data
relevant to this projects, and Dr. Kienzle whspired me to pursue my passion for

mapping and geography.

| would be remissot to thank explicitly my lab mates, RpiMadekine, Seamus,
Oliver and Trevor The hours of bothasualkonversation and laughter provideditea
sense of belonging and comfort through the process of this research. Also, without whom,

field work and logistics of this research would have been nigh on impossible.

To allmyfriends, the Core Five,#By 6 s, and ot hers t oo man)
keptmesane through this process, remindmgto stay humblel cannot thankou
enoughl honesly cannot fathom having made it through this process without their
constant reassurances and untimely distractidndfinally, aspecial thanks toy
family, who providedmewith endless love, support, affirmations, andarmhearth to

which 1 could alvays escape to whdmeeded moments of clarignd respite



Contents

Y 0] 1 = Lo AU PP PPUPPTUPPPPPR Lii

ACKNOWIEAQEMENLS. ... .o e e e e e e e e e emensa s v
L. LISt Of fIgUIES. e e e e e e e e e e e e e e e e s ammme e et viii

I I3 o 1 = o] =SSP Xii

iii. LiSt Of EQUALIONS.......oiiiiieieiiieeee e ceee e e e e e e e e Xiv
V. List Of ADDreVviations ... XV
IO O | o1 o o 1§ o 1 o o PP PUURP PR 1
pZ O T © ] 1= o1 11V =SSP 3
2.1 Primary Research ObJECHIVE............oovviiiiiiiiieme e 3
2.2 Secondary Research ODJECHVES..........uuuuuiiiii i reeer e 3
3.0 BACKGIrOUNG ......oeiiiiiiiiiiiiii e 4
1 200 R [V 0T [ T4 1 o] o NP 4
3.2 Climate Change........coooeiiiiiiiiieeiee e ee e e e eeeneennn ]
T R €1 o] o = I @ Y VT S 7
3.3 Asymmetric Climate Change.............cooeiiiiiiiiieeee e 9
3.3.1  Seasonal ASYMMEIIY......uuuuueiiiiee e e e e e ceeeis e e e e e e e e e e e e e e e e e e e eeeee e e e e eeeeeaeeeeeeeannnns 9.
3.3.2  Arctic AMPHFICAION.........ceeiiiiiieee e e 11
3.3.3 Elevation Dependent Warming.............cccovvvviiiiieemieeeeeeeeeeeeeeeevmmme e 11
3.4 Physical Processes of Air TEMPEratUre...........ueeeeeeieeeceeeicieee e e 14
3.5  ModelliNg ClIMALE........uuuiiiiiiiiiiiiii e 16
3.5.1 Small Scale, Broad COVEIrage.......ccceiieeeeeeeieiiieeeie e ee e eeeeeeeeeeneme e e 16
G 78 T I N . o 11V P 17
3.51.2 CanadaWideClimate DataSetS..........uueeieiiiiiiiiiiieenieeieeeee e 18
3.5.1.3  Alberta Climate RECOIUS.........ccuviiiiiiiiiiiieeeee e 19
3.5.2 Large Scale, Narrow COVEIagE.........cceeeeeeiiiiiiiieeeie e e eeeeeee e mmme e 20
3.5.2.1 Calgary Foothills Climate Array..............ouuuuuuuuiiicreeeeieeiieese e e e e 21
O (0 [0 |V Y (- U 22
o R I o = O T 1 = 22
4.2 ReQIONAI CONEXL...uuiiiiiiiiiiiiieie et mene e aees 25
4.3 The Curent Understanding of Climate in Castle Watershed....................... 26
4.4  Historical Evidence for a Changing Climate in Alberta..............ccccooevieeeeen. 27
5.0 MELNOUS....coiiiiiiiiet e eree e e e e et aaaaeaees 29



5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6.0
6.1
6.11
6.1.2
6.1.3
6.2
6.3
6.4
6.5
7.0
7.1
7.2
7.2.1
71.2.2
7.3
7.4
7.5
7.6
7.6.1
7.7
7.8
8.0
8.1

Data Collection and Field Methodology............ccoiiiiiiiiiieeciciii e 29

Data Processing and Input Variable Collection and Derivation.................. 36
Air temperature General Linear Model..............ooooviiiiie e 38
CroSSValidatioN...........oooiiiiiiiiiiiee e erer bbb r e e e e e e e e e e 39
o (=170 o L= | 1 o S 39
Y71 Yo L1 11T T USSP 41
FULUIE MOEIS......ceieeieeiee et ereer e nnne e 42
MOAE] COMPAIBON.......euuiiiiiiiiiiiiiii e eeee ettt rmmme e 43
Surface Lapse Rate DerivatiQn.............ccuuueiiiiimmmiiiiiiiiieeeee e 44
RESUIES. ..ottt reee e e e e e e e e e e e e e e eeeeeeeanmmmreeeeeeeennrnes 45
Observed Al TEMPEIALULE..........uueiee e e e e eeeeess e e e e e e e e e e e e e e e e e ieeer e e e e eeaaaeeees 45

DAY .. e re—r e e e e et e et ————————aaaaanaa 45

IMONENIY ... e eennn 48

Seasonal and ANNUAL...........cccuviiiiiiiieeeiiiiiiiiieceeeeee e eeeeeeeeeaeaaeeee e A9
Surface Lapse Rates and INVErsions..........cccccoveeviiiiccceeeeeeeeeeeeeeeeeeen . 49
REQresSSioN MOUEIS.......uuiiiiiiiiiiii e 52
Modelled Air Temperature SUMaCES.............uuuuriiiiiiieeeiiiiiiiiiieeeeeee e e 56
Perturbed Climate MOdEIS............ouuuiiiii e 70
I3 Yo 017 o] o 72
Observed TEMPEIAtULE.............uvuueiiiii i e e e e e e e enemansseeeeeeeeeeaess d 2
SUrface LapSe RaAES.......oi it ereee e e 74

SLR and INVEISIONS.......cuuviiiiiiiiiiiiiiiceeeeiiiiieeeeee e

ChINOOKS. ...t r e e e e e e e e e e e e s emmreeeeeeeas 80
REQresSSion MOUEIS.......uiiiiiiiiiiii e 85
SPALIAIMOUEIS. ...t 86
MOAE] COMPAIISON.....uuiiiiiiiiiiiiiie ettt 88
Perturbed MOAEIS.........ooovieee e e e e e e eneas 94

Movemant of the 0 °C ISOthermy...........ooooiiiiiiiiii e 95
Gaps and UNCErAINTIES.........iieiiieiiie e eceeer e erres e e e e eens 96
Applications Of KIS WOrK .........ooouuiiiiiii e a8
(0] oTod 1] (0] o AU PTPRURSRR 101
SUMIMIBIY ettt s e e e e emmnn s 101

Vi



0.0 R IBIENCES. .. e e e e an

Appendix

vii



i.  List of figures
Figure 1: The distribution of climate stations within the province of British Gdiia
compared with the hypsometry of the province (Stahl et al., 2006)..............cccceenneee 7
Figure 2: The annual and seasonal change in air temperature occurring across the
province of Alberta from 1950010 (Kierzle, 2017).......ccoeeeveiiiiiiiiiiiiiineee e 10
Figure 3: Conceptual changes in various processes with elevation and the change in air
temperature over time (Pepin et al., 2015)........ccoviiiiiiiiiiiiieee e 13
Figure4:Di stri buti on of 69 government meteorol
SubAlpine, and Montane ecoregions in comparison to the elevation distribution with

the same spatial extent, the inset highlighting these ecoregithis Mberta.............. 20
Figure 5: Map of study area watershed which covers 375d{rfand including logger
{07032 11 0] o =TT 23

Figure 6: Hypsomety of the WCW, each bin pgesenting a 25 m elevation band and the
points representing the percent of total area noting that 50 % of the watershed is above or
Delow the 1825 M DiNleccciiiiiiii e e e e e eenee e 24

Figure 7: Location of the nearest Alberta Government Meteorological Stations (red) and
their associated elevation in comparison to stations implemented for this research (black).

Figure 8: The distributon of research sites across the WCW, WC6 is the highest site in
the network with an elevation of 2382 m. ASL, the lowest being UioVhlley at 1412

Figure 9: Geographically derivedariables used to determine sensor placen®nis
representing TPBB is representing slop8C is representing elevatiofD is

=] o1 LYot 1] a0 =] o[ o TP TRPPPRTN 32
Figure 10: Accuracy, resolution, and timg error of Onset loggers.........cccccvvvveeeeene.. 33
Figure 11: Examples of 4 sites within the WCWigure 11Ais of WC5 and an example

of a station above treelingé1Bis of the WCWSBB station which is outfitted wiit
supplemental loggerg1Cis of WC10 and an example of a station below treelia®.is

WC6 and is the logger at the highest elevation within the WCW (2382m)............ 35
Figure 12: Temporal coverage afata collection for this research, beginning in August of
2016 and ending in the summer and fall of 2018. Circles indicate logging inception,
crosses indicate loggers being removed or rendered inoperable, dashed lines indicating
data that has been colledtand yet to be retrieved, arrows indicate loggers continued

Fo o o 1 Vo OSSR 36
Figure 13: An example regression curve where the temperature at the research site is a
function of temperature at the implendent station, used to infill data between research
sites and Environment Canaalad the Government of Alberta stations within the region.

............................................................................................................................... 37

Figure 14: Regions within the WCW determined to &lgove or below trdime through

supervised classification of aerial imagery............cccccccvviimeeriiniiciiiiiiiiieeeeeeeeenn 41
Figure15:Box and whi sker plots for daily aver ac
each station indicating theaan, median, quartiles, standard error, and outlying data

separated into Monthly COIECIONS............cuvuiiiiiir e a7

viii



Figure 16: Observed annual averages of hourly surface lapse rate for the period of the
study showing the presence of a diurnal signal................coooviiieeee s 51
Figure 17: The strength and seasonal timing of gailverted surface lapse rates....51
Figure 18: Annual mean air temperature modelled across the WCW between the months

of July 2017 and June 20L8.........ccooiiiiiiieiiiieeee e 57
Figure 19: Average January temperature modelled across the WCW, ranging from the
maximum modelled temperature-@£13 °C and the minimum e8.25 °C.................. 58
Figure 20: Average Februartemperature modelled across the WCW, ranging from the
maximum modelled temperature-a0.75 °C to the minimum 6fl5.53 °C................ 59
Figure 21: Average March temperature modelled across the WCWinaifigpm the
maximum modelled temperature-4£54 °C to the minimum 6B.87 °C.................... 60
Figure 22: Average April temperature modelled across the WCW, ranging from the
maximum modelled temperaturemD2 °C to the minimum 06.42 °C...................... 61
Figure 23: Average May temperature modelled across the WCW, ranging from the
maximum modelled temperature of 9.55 °C to the minimum of 6.39.5C............... 62
Figure 24: Average June temperature modelled across the WCW, ranging from the
maximum modelled temperature of 12.25 °C to the minimum of 4.89.°C............. 63
Figure 25: Average July temperature modelled across the WCW, ranging from the
maximum modelled temperature of 19.49 °C to the minimum of 14.42.°C........... 64
Figure 26: Average August temperatuneodelled across the WCW, ranging from the
maximum modelled temperature of 17.01 °C to the minimum of 11.45.°C........... 65
Figure 27: Average September temperature modelled across the WCW, ranging érom th
maximum modelled temperature of 11.46 °C to the minimum of 3.24.°C............. 66
Figure 28: Average October temperature modelled across the WCW, ranging from the
maximum modelled temperature of 4.65 8he minimum 0f5.02 °C..................... 67
Figure 29: Average November temperature modelled across the WCW, ranging from the
maximum modelled temperature-@08 °C to the minimum 68.30 °C.................... 68
Figure 30: Average December temperature modelled across the WCW, ranging from the
maximum modelled temperature-gt57 °C to the minimum ¢f.0.84 °C.................. 69

Figure 31: Measured average monthly surface air temperature perturbed along IPCC
RCP 2.6 pathway to 3 future climate normals including 22040, 20412070, and 2071

Figure 32: Measured average monthly surface air temperature perturbed along IPCC
RCP 4.5 pathway to 3 future climate normals including 22040, 20412070, and 2071

Figure 33: Measured average mthly surface air temperature perturbed along IPCC
RCP 8.5 pathway to 3 future climate normals including 22040, 20412070, and 207-1

Figure 34: Box and whisker plot for the daily aw&ge air temperature throughout the
study period averaged across all sensors within thersfegd including mean, median

quartiles, standard error, and outlying data................eeeeeiiieemiiiiiiiiiiiieieee e 73
Figure 35: Hourly surfacdapse rates of WCWhroughout the period of the study
separated into MONthly aVerages............oooiioiieeen e 77

iX



Figure 36: The average hourly SLR observed for each hour wihilay throughout the
year differentiatedbetween above and below treeline regions within the WCW.....78
Figure 37: Frequency of inverted surface lapse rate presence binned hourly over a day
compared between the warm season months of &p8kptember (orange) and cold
season months of October to March (blue) within the WCW..............covviiiicnneee. 79
Figure 38: Average daily air temperature of an E¥gest transect of government climate
stations adjacéno the study area throughout Decemib&r2D17 toFebruary 28, 2018.

Figure 39: Inception of a singular chinook event in the morning of Janudrgdis in a
region adjacent tthe WCW s$udy area showing the lag period between chinook onset in
this EastWest transect as well as highlighting the spike in temperature associated with

(0] 011 0T T PP PP PP PPPPPPPPPPPRR 81
Figure 40: Winter average and Janmyaaverage temperatures over from 1901 to 2013
derived from ClimateNA (Wang et al., 2016) for the WCW region........................ 83

Figure 41: Identification of potential chinook events using daily average winddspad
direction, relative humidity, and temperature between Decenib@017 and February

28" 2018 where solid yallv boxes denote discernable chinook events and dashed grey
boxes denote chinook events with a less observable unique signal lastirghtot

period. Data from Pincher Creek Climate Station, data provided through Alberta Climate

INFOIMALION SEIVICE......euiiiiiiiiei e rrer e e e e e e e e e e e e nnne e e e 84
Figure 42: Modeled air temperature averaged within 100 m elevational banatssathe
WCW exhibiting the variable slope of the modelled lapse rates.............ccccvvvneee... 87

Figure 43: Difference of AMAT derived for this study area and MAAT for the 1970

2010 climate period prepared by Kiengk®17) following the work of Hutchinson et al.

(2009), blue indicates regions where Alberta Climate Records modelled a cooler
temperature, and red regions show places modelled to be warmer in contrast to surface air
temperature derived for this researgkllow indicates places within one degree (°C) of
difference. The grid shows the cell size of the comparison model (10 kmKoy)10...91

Figure 44: Difference of seasonal mean temperature deffiwethis study area and

seasonal mean temperature for the 12@10 climate period prepared by Kienzle (2017)
following the work of Hutchinson et al. (20094 A) Winter: DJF,44B) Spring: MAM,

44C) Summer: JJA44D) Fall: SON. Blue colours indicate regomwhere Alberta

Climate Records modelled a cooler temperaturé rad regions show places modelled to

be warmer in contrast to surface air temperature derived for this research. Yellow
indicates places within one theclrsigeoftifee C) of
comparison model (10 Km by 10 KM).......ccoooiiiiiiiiiiieeee e 92

Figure 45: Difference of AMAT derived for this study area and MAAT for the 1961

1990 climate period prepared by Wang et al. (2@ colours indicate regions where
ClimateNA modelled a cooler temperature, and red regions show places modelled to be
warmer in contrast to surface air temperature derived for this research. Yellow indicates
places within one degregQ) of difference. hie gid shows the cell size of the

comparison model (4.65 KM DY 3 KM).....ooovviiiiiiiiiii e 93



Figure 46: Areas of the WCW modeled as having an AMATatob el ow 0 e C, de
in blue, for the 201:2018 study period covielg 5.43 % of the landscape................. 96

Xi



ii.  List of tables
Table 1: Topographic variables and position in relation to treeline of each of the stations
collecting temperature INFOATION.............uuiiiiiiiiiiii e 31
Table 2: A reference of all equipment used in the collection of environmental data within
the WCW, as well as the accuracy, resolution, and locations name selns@'s are

present. hformation retrieved from manufacturers websites...............ccccvvvieeenenn. 35
Table 3: Maximum and Minimum daily averages observedaith sensor location from
July 2017 and JUNE 20L8......oeeiiiiiiiieiee e 45

Table 4: Monthly average air temperature measured at each sensor locationrbémyee
2017 and June 2018 inclusive. Italics denotes months that have had data.infilledi8
Table 5: Average seasonal daily mean temperature observed at each sensor location in

PR OPEPR SR 49
Table 6: Average monthly surface lapse rateculdted using bedit linear regression
(L TSP 50

Table 7: Monthly linear regression model statistics that were generated beiwiyen
2017 and June 2018 where monthly average temperature was a function of elevation.
Months where elevation diabt have a statistically significantyalue of 0.05 are

indicated by bold and italiCizedVRIUES..............uuuuiiiiiiie e eeeeee 53
Table 8: Monthly r? values of the elevation and temperature models generated for the
WCW bdween July 2017 and June 2018..........cooooiiiiiiiiirrnn e 54
Table 9: The Rvalue and Rvalue of Aspect, slope, TPI, and PISR in relation to
temperature. Significant-Palues in bold and italiCs.............cccooeeiiiiiiieeee e 54
Table 10: The Rvalue and R value of elevation in relation to temperature partitioned by
presence above or below treeline. SignificawgRies in bold and italics.................. 55

Table 11: Leaveoneout CrossValidation results showing the differenc} between

the model run using all points and the model with one of the points left out. Each data
entry is the result of that location being removedthat particulamonth. Blanks

indicate months without complete data coverage and have thus been left.out....55
Table 12: Averages bthe Leaveoneout CrossValidation results showing the difference
(eC) betweerthe model run using all points and the model with one of the points left out.
Each data entry is the result of that location being removed for that particular mé&6th.
Table 13:Monthly averageéemperatureseC) of the WCW for the 2022018 study

period and climate normals from an Environment Canada nodbgacal station in

Beaver Mines, Alberta for the climate period of 1Z8MO...............cccoevriiiiiiiieeneeennn. 74
Table 14: Average monthly SLRs observed in the WQWY the year 201-48 compared
against the average monthly SLRs observed at the FCA for the time period €¥2005
(Cullen & Marshall, 2011).......cccoiiiiiiii e e et e e e e e e e eaaens 76
Table 15: Diff erential surface statistics between ClimateNA (Wang et al., 2016) and
Alberta Climate Records (Kienzle, 2017) and spatial models derived for this res@érch.
Table 16: Difference in air temperate between the 1982010 climate normal and
various future RCP model perturbations (Wang et al., 2016)...........cccoovvviiiaacnrnnn. 94
Table 17:Root mean square error for each of the monthly madels....................... 97

Xii



Table 18: The average monthly temperature in the WCW for the year of study and
perturbed monthly averages along RCP 2.6, 4.5, and 8.5 to three future climate normals.

Table 19: The rate of change of temperature in the WCW between perturbed future
climate normal scenarios for individual RCP models and months....................... 112
Table 20: The average climateormal @C) of all station locations within the WCW for
the period of 1982010 as calculated by ClimateNA (Wang et al., 2012)............ 113

Xiii



iii.  List of Equations

Equation 1:
Equation 2:
Equation 3:
Equation 4:
Equation 5:

0Z 08 OV 08 OVt 14
VT2 T © T © USRS U RN PRRRRORN 15
0 QQAYNO 0 O VWAID 0 0 D Qv 42
"YO'QO 0 00 @QUYD DO 6 D Qe 42

0606"Y6E AN O GbIQYRHE QQIDQUQQQIM EAOA3

Xiv



iv. List of Abbreviations

AMAT
ANUSPLIN
ASL
DEM
DJF
GIS
JJA
IPCC
MAM
MAT
MAAT
PAR
PISR
PRISM
RPC
SON
TPI
WCW

Annual Mean Air Temperature
Australia National University Spline
Above sea level

Digital Elevation Model

December, January, Februérwinter
Geographic Inforration System

June, July, August summer
International Panel on Climate Change
March, April, Mayi spring

Monthly AverageTemperature

Mean Annual Air Temperature
Photosynthetically Active Radiation
Potential Inoming Solar Radiation
Parameter Regression Independent Slopes Model
Representative Concentration Pathway
September, October, Novembefall
Topographic Position Index

West Castle WatersHe

XV



1.0Introduct ion

Inherently, somef the mosthallengingerrain to collect data and model climate
is located ithemountains. Mountainous terrain generally lack climatic infrastructure and
are often logistically difficult to access and sam{hie& Heap, 2014) Commonly
climate stations in mountains are clustered near roads and easily accessed sites
concentragdaround locations gbarticularrelevanceo human populationgStahl et al.,
2006) As such, examining climatic trends within complex topography presents a
substantial challengepmpared to dacent lowlands and valleys. Mountain climates
representomplex systeswith complex interactions between topography, solar
irradiation, snow cover, and vegetatigiridley, 2009) Thus, these environments
represent terrain where we havimited understanding of exisg feedbacksr how

they will respond to climatchanggPepin et al., 2015)

The need for highesolution climaé models covering areas with topographically
varialde terrainhasbecome particularly importatd accurately assess potential climat
change while capturing heterogeneity in localized phenorfiayain et al., 2015 hese
include themicroclimatologicaleffects of vegetation, snow cover and the impact of
inversions in surface lapse rate (SLR), with the latter being particularly poorly understood
(Lewkowicz & Bonnaventure, 2011Many existing clima¢ models over mountainous
regions infer fixed SLR over different seasons and landf¢ktnsder et al., 2010)Much
of this stems from observations of adiabatic lapse matiée lowerfree atmosphereas

well as fromresearch in highkgtudied mountains such as the European Alps where



inversbnsshowal limited impact on the local climatology antbuntains are distinct

from other range&irchner et al., 2013)

It hasbeendemonstratethat inversions ifSLR, which occur mostly in wintein
northern localescan play arssentiatole in the spatial distribution of temperaguacross
North American midand highlatitude topography, with the relationship between
temperature and elevation often being seabpor even annuallyeversedLewkowicz
& Bonnaventure, @11) Thisrelationshipresults from cold stable air masses which pool
at low elevationgClements et al., 2003; Mindet al., 2010; Lewkowicz &
Bonnaventure, 2011Yhe full impact of this effect jyiowever, afen not incorporated
into climae models that extend into mountain ar@dgmans et al., 2005)r'his canresult
in significant errorsnodelling temperatur@ mountairus regionslue to the presence of
inversiong\Way & Bonnaventure, 2015Thus, the nature and effectino¥ersions as
well as contributing factrs, areessentiato the understanding of the spatial variability of
air and ground temperatw@s well as the presence and distributionrgbspheric
componentge.g. permafrost, glacigrseasonal snowpacklaylor et al., 1998; Pigeon &
Jiskoot, 2008)Understanding these concepthusimprovemodds in complex terrain
subsequently refining thevolution of temperature fields in the past, present and into the
future.As much of thebserved ang@redictedchange in climatés seasonally and
spatially asymmetric, with greater warming intensity expeotavinter, at higher
latitudes, and within mountainous regiqRepin & Lundquist, 2008; Serreze & Barry,
2011; Coheret al., 2012; IPCC, 2014, Pepin et al., 2015; Kienzle, 2f&fif)ing the
understanding diieterogeaoustopographyjnversons, and surface air temperaturethe

mountains is critical to many aspects of environmental modelling.



2.00bjectives

2.1PrimaryRese&ach Objective

The primary objective of this research is tdolection of surface air temperature
datafor the purpose of modellingtopographically derivedurfaceof monthly and
annual surface air temperatdoe further insight into the spatial anchiporal patterns

within West Castle Watershed, Alberta.

2.2 Secondaryresearch Objectives

1) Develop a distributed network of monitoring stations that capture the
heterogeneityf air temperaturgvithin mountainous regionsith respect to
elevation, landover, ad other topographically derived variables.

2) Compare the modied temperatures derived for this reseawtth established
coarseresolution modelshat are spatially coincident with the study area

3) Perturb modééd suface air temperature tagadict potenthl future climates in
association with climate change using Representative Concentration Pathways
(RCP)set out by the International Panel on Climate Change (IPCC).

4) Examine thespatidemporal patterns dfurface laps ratesinversions and

chinookswithin the complex topography.



3.0Background

3.1Introduction

Weather and climate aessentiatontrols todaily life; theyinfluence how we
dresswhat we eat, andre tiedto many of the economic, social, aoehaviaral patterns
seen in societ{Ross, 2017)Although these terms are related, their differences are vast,
and it s essentiato understand the relationship we have with edd¢hem. The dayo-
day natwe of weather can complicate life, from delaying travel to cancelling outdoor
activities altogether. Forecasting weather has become essential to modern &ay life
much so, that inaccuraterecastingcan have negative economic and societal
repercussiondn connection with the uncertainty of weatharecastsmanyquestionthe
ability to look into the future and understand how climate shifts with any degree of
certainty. Although at their core these two phenomena are related thoughdahey

governedunde very different system@&haotic v. DeterministicjRuddiman, 2001)

Climate exhibits deterministibehaviar in comparison to the chaotic nature of
weather(Palmer, 2000)The chaotimatureof weather systems means that any
uncertainty in understanding the initial state or interactions between elements within the
system will result in the compounding of errorgnediction of thasystends future state
and it is histhatmakes weathdorecastingsuch a challeng@orenc, 1986)The
deterministic characteristic of climatefisiadamentallydifferentfrom that of achaotic
system, where understanding the currertestdthe system allows accurate prediction of

past or future system conditions. It is with the predictable nature of climate that the



distributionof plants and animals, influences on the pmese of cryospheric elements,
andsoil formation carbe under®odthroughout history and into the futug@&nny, 1994;

Hock, 2003; Gottfried et al., 2012)

Of the seven elements of climdfoss, 2017)temperaturés perhaps the most
evident to the average person. Average-sediace air temperature plays a crucial role in
the distributiornof elements present withadlthee ar t hés spheres. Al thol
this elements well known, both modelling and observatiorvbahown that current
temperature distribution patterns émehaviar have begun to changd#CC, 2014;
SWIPA, 2017) Understanding these changes and féectonto both weather and
climate is asignificantfocus fa humanity today. The Meteorological Service of Canada
began observing weather in 1871, which has since become incorporated into Environment
Canadandhas been providing progressively accurate steonh weather predictions as
well as climate records amaterpolations. Although this record and history of
obsevation represent an impressive accomplishmengsaentiahspect of any
monitoring program is the distribution of monitoring sifééay & Bonnaventure, 2015)
Even today, limate stations show location bias, being concentratedgions of
economic importance and transportation hubs which are easily accedsageoximity
to human populationentes (Stahl et al., 2008)hich generally occur in locations of
lower elevationfigure 1). Because of this bias, ofundamentalinderstanding of the
geographical and seasonal variabilityweather and climate in northern and mountain
environments is tatively poor in comparison to lowland and urban locati$tahl et al.,

2006) Some of this has been addressed with the use of sateltiteed dataespecially in



uniform polar area@Cowtan & Way, 2014as well as through statistically downscaled
data derivedrom global circulation model@Nood et al., 2019put thesenmethodsare
arguablyless effective in modelling fineesolution air temgrature irareas of complex
topography(Prommel et al., 201@ndstill require validationNot only are these
locations predicted to respond sensitively to chargemay potentially change in an
asymmetric mannethey arealsovastlyunderrepresented in samplir{&tahl et al.,
2006; Pepin et al., 201%Figure 1). Because of the systematic undamplingof the
total elevation range present within these regiomsdelstend to break dowregarding
predictionaccuracyBradley et al., 2004; Stahl et al., 200Ble to the lack of
knowledge regarding climateithin mountainous regionfhere is aesultinglack of
understanding dfiow these systems will change in responssitoate changéBradley
et al., 2004)Most networks of climatstations directly avoid higklevation locations
and other hard to access siteepin et al., 2(8). As a result, it is imperative to establish

abaselineof theclimates in these complex and heterogeneous environments.
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Figure 1: The distribution of climate stains within the province of British Columbia
compared with the hypsometry of the proviiiSeahl et al., 2006)

3.2Climate Change

3.2.1 Global Overview

Since Arrhenius (18963letermined that an increase in £f@ncentration within
our atmosphere would consequently increase temperature, the body of knowledge of the
changing climate has growWhPCC, 2014) Climae change caibe understoods the
shifting of states of the climate syst&vhich isusually observed through ticeangen
the means and trendsermultiple decades or long@iPCC, 2014) The climate of the
planet changes naturally on Earth for three main reasaliedfundamental forcings
oneof whichis therange of astronomical cycles proposedilankovitchin 1941(Hays
et al., 1976)These cycles are a result of the relationship between the position and

7



orientation of the Earth anddfswun, having an impact on the amount of solar energy
received by the planet (5 %). Secondly, distributionof land surface on thaglanet

which changes over time due to tectonic forces, and through a variety of pathways,
including changes to global culaion patterns of the atmosphered oceaninfluences
climate(Raymo & Ruddiman, 1992Finally, the natural variation of solar outputhich
varies over longperiods results in changs to theenergy received & a r tsurface
(Friis-Christensen & Lassen, 199Further there are natural variations in the presence of
atmospheric carbon and aerosols whichetieen shown to mirror trends @imate and
atmospheric temperature throughout the milleRetit et al., 1999)Evidence for the

link between the fluctuations in atmospheric carbon and cliaratshow in ice cores
retrieved from esearch sites on current ice sheets like Dome C and Vostok, in Antarctica
(Lorius et al.1979; Jouzel et al., 1987; IPCC, 2014 contrast to the natural changes
that occur slowly over time, anthropogenic or faumflorcings, are rapidly trafesming

climate(Charlson et al., 1992)

The IPCC providedher 5" Assessment Repart 2014 orthe current knowledge
base surrounding climate change. The IR@@L4)identified human intience as the
most likely dominant influencenthe climate state since the r2@th century. Further to
this, the impact of shiftinglimateshasbeen observeih increaseso global average
surface temperatures, both terrestrial aceboic, on the magmuide of 0.85 °C between
1880 and 201RPCC, 2014) Though the values averagea@cross the planet Earth, it

illustrates a changirigend that may have loagaching impacts.



3.3Asymmetric Climate Change

3.3.1 Seasonal Asymmetry

As climate changegvidence suggests ththe globe is not warmingeasonally
symmetrically Analysis of aspatially interpolatetemperature recorr Canadaas
shownthatthere is a significant bifurcatian trendsof change between the winter
monthsand the remainder of the year witiiberta(Kienzle, 2017) The warmingtrend
occuss disproportionatelin winter monthgFigure 2). This evidence of asymmetric
changeas mirroredin future projections of the CMIP5 dial climate model where
warming during the winter months is expected to continue through theZZ®@Bperiod

of time (Diffenbaugh & Giorgi, 2012; IPCC, 2014)
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Figure 2: Theannual and seasal change in air temperature occurring across the
province of Alberta from 195@010(Kienzle, 2017)

With the growing difference in warming between seaspotential forcimgs upon
seasonal phenomasuch adArctic sea ice, and snow cover could become more prevalent
throughout the yearDeser et al.2010) It wasfound that responses in surface air
temperature over continents within the northern hemisphere, specificathern Canada
during the winter months of NovembBecembeyrelatedto loss of Arctic sea icaluring
the future period of 2082099,which could result in warming of #eC (Deser et al.,

2010) The seasonality fea ice ladsitself to the seasonal bias of change with its
reduction. Astudy bySingarayer et al. (2006pund thatas sea ice extent is projected to

be reducedsurface air temperatyras a result, will riseThisis supportd by the earlier
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findings ofAlexarder et al. (20043howing linear relationships between air temperature

and sea ice concentration.

3.3.2 Arctic Amplification

It is widelyacceptedhatPolar Regiongre currently warming more rapidly and
to a greater degrdbanthe rest of the world, phenomenon termedirctic amplification
(Serrege & Barry, 2011; Cohen et al., 2014; IPCC, 2014)as been reportd®WIPA,
2017)thatwithin the Arctic, snow coveras well as sea ice cover play an instrumental
role in the control of climatéDeser et al., 2010)n associationvith the climatological
controls of this, small shifts of warmer temperature impact the spatial and temporal extent
of these features and as a result, allow for further warming due to the lowered albedo of
the surfaces. The processAatctic amplificationis recognizedas a characteristic of the
global climate systepandfuture changes within the Arctic may cause changes to global
atmospheric circulation patter(Serreze & Barry, 2011Asthere are similarities
betweenArctic regionsand mountainouterrain, includingcryospheric elements, it has
been hypothesizetiat mountains wilblso bempactedoy climate warming
asymmetricallyandin amorecomplex mannethanadjacent lowlanderrain(Giorgi et

al., 199; Pepin et al., 2015)

3.3.3 ElevationDependent Warming

The unique nature of mountain ranges illustrates the need for and importance of
understanding the impacts and changes that will occur in these locations. A recent review

(Pepin et al., 2015%n mountain climatological research provided an overview of the
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conceptual possibilities and feedbacks that cbeldeeras a result of climate warming.
This review suggests thatountain environments like Arctic environments w&io show
amplified warming trends. Due to the nature of elements within mountain systems,
especially the cryospheric components (e.g. annual snow cover and glaciers), positive
feedback loops promotingntinued warming are expected to ocf@rorgi et al., 1997;

Fyfe & Flato, 1999; Pepin & Lundquist, 200&onceptually this is apparg as a small

shift to warmer temperatures willy turn, reduce snow cover exit, changing albedo,

and allow for further heating of the surfgég/fe & Flato, 1999; HernandeZenriquez et

al., 2015; SWIPA, 2017Although this is conceptually well understood, quantifying this
is still a corsiderable challenge. Additionally, the impact of a change in albedo, is
expected to impact cloud cover dynamics, aerosol concentrations, and relative humidity
with substantial imacts expected in the radiative fluxes of the energy balance by raising
the atitude of the Lifting Condensation Level (LCLFigure 3). This is potentially very
significant because it means tlia¢ release of latent heat at the LCL site will coincide
with higher elevationgHeld & Soden, 2006)urther to this, the addition of black carbon
and particles transifieed through the atmosphere and settling on snow indlglation
regions modifies the albedo regime and alters the radiation b{Riyger et al., 2007,

Xu et al., 2009)
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Figure 3: Conceptual changes in varioumpesses with elevation and the change in air
temperature over tim@epin et al., 2015)

The combination of all of these influendesplies that the nature of warng in
mountain environments @omplex and wilimanifest itseldifferently than in lowland
environmentsThisis also likely significant for othezlements of climate as mountains
significantlyinfluence the distribution of precipitatigbaly et al., 199%and thus modify
the timing and amount of discharge as a result of snowpack dynamipseaipitation
(Adam et al., 2009)This can be ammportantmechanism for the water balance avater
security ofmountains and downstreamegionsthatdepend on mountain watersheds for

their water needKienzle et al., 2012)Understanding howlimatechange wilimpact
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precipitation, ad waterstoragewithin mountain watersheds will be anportanttool for
natural resource managers and policymak®epin et al(2015)highlight the lack of
long-term monitoring stations in higélevation locations and drawasontrast between
Arctic and mountainous regions by highliglgithe relative homogenous nature of the
former in comparison to the extreme local variapitif the latter. Asaresult, the
understanding of change within these systems is limited, notdoely the bias of

sampling but the heterogeneity implicit withinontane locales.

3.4Physical Processes of Air Temperature

The temperature of thgarcel of air within the boundary layisrcontrolled by
several processemd at its base is the partitioniagd movementf energy within the
system(Oke, 1987)Thenet adiation (Q*) bulget is considered crucial to the
understanding dEarthAtmospheres y st em at t he Earthods surf ac
budget can be conceptualizedaagquation:
Equationl: ©0° 0% oW (8 (MU
whereEquation Irepresents the daytime budget including incoming and outgoing
shortwave radiation (Kand k), as well as the influence of incoming and outgoing
longwave radiation (Z and Lj). Incoming shortwave radiation inclusldirect and difiise
componentsgirect beng the porting transmitted by the atmospherediffdsebeingthe
portion refracted and reflectéy the atmosphere and other surfaces. Outgoing shortwave
radiation is the component of shortwave radiation indideon a surface that is reflected

by thealbedo, which is the characteristic of the surface controlling the absorption and
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reflection of the electromagnetic energyongwave radiation is the component of the
radiation budget controlled by the absorptaond reradiation of electromagnetic energy
by the Earth, atmosphere, and objects on the suifhesighttime energyalancedoes
not include shortwave solar radiatiasa components akere is no incident shortwave

radiation(Oke,1987)

Energy distribution and movement can be summarized by three processes:
Radiation, convection, and conduction. All objects radiate electromagnetic energy,
defined by aRdtunlaséand traksensrgy radiating outwards from the
object Convedbn is the process through which the exchange of air masses and liquids
cause energy to be moved from one location to another and can occur due to the
properties of the media, or due to mechanical fosces as wind. Conduction is the
transmission of engy as a result of collision of molecules in close proximity and thus

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

The energy budget accounts for the radiative forcings at the sustadbe
discrepancies seen in the balancing of the budgdteaxplained through the movement
of energy in the form of neradiative fluxes: sensible heat flux, latent heat flux, and soil

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

Equation2z 0° O O O

where H is sensible heat flux, E is latent heat flux, and G is soil heat #itent
heat flux is thenmovement oknergyas it isabsorbed and releasby waterassociated
with theprocess ophase chage When water condenses it releaS46 @lories/gram to
the surrounding environment whereas when it evaporates the same amount of energy is

absorbed from the surrounding environmamd facilitates a phase change from liquid to
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gas Soil heat flux is the movement of enengithin the soil pofile controlled by the

thermal properties of the soil: thermal conductivity, heat capacity, thermal diffusivity, and
thermal admittance. Solil heat flux notably has a pattern by which heat is conducted into
the ground during the day, and out at ni@drsible heat flux is thechange in

temperature of an object or air parcel as a result of the movemamrgfybetween

media.This process is not associated with phase change.

While collecting the suite of data involved in surface energy balance sutits
a result of the cost of instrumentation and the necessary distribution of sampling location
within mountainous regionsnodelling climate can be done through complementary or

standalone processes.
3.5Modelling Climate

Conventionallynearsurface aitemperatures estimatedhrough the use of lapse
rates based upon the proven and significant relationship beelaetion and
temperaturelreeair lapse ratesandiffer significantly from SLRs. SLRs are changes in

temperature witlelevationrather ad altitude andas such, oncensSLR is establishedor

a time perioddr region, it can be applied &ljacenklevationpoints.

3.5.1 Small Scale, Broad Coverage

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

down gstematically imo subsystemgYoung, 2003) These susystems are then defined
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or further broken down to identify base relationships between Vesiabstatistical
downscaling techniquemedevelopedandin association with computer processing,
these models cape slowly formedand altered to produce higjuality outputs
(Praskievicz, 2018)lop-down modelling takelargeobservable trends and through a
variety of statistical procedures applies transformations to the ditastsleis
increasedSomeclimatologicalexamplesof this approaclare the PRISM modelDaly et
al., 1994)the ANUSPLIN software(Hutchinson et al., 2009andClimateNAWNA

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

3.5.1.1PRISM

Parameteelevation Regressions on Independent Slopes Model (PRISM) is an
example of a tojglownregressiormodelthatperforns expert climatological analysis to
produce geospatial surfac€roundbreakingin its field, PRISM,created by Chris Dajy
used data collected between 1961 and 1990 to allow the computer to develop a local
statisticalrelationship for each pix¢Daly et al., 1994)This modelling process was
subject to scrutiny by experts in the field of climatology and wéeriséned to produce
justifiableresults(Daly et al., 2002)As a result of this workg mapand associatd spatial
data for imatological representations of temperatanel precipitation for the contiguous
United Statesvas developedt a gridded resolution of 800 (Daly & Bryant, 2013)

After successfly modelling precipitation, Daly focused the model to other
climatological factors such as temperature. Since then, tdelrhasheen appliedo
many geographical regions including Canada, Europe, China, and SoutlsizdBtaly

& Bryant, 2013) The process through which this model operates is as follows: estimated
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values for daily, monthly, and annual clirmairameters aret@rpolated using point data
from a network of weather stations in association with a digital etevatodel (DEM)
and a computer algorithm. The algorithm weighd transforrathe values of the input
point data based on a multitude of well understood iggxbgcal climatological controls
or subsystems. Specifically, for PRISM, these include the efféproximity to coastal
areas, the influence of elevation on climate, how effectively terrain produces an
orographic impact, as well &ise influence oaspe&t and exposuren climate The data
from this modelling method demonstrate the effects of eatfeskclimatological

controls.

3.5.1.2CanadaWide Climate Datasets

Through the work oHutchinson et al. (2009% model of daily precipitatiomnd
minimum and maximum temperaturfies the whole of Canadaas derived using a
trivariate thinplate sfine interpolation techniquesing the softwar@ANUSPLIN. This
software emjoys a nonparametric, multdimensional curve fiing techniqudor noisy
multi-variate dataiseful for mapping and analyzing climalt&utchinson et al. (2009)
created, through this process, a gridded cladataset at a resolution of 300-@&econds
(~10 kmx 10 km). The interpolation applied to the climate detarelatecthe input data
as functions of elevation, longitude, and latitude. The method integrataddption to
varying station density as well as spatially varying dependence to elevation throughout
CanaddgHutchinson et al., 2009T his work excels in creating &ssentiatesource for
many industiesand research specialists as in many cases the need for the identification of

extreme daily temperature values is of greater ingpogthan the muted monthly
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averages. The initial work focused on the period of 12&13,thoudh Natural Resources
Canada has stated that datadiaeen developefbr the period of 195@010and this will
be updated as new data becomes avai®RCAN, 2019) The utility of this model is
cortinuoudy subject to improvement, shown through the alignment of data to the
climatological day redefined in 1961 to 0600 UTC within Cang@diapkinson et al.,
2011) This model provides researchers, managers, and policymaiterdata that

covers a wide spatifbotprintand awith strong basis for further inquiry

3.5.1.3Alberta Climate Records

Work produced b¥ienzle (2017)ollows closely wih Hutchinson et al. (2009)
This research buildsnathe previous work and provides 30 temperature indices for the
same grid created yutchinson et al. (2009 the reanalysis of the datgienzle
(2017)found that within Alberta between 1950 and 2(drihualtemperatures increased
by 2 -5 °C in northern portons of the province whereas betwdeiC and 2°C of
warmingwas observednnuallyacross thesouthern portion of thprovince.To simplify
and aggrgate the massive amount of results of this stadiyend analysisvas dondor
the 18 ecoregions present across Alberta. As ecoregiengnifestations of the intinia
relationship between climate amdgetationthis is a logical delineation of spatia¢nds.
Kienzle (2017)makesa note ofthe issues presented by the compkrain of the Rocky
Mountains. Comparisoof the average elevation of the 10 km by 10 km grid and an
availablel arc second, or approximately 30 m DEM, highlighted as much as 150 m of
variation(Kienzle, 2017) This variation will result in overand underestimated

temperature indices for mountain regiavizere elevatiomndis amajordetermination in
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temperature at a location. This isss€ompoundedith the current infratructure
distribution Eigure 4) within mountainous ecoregions of the provinasthere isa low
density of stations iAlbertan mountaingKienzle (2017) andstationsare concentrated
in low elevation locationsa trendsimilarly observed throughout the entire province of

British Columbia Figure 1) (Stahl et al., 2006)
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SubAlpine, and Montane ecoregions in comparison to the elevdistribution within
the same spatial exterthe inset highlighting these ecoregions within Alberta

3.5.2 Large Scale, Narrow Coverag

Bottomup modelling is a process by which specific elemergsardied and
modelled and cabe usedn congruence with otmenodels foithe greater understanding

of the system as a whol€his processs exemplifiedby the construction of independent
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arrays of monitoring sites from which relationships between vauidiuencing factors
can be analyzed with the collected imf@tion and then spatially interpolated and
modelled.In contrast to small scale models and broad networks, spepkstially
constrainedetworks of stations caallow an increase iresolution provide higher
accuracy in complex terrain, and reduce titers seen as a result\adriablestation

density

3.5.2.1Calgary Foothills Climate Array

A mesoscale observation netwaddled theCalgary Foothills Climate Array
(FCA) was installed in 20040 manitor regional temperature, humidity, and precipitation
covering the mountainous terrain, foothills, and prairie region near Calgary, Alberta
(Cullen & Marshall, 2011; Wood et al., 2019yhe network was established in such a
manner to produce a system of uniform spacing and density within the varying terrain.
Cullen and Marshall (201 Fpught to explain the influence of synoptic weather systems
onregionaltemperature values. A multivariate regression model was used to acaount fo
theinfluence of elevation, aspect, slope, and surface cover on derived monthly mean
temperaturegCullen & Marshall, 2011)A unique aspect of this work was the vaece
of the shifting synoptic weather patterns which include the distinctive Chinook

experienced in Southern Alberta.
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4.0Study Area

4.1 The Castle

The study area for this research is\itiest Castle Watershed (WCW) located on
the East slopes of the Southern CaaadRocky Mountains within Albert@igure 5).
The WCW covers 375.5 khandis comprisedf mountainous terrain ranging in
elevation from the outlet of the watershed at 1332.5 m to the highest peak (Mount Haig)
at 2632 mabove sea level (ASlgonsisting of variable lancbver from montane
communities to alpine communities. The domindant coverpresentithin this
watersheds that ofconiferousforest communitiesonsistingoredominantlyof
Lodgepole PineRinuscontorta) White SpruceRiceaglaucg, Englmann SpruceRicea
engelmann)i, and Douglas FirRseudotsugamenziesii. The region is also host to a
variety of rare and endangered vegetative species including LimbePrinsf(exilis)
and Whitebark PineRjnusalbicalug both considered to endangered provincially while
Whitebark Pine is also federally endangef&BP, 2018) Themain watercourses within
the watershed are the Castle River and the West Castle Rieelandscape has a history
of anthropogenic use including extensolear cutiogging, petoleum exploréon, and
recreational uses such as-bifhway vehicle use and other outdoor activities. As well as
these landscape uses, there is currently an operadipiaski resort (Castle Mountain
Resort 49 A19a6. 9d4& )MNcatedwithinhel W@\ Théarga ecompassed
by the WCW as well as the surrounding area watesegnated by the Provincial
Government on February 16th, 2017 as Castle Provincial Park and Castle Wildland
Provincial Park with the majority of this study area falling witthe Castl&Vildland
Provincial ParkThe study areaas choseas it represents a mountainous landscape
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heterogeneoud-{gure 6) in nature, in both topography and lacaler.This area also has

the benefit of logistical supportd to the presence of thimiversity of Lethbridgd-ield
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The WCW isa snowdominant, fuly humid, and extremely continental climate
according to its KopenGeiger classification. The extreme continentality of the location
as well agheinfluenceof the westerlies and topograpmyake this location unique
compared to other locations in thar@adian Rockies. Mean annual precipitation (2981
2010) is 679.8nm in Beaver Minesl57m), the nearest Environment Canada Station
located14 km from the study site (Environment Canada, 20T8)ee Alberta
meteorological stations exist close to the study area named Gardner Headwaters, Castle
Auto, andWestCastle Figure 7). The region expeences intense chinooks, bringing
extreme wind speeds as well as unseasonably warm temperatures. In addition to the
chinooks, smalkcale weather events such as inversions often occur wwithimtainous

regions. The influence of topography on the fluidityree atmosphere causes dense,
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cooler parcels of air to drain and pool withine U-shapedsalleys that occur in the

WCW.
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Figure 7: Location of the nearest AlblarGovernment Meteorological Statiofned)and
their associated elevation in comparison to stations implemented for this rgbéackh

4.2 Regional Context
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The Castle watershed is a part of the Crown of the Continent regoom for its
high biodiversiy and a large number of endemic specesative to other temperature
continental regionfHauer et al.2007) It sits on the leeward side of the Continental
divide and is part of the Clark Range of the Rocky Mountains, a subdivision of the Border
Ranges. This area lays between the broader Cordilleran region of British Colontite
west and th@reatplains to the east and provides a unique opportunity to study a

transitional region of geography, ecology, and climate.

4.3The Current Understanding of Climate in Castle Watershed

The current climate of Southern Alberta can be representative of a continental
climate(Cullen & Marshall, 2011; Anderson, 2014)ore specificlly, the Southern
Alberta region is dominated by two major weather systems, the westerlies that blow over
and through the mountairend continental air massaghich are influaced by the
position of the polar jet stream and &iemasses brought by tpeevailing westerlies to
the area are maritime and continental polar respectively, and as such these two systems
vary greatly in their impact on local climgi@ullen & Marshall, 2011)In regard to
precipitation regimes for the Castle Watershed, moisture originating from the Pacific
Ocean is deposited during winter months at high rates atm$3ordillera and
immediately on the leeward side of the Rocky Mountain ramgiing off into a rain
shadow on the prairiéReinelt, 1970; AIRawas & Valeo, 2009)Vith respect tahe
Castle Watershed,was determinethat precipitation that fis within the Castle
Watershed contributes 1498 of the total volume of stre#low within the broader

Oldman Watershe(Kienzle & Mudler, 2013)
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Within the broad region of low relief terrain in Alberthgtemperaturés mainly
influencedby latitude and decreases south to north, while in the mountainous regions, this
gradientis complicatedy the influence of elevatiofschneider, 2013 )ecifically, for
the Castle Watershed, temperature ranges throughout the year from the extremes of 35 °C
in the summer te35 °C in the winte(Anderson, 2014)Generallythetemperature is
assumed to change relation toelevationat a uniform or constant raf®linder et al.,

2010) A typical SLR used in climatic modelling i$.5 °C km! and given the broad
application of this SLR to climet modelling, it is generally nalear ifthe use of this
standard SLRs appropriate for temperature field genera{iGnllen & Marshall, 2011)
In the Castle Watehed,Pigeon and Jiskoot (2008pnducted an walepth study of SLR
at Castle Mountain Ski Resort within thetershed. They determined theoping of cold
air masses has an impact on average lapse rates for the region and theguabrked to
separate inverted SLR fronormalSLR to better represent and model temperature in the
area over time. Another studyeldated the seasonal and diurnal variations in SLR in
complex terrain and the impacts for hydrological nithag (Minder et al., 2010)The
concept and derivation of SLR representative of local and regional fact@assentiato
understanding the spal extent of isotherms throughout complex teri@&olland, 2003;

Mattie, 2009; Minder et al., 2010)

4.4 Historical Evidence for &hanging Climate in Alberta

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

associated with climate and therefore can be used as pfoxtes general understanding
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of historical climates. The extent and influence of igliaan have been recorded and
observed through various means; including the use and interpretation of volcanic tephra,
pollen, cosmogenic dating, vertebrate fossils, gladially deposited earth materials
(Bobrowsky & Rutter, 1992; Jackson et al., 1997; Dyke et al., 200#)ngthe

Wisconsin glaciation, glaciers flowed out of the large catchment badie dfdstle
Watershed antbrmed piedmont glaciers on the plains and footli@islker, 1969)
Specifically, in the WatertorCastle region, a composite stratigraphic column was

compiled byStalker and Harrison @77)as cited irBobrowsky and Rutter (1992)

In association with historical glacial extent evidence, glacial ice coeatfing
the global tends in climate and the localized historical changdiseextent of glacial ice
sheets, dendrology can be utilized to interpegtonalhistorical climate. Research
conducted by.uckman and Wilson (2005pught the use of treing analoggo interpret
recent historical climate accurateljheir work was able to reconstrabe summer
temperature for theme periodbetween 950 1994 (Luckman & Wilson, 2005)The
findings from this work identified historical periods comparablthexurrent climate
while concluding that the period of gteat warming trenevas identifiedrom the mid

180G onwardLuckman & Wilson, 2005)
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5.0Methods

Methods for this research projexinsisedof a combination of field work
includingthe creatiorof aclimatic sensor network andata collectionas well aglata
analysisinterpretationair temperaturenodelling andperturbing current air temperature

models forfuture IPCC scenarias

5.1Data Collection and Field Methodology

Deploying sensors thaapture the heterogeneity of tlamtlscape wasrucialand
a distributed network needed to be establigkégure 9). Sites were chosen to represent
landscape units present within the study ameludingvalley bottoms, mid slopes, upper
slopes, and mountain topBable 1). To accomplish thiselevationaktransectsvere
placal leadingup mountain slopethrough the forested landscape to moungeals, as
well as acrostopographicallyconstrained valleyfigure 8). Furthertopographic
position index TPI), elevation, aspegpotential incoming solar radiatioRISR and land
coverwere considereth the selection and placement of sifEBI is a relative measuref
topograplc prominence or topograjhprotection where the average of a defined
neighbarrhoodof cells is looked at in comparison to the cell of note to identify if it is
above or below the average of tieighbarrhood(Jenness, 2006/ high TPI vale
represents a cell that is prominent on the landscape and has a value > 0, a TPI value of 0
is a perfectly flat regioor a region of uniform changand a value < 0 is in a depression
or hollow incontrast to the surrounding terrairhesemetrics were alected as criterito

give insight into theemperaturevariation observed within the landscafmographically
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but alsadbiologically (e.g. above and below treelirf€)gure 9). As site selectiowas
mace in aGIS environmentrealworld conditions varied slightyandthus not all sites

were able to be placed in thgactposition planned within the software.

i T L - p .

X (o= K T -

@® Logger Locations b"

v 100m Elevation Bands

=

£y \
7T . \ .
U of I Mt‘i Mpuntaln U of L Valley

Figure 8: The distribution of reseahncsites across the WCW, WCE6 is the highest site in
the network with an elevation of 2382 m. ASL, the lowest being Uio¥alley at 1412
m ASL.
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Table 1. Topographic variables and position in relation to treeline of each ofatienst
collecting temperature information.

Site Elevation Slope TPI Aspect Treeline
WC1 1433.0 13.3 -6.7 304.5 (West) Below
WC2 1829.2 11.3 30.3 10.2 (North) Below
WC3 1874.3 24.4 46.9 27.2 (North) Above
WC4 2187.5 16.4 1155 77.1 (East) Above
WC5 1623.5 26.3 62.8 99.8 (South)  Above
WC6 2381.7 27.8 168.1 303.0 (West) Above
WC7 2003.8 36.8 13.8 260.3 (West) Above
WwC8 1567.9 9.8 -86.5 304.8 (West) Below
WC9 1678.4 31.9 -25.3 113.0 (East) Below
WC10 1826.9 5.1 -56.9 143.4 (South)  Below
WC11 2171.5 33.2 163.7 331.6 (North)  Above
U of L - Mid Below
Mountain 1834.9 19.9 -17.3 101.8 (East)

U of L - Ridge 2154.1 20.9 164.7 100.8 (East) Above
U of L - Valley 1412.1 4.6 -20.6 70.7 (East) Below
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Figure 9: Geographically derive variables used to determine sensor placerBénts
representing TPBB is representing slop®&C is representing elevatiolD is
representing aspect.

Air temperature data evecollected hourlusingOn s et HoboE pendant

(12 in tota) whichwere launched and deployed throughpiuthe study area, beginning in
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August of 2016. This initial array of six sensarare bolsterethroughout the summer
months of 2017 to a total of 12 locatigii®ble 2). Thesesiteswere periodically
revisitedto ensure data wdseing collecteds well as to retrieve for analysisfter many
attempts tae-establishoperation othesite titledWest Castle Weather StatioWCWS),

it was determinethat the site inoperative and data was able to be retrieved from the
siteduring the duration of the study peridthese specific loggenodek werechoserfor
several reasons including precision, accuracy, durability, functionality under extreme
tempeatures, as well asostwhich wasrelatively inexpensivé~$70 each)The accuracy
and resolution of these sensas reportedby the manufactureis +/~ 0.53C within the
range of 0° to 50°C and 0.14°C at 25°C respecti¢ieiyure 10). Additionally, these
loggerswere tested to ensure functionality to extreme tempesatuee-80-degree
Celsius freezefBonnaventurgunpublished datfawith drift being considered acceptable

for the site conditions
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Figure 10: Accuracy, resolution, antiming error of Onset loggers.
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At each site, solar radiation shields were mouatede height ofapproximately
1.6m above the ground surface ostaelpost or tbar(Figure 11), unless restricted by
potential snowpackndinfill. Loggers suspected of burial within snowpack were
mounted agpproximately2.6 m above the grounsurfaceas a direct countaneasure in
order to prevent this. Fitted within solar radiation shi€ldaset RS1yvereloggers
equipped witlthermistors anat particularsitesrelative humiditysensorgUA-001-64,
U23-00]) (Table 2). Loggers were also placed just below the ground surfdoerasites
as wellto collectground surface temperatuiéne goundsurface terperaturerecorded
was not used in the analysis butveel as a comparison for other projects unrelated to this
thesis.Furthermore, two sitesere outfittedwith an array of vertical iButton thermistors
at regular intervals above the ground for the ideaiifon of snowpack depth and timing
for use in corriation with ground surface temperatures in projects unrelated to this thesis.
One site was outfitted more exhaustively with additional sensors collecting data including
relativehumidity, wind speedanddirection, soil moisturegghotosynthetic active
radiation (PAR), incoming radiation and snow depth stéiethe purpose of collecting

additional regional climatic informatiofTable 2).
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Table 2: A reference of all equipment usedtire collection of environmental data within
the WCW, as well as the accuracy, resolution, and locatiamewhere sensors are
present. Information retrieved from manufacturers websites.

Manufacturer 1D Measurenent Accuracy Resolution Site Name
Onset UA-001-64 Air Temperature +/- 0.53C 0.14C WC2-11
UA-001-64 Ground Temperature +/-0.53C 0.14C WC15,11
u23-001 Air Temperature +/- 0.21°C 0.02C WC5-6
Relative Humidity +-25% 0.05%
UA-002-64 Light Intensity +-2.5% 0.02% WC1-4
SWCA- Wind Speed +/- 0.5mst! 0.19ms  WCWS
MO003 Wind Gust +/- 0.5mst! 0.19 mg
Direction +/-5.0° 1.4
SLIA-M003 PAR +/- 5.0 umolm 2.5 umolm WCWS
23-1 23-1
S-LIB-M003  Solar Radiation +/- 10 Wn? 1.25 Wwmt  WCWS
S-THB-M003 Air Temperature +/- 0.21°C 0.02C WCWS
Relative Humidity +-2.5% 0.10%
STMB- Ground Temperature +/-0.2°C 0.03C WCWS
M003
S-SMC- Soil Moisture +/-0.031 niim3  0.0007 WCWS
MO003 mm-
Maxim DS1921G Temperature (Snow +/- 0.53C +/-0.53C WCWS,
Integrated Depth) WC11

Figure 11: Examples of 4 sites within the WCWigure 11Ais of WC5 and an example
of a station above treelin#1B is of the WCWSBB station whichs outfittedwith
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supplemental loggerd1C is of WC10 and an example of a station below treelidb.is
WC6 and is the logger at the highest elevation within the WCW (2382m).

5.2Data Processingndinput Variable Collection and Derivation

Datawerecollectedduringthis sty over the outlinedime periodfrom a total
of 11 stationgFigure 12). This network of stationwas reinforcedy the addition of
three stations with nearcontinuousdatarecordfor the study perioérom theDr. Chris
Hopki nsonds ARUnvddityof Lethridga rtamed b efValley, U of

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

Wwcll

wcio

wca

wcs

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

2016 2017 2018

Figure 12 Temporal coverage of data collection for this research, beginning in August of
2016 ancending inthe summer and fall of 2018. Circles indicate loggimgeption
crossesndicate loggers being removedrenderednoperable dashed lines indicating

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

logging.

Usingthe collected dataemperature averagesere calculatedn daily, monthly

and annuascales Also, both daily max and daily minimum temperatures were
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determined. For any sensors that malfunctipmete notcorrecty recording or were

buried in snowthe datawerdnfilled. A total of 16.8 % of the dataeweinfilled using this
processThis method was appliagsing the three neareslberta Government

meteorological stations, Castle Auto, WestCastle, and Gardner Hea(vigtee 7)

collecting air temperature data. A linear relationship was established between the average
daily temperature of the data successfully collected from sites from this study and the data
acquiredirom Environment Canada statiosisnilar to he process bWwood et al. (2019)

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

30
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Figure 13: An example regression curwherethetemperaturat the research site is a
function of temperature at the independent station, wsidill data betweeresearch
sites and Environment Canada and the Government of Aktattans within the region.

To reduce the potential compounding of error, the data was divided into two
unique datasets. One dataset containing temporallilggpdata, and one datasettha
did not contain infilled data. The temporally gilfed dataset (Set A), as described

abovewas used in analyzing the seasonality and temporal events such as inversions and
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chinooks within the watershed as well as future projections. Thgaofilled dataset

(Set B) was usesolelyfor spatial modelling and comparison between models.

5.3Air tempeaature General Linear Model

Multivariate linear regressiaaind linear regression wewsed to analyze the
relationship between temperature, topographic, amdileover characteristics. The
monthly average temperatufdAT) for each sitavasregressedgainst assemblages of
explanatory variables in order to determine those that had the most influentabsind
robustexplanatory abilityVariables such as elevan, TPI, slope, aspect, PISR,
equivalent elevatiorgnd albedpsimilar to the m#hod of studies o€ullen and Marshall
(2011)andWood et al. (2019)were all considered and used in multiple iterations and
variations as explanatory factoEquivalentelevation is asariablepioneered by
Lewkowicz and Bonnaventure (201tb)expressurface air temperature lapse rates
regions above and below treelifi@irthermore, theelineation othetreeline a
seeminglysignificant influence on locahicroclimateand boundary layer climate
conditions(Lewkowicz & Bonnaventure, 2011; Bs, 2017)had to be spatially
representedl herefore stations that ested above and below treelinere separateit

order to run the model upon each region independently.

Each iteration of the regression model was reviewed to determine if the values
that were being produced by the equation were logical and within the&tice@nge for
the time of yeafi.e. the model was not producing negative relationships where it is
expected positive ones should exist as with solar radiaiplanatory varialgls that
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resulted inerroneouvaluesbeing predictedr illogical relationshipsvere removedrom
consideration within the modeAs a result, only levation waghe selected regression
variablefor modelling temperatur&/ariables that did not produce cstent statistically

significant relationships wemot considered for use in the final model.

5.4 CrossValidation

The spatial model generated was validated through the tise baiveoneout
crossvalidation (LOGCV) techniqueLOOCYV is accomplished by ¢hiterative removal
of individual stations and the-@mputation of the general linear regression moaiels
the new set of data missing one locatibhese new models were then used to derive the
temperature at the location that had been left out andiffeeence between the model
containing the totalitpf the locations and the network of stations with one missing was
determinedThis technique was appliédr all stations across all months within the study

period.

5.5PreModelling

Treeline for this regio was determined using a supervised classificati@nadion within
ENVI software. Using a 0.6 resolution image mosaic of Southern Alberta, the study
area was isolated anahrthrough the classification procd$sgure 14). Locations
representing exposed rocky and sparsely vegetated areas were manually identified as
above treeline, whereas locations with dense forest and prominently present vegetation
wereidertified as below treeline. These manually identifiedoag were used to train the
program to identify similar regions with spectral responses that matched the input

regions. Once the program had identified all pixels within the study area to its closest
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matching the supervised input data, they were qualityrotied throughon-sitevisual
inspection, and the use of clumping and sieving algorithms within EABS like roads
and riversvere manually reclassifiess below treeline location€lassified teeline

varied in the study regiori471-2459m) butwasgenerally foundcat a mean elevation of
1980m. As modelling ovellakes could potentially causebstantiakrror in the

calculation of surface air temperatuaed there were no logging locations placed on the
landscape in order to capture the variatithese they were artificially removed from the
study area through the process of manual identificatmidelineationusing 0.5m image

mosaic
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Figure 14: Regions within the WCW determined to be above or below treeline through
supervised classification of aerial imagery.

5.6 Modelling

Once all inpugridswere preparetbr the modelling procesthe surface
temperature at a locatiamas determinetly implementinghe linear regression equation
for each grid cell (10 x 10 m) within the study aree&urface air temperature models
were producedor all months usingSet B over thetime periodselected for analysis as

well as one representing a predictgthual mean air temperatu@\AT ). To ensure
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realistic surface air temperatuneserebeing modelledthese generated raster files were
manually capped to remove extreme values well outsidedima This processvas
achievedhrough identification of values that were three times greater than the standard
deviation of the data, abovedibhelow the mean value, and the subsequent replacement of
these values with the value that was equal to thmesstthe standard deviation above or
below the mearThisresulted in a hard cap for values within the model that consisted of

air temperature \raes within a 9% confidence interval.

5.7 Future Models

Using the software ClimateN@Vang et al., 2016}hree future climate normals
were predicte@longthreeRCP scenarios thatere set out by the IPCChiswas done
for each month over which the study period extended. For each sensor location, the
coordinates and elevatiavere seedehto the software which then drew from archive
of precalculated models. The model withie #$oftware thatvas selectetbr use ishe
CanESM2the second generation of a Canadian earth system ifWeag et al., 2016)
The average surface air temperature provided thr&@lgnateNA for the 1982010
climate nomalwas usedn association wittiuture scenario IPCC RCP modébsderive

the difference in magnitudeetween the two

Equation3: 0 YO OO0 7Y 0 0

Equationd: “"Y® 0 "Yow 0 W

whered s the difference in magnitude betweé&nicd 0 6 and YO 0 0
the average temperatures from both ClimateNAtardVCW(Set A) respectivelyD
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is then applied to th&/CW model derived)Yaxw 60 w , to generate a regionally

corrected future air temperatuf¥

The magnitude of air temperature change was applied to the pradiessdair
temperature surfaces for thely 2017 to June 2018 peri@@onnaventure & Lamoureux,
2013) Thisis doneas itis assumethat the locatlimate that hatbeen determined
through this research would be more representatitleeafegionvhereas th€anESM2
and IPCC RCMnodelswere more able to represent change into the fatndeat a global

scale thuscombining topdownglobal circulation mdelsand bottorrup local models.

5.8 Model Comparison

Models generate(Set B) for this researclare comparetb several other
published modelg/hich share a spatial extent with the study af¥eect comparisonare
madebetween the average surfacetamperaturemodelled within this work with the
lower resolution models for the spatially coincident ardashe model created by
Hutchinson et al. (2009nd later further analyzed I§renzle (2017)or the climate

period of 19762010 iscoincident with thistudy, it wasusedas a corparator for both

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

ClimateNA model bywang et al. (2016)This modeltilizesandexpands fronprevious
models such as PRIS&hd ANUSPLINtopographically corrected surfac@¥ang et al.,

2016) This models comparedn an annual basi$he modelsvere compeedin all

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

form difference grids usingastercalculator in ArcGIS.
Equation5: 0 0 0 "Y 000"Y 0"Q0INQ EAH MO
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As the resolution for the models created for the Castle studyvasest higher
resolution than the comparison modéte comparative models were resampled to the
same cell size using the Nearest Neighbor interpolatitimeasomparative models are
discrete area3.he Alberta Climate Records dataset was resampled from a resolution of
10km x 10 kmto a cell size of 10 m 10 m. The ClimateNA dataset was resampled from
a cell size of 4.65 krm 3 km to 10 nx 10 m the rectagular cell size is a result of the
dataset using angular unif&his process did not sert@increase the resolution of the
data but rather just toake the models numerically comparable on a pixel level

(Bonnaventure & Lewkowicz, 2013)

5.9 Surface Laps®&ate Derivation

Theaverage monthly temperature recorded at eacliSsteA) is regressed
against the elvation of each site to determine the rate of change in temperature as a
purely elevational driven variabl&€he monthly averag8LRswerecalculated using the
bestfit linear trend through the least squares methitd input from all sites within the
study area(Cullen & Marshall, 2011)To determine hourl6LR hourly temperature
measurements were regressed again against ele\&ttiBscalcuated for above and
below teelinewere donghroughusingthe same methodsith only stations above or

below the classified treeline being usediébermindapse rates.
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6.0Results
6.1 ObservedAir Temperature

6.1.1 Daily

Daily Air temperature variedeasonally across the watershed fromctiidest daily
average temperatur@1.2°C on January 18, 2018to the warmest of 24.8C on July 7",
2017(Table 3). The monthly range of daily air temperature observed at each of the

stationss presentedn Figure 15.

Table 3: Maximum and Minimum daily averages observed at each sttsdionfrom

July 2017 and June 2018

Station Maximum ( e C) Minimum ( e C)

WC1 20.5(September P -26.9(December 3P
WC2 22.1(July 7 -26.5(December 30)
WC3 23.1(July 8 -29.0(December 30)
WC4 20.2(August 19 -30.4(December 19)
WC5 24.5(August 29 -28.4(December 30)
WC6 19.6(July 7 -22.3(December 22)
WC7 23.3(July 7 -28.6(December 29)
WC8 21.2(September @ -27.8(December 30)
WC9 24.6(July 7) -27.9(December 31)
WC10 21.2(July 9 -31.2(January 13)

WC11 18.3(July 8 -29.2(December 30)
Valley 23.1 Quly 8 -26.4(December 30)
MidMtn 22.6 Quly 8 -29.3(December 30)
Ridge 20.6 August 29 -29.6(December 29)
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6.1.2 Monthly

The month with thédroadestrange of MAT between sensors observed was
September with monthly averages of 13.0 °C observsitleatVC3 and 1.76 °C observed
at site WC4. December observed MAT ranged fr@m8 °C at site WC9 tdl0.4 °C at
site WC4. The aveage range of monthly average air temperature observed within the
study periodvas7.78 °C throughout the yedrhe coldest aerage monthly temperature
observed was February-4tl.6 °C and the warmest month of July with a temperature of

16.9 °C(Table 4).

Table 4: Monthly average air temperatumeeasurect each sensdocationbetween July
2017 and June 2018clusive.ltalics denotes months that have had data infilled.

Station Monthly Average Air Temperature (°C)

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

WC1 l6.6 148 97 34 -23 -81 -36 -11.3 -26 -01 9.0 114
WC2 177 153 91 17 -38 -103 -54 -120 -43 -10 8.1 9.4
WC3 185 168 130 68 -45 -77 -39 -119 -37 0.0 101 101
WC4 127 140 18 -45 -43 -104 -83 -135 -65 15 7.7 7.9
WC5 200 179 114 33 -31 -80 -40 -112 -25 0.9 115 11.6
WC6 147 118 52 -28 -6.8 95 -7.2 -147 -79 -47 6.1 5.8
WC7 180 148 83 04 58 95 53 -183 50 -16 87 8.4
WC8 16.7 151 97 27 -31 90 -44 -118 -29 -10 6.1 10.4
WC9 198 169 105 26 -38 -75 0.1 7.7 14 4.8 129 11.0

WC10 163 134 71 -10 -72 -101 -74 -69 -61 -17 8.1 11.6
WC11 153 131 77 09 -47 97 51 -1834 -46 -10 6.0 8.8
Valley 196 16.7 97 33 -27 -86 -42 -113 -25 05 9.5 11.6
MidMtn 180 158 95 17 -46 -88 -46 -122 -26 13 9.3 9.7
Ridge 158 136 72 -09 -70 -104 62 -145 63 -30 73 7.2
Average 17.1 150 86 12 -45 -91 -50 -118 -40 -04 8.6 9.7
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6.1.3 Seasonahnd Annual

The asonal temperatures varied throughout the WCW from an average across
the network of 13.9C during the summer months of June, July, and AugusBtd aC
during the winter months of December, January, and FebrliaeAMAT as recorded
from the sensor network over theidy period was 2.2C (Table 5). The station with the
coldest AMATwasWC6al0 . 7 e C whi | e twasrecrdedtmE«gat AMAT

5.2 ecC.

Table 5: Average seasondhily meanemperatur@bserved tieach sensor location in
°C.

Station AMAT JJAave SONave DJFave MAM ave

WC1 3.2 14.3 3.6 -7.5 2.1
WC2 2.1 14.2 2.3 -9.1 0.9
WC3 3.8 15.2 5.1 -1.7 2.2
WC4 -0.1 11.6 -2.4 -10.6 0.9
WC5 4.1 16.5 3.9 -7.6 3.3
WC6 -0.7 10.8 -1.5 -10.3 2.1
WC7 1.6 13.8 1.0 -9.3 0.7
WC8 2.5 14.1 3.1 -8.3 0.8
wWC9 5.2 16.0 3.1 -4.9 6.4
WC10 1.4 13.8 -0.4 -8.2 0.1
WC11 1.2 12.4 1.3 -9.2 0.1
Valley 3.6 16.0 3.4 -8.1 2.5
MidMtn 2.8 14.5 2.2 -8.5 2.7
Ridge 0.4 12.2 -0.2 -10.4 -0.7
Average 2.2 13.9 18 -8.4 1.4

6.2 Surface Lapse Rates amyersiors

The monthly averag8LRsobserved andalculated using the best linear trend

through the least squares method varied i@ °C kmt in October ta 2.2 °C km?in
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February(Table 6). Hourly average annu&8LRsranged froni 2.3°C km* at5 AM to -

8.1°Ckm™at 2 PM Figure 16)

Table 6: Average monthly surface lapse rates calculated usingfibbsear regression
(n=14).

Year Month Average The difference from
Monthly Surface Standard Surface
Lapse Rate (°C  Lapse Rate(°C km™)

km)
2017 July -4.2 2.3
August -4.0 2.5
September -7.3 -0.8
October -8.0 -1.5
November -4.6 1.9
December -2.3 4.2
2018 January -5.8 0.7
February -2.2 4.3
March -6.9 -0.4
April -3.9 2.6
May -2.9 3.6
June -4.5 2.0

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

% of thetime (Figure 17). A total of 163 distinct inversion eventgere observedandthe
average lengit was 9 hours and 55 minutes. Averageersion strength was 4.8 °C Km

The strongesthourly inversion was 21.2 °C kkendoccurred on December 312017at

2:00 AM. Themost extensivaversion lasted for 71 houfi®m Decembef" to December

9 of 2017. While inversions occurred méstquently(62.6%) during the warmer periods

of the year (Aprili Septemberfomparedo 37.4% in Octoberi March there werenore
stableinversions present fanore extendeg@eriods of timgeg. 11 hours and 42 minutes

during the colder months (OctatieMarch).
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Figure 16: Observed annual averagafshourly surface lapse rate for the period of the

studyshowing the presence of a diurnal signal.
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Figure 17: The strength and seasonal timing of dailyarted surface lapse rates.




6.3 Regression Models

The modelsand statisticgor each of the surfaces create@ presentedelow
(Table 7-8). The selected variable for the final model veaslusivelyelevation though
statistics for the other nutels will also be presented Trable 9 and Table 10including
slope, TPI, aspecPISR and treelineTreeline was used aglavice to partition thetudy
area and derive separate modetselevationwithin these regionand found to not be
consistenly significant both above and below the deliniaGoassvalidation statisticef
the regression modetse also presented hdfeable 11) showing the difference
determined as a result of an individual station being removed from the modelling process,
thushighlighting the abiliy of the rest of the network of sites to predict the value of the

removed location.
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Table 7: Monthly linear regression modstatisticsthat were generatdzetween July
2017 and June 20M@here monthly average temperature was a function of elevation.
Months where elevation did not have a statistically significardlpe of 0.05 are
indicated by bold and italicizedyalues

July (n=7) August (n=11)
Coefficients  Standard P-value Coefficients  Standard P-value
Error Error
Intercept 24.685 3.13008 0.00053 22.7098 2.36505 5.0*10°
Elevation -0.0039 0.00169 0.0697 -0.0043 0.00128 0.00855
September(n=12) October (n=12)
Coefficients  Standard P-value Coefficients  Standard P-value
Error Error
Intercept 19.894 3.09856 7.6*10° 14.5655 1.91002 1.8*10°
Elevation -0.0063 0.00165 0.00324 -0.0074 0.00102 2.5*10°
November (n=13) December(n=13)
Coefficients  Standard P-value Coefficients  Standard P-value
Error Error
Intercept 4.30949 1.34634 0.00844 -4.2148 1.864 0.045
Elevation -0.0048 0.00072 3.4*10% -0.0025 0.00099 0.02748
January (n=11) February (n=11)
Codficients  Standard P-value Coefficients  Standard P-value
Error Error
Intercept 2.12522 1.56372 0.2072 -5.8446 1.01199 0.00027
Elevation -0.0039 0.00084 0.0011 -0.0037 0.00054  7.9*10°
March (n=10) April (n=10)
Coefficients  Standard P-value Coeficients  Standard  P-value
Error Error
Intercept 5.97932 0.98514 0.0003 5.02038 3.02826 0.13594
Elevation -0.0056 0.00053 5.0*10°% -0.0032 0.00162 0.08436
May (n=11) June (n=11)
Coefficients  Standard P-value Coefficients  Standard P-value
Error Error
Intercept 12.7834 3.23709 0.00336 19.7844 1.08195 2.0*108
Elevation -0.0024 0.00173 0.1943 -0.0057 0.00058  4.2*10°%
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Table 8: Monthly r? values of theelevation and temperatungodels generated foine
WCW between July 2017 and Ju2@18.

Table 9: The Rvalue and Rvalue of Aspect, slope, TPAnd PISR in relation to

Month r?

July 0.51
August 0.55
September 0.60
October 0.84
November 0.80
December 0.37
January 0.71
February 0.84
March 0.94
April 0.33
May 0.18
June 0.91

temperature. Significant-fPalues inbold anditalics.

Aspect Slope TPI PISR
Month R? P-value R P-value R P-value R* P-value
July 7 051 0.07 0.00 0.92 0.44 0.11 0.12 0.46
August 11 0.32 0.07 0.01 0.79 0.23 0.13 0.01 0.77
September 12 0.00 0.92 0.00 0.83 0.35 0.04 0.00 0.90
October 12 0.00 0.86 0.03 0.60 0.53 0.01 0.00 0.96
November 13 0.06 0.43 0.20 0.13 0.53 4.7x10°® 0.00 1.00
December 13 0.06 0.42 0.03 0.56 0.24 0.09 0.00 0.87
January 11 0.00 0.97 0.01 0.74 0.45 0.02 0.13 0.28
February 11 0.02 0.72 0.04 0.56 0.42 0.03 0.04 0.57
March 10 0.01 0.81 0.07 0.47 0.56 0.01 0.11 0.35
April 10 0.26 0.13 0.04 0.57 0.16 0.26 0.00 0.88
May 11 0.25 0.12 0.18 0.19 0.00 0.94 0.17 0.20
June 11 0.02 0.68 0.12 0.29 0.60 5.0x10° 0.13 0.28
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Table 10: The Rvalue and Rvalue of elevation in relation to temperature partitioned by
presence above or below treeline. SignificawiRies inbold anditalics.

Treeline - Above Treeline - Below
Month n R P-value n R P-value
July 4 0.96 0.02 3 0.26 0.66
August 4 1.00 1.1x10% 7 0.15 0.39
September 5 0.39 0.26 7 0.30 0.21
October 5 0.59 0.13 7 0.86 2.6x10°
November 6 0.42 0.17 7 0.96  1.3x10°
December 6 0.49 0.12 7 0.10 0.49
January 5 071 0.07 6 0.80 0.02
February 5 0.85 0.03 6 0.81 0.01
March 4 0.99 3.2x10° 6 0.87 0.01
April 4 0.36 0.40 6 0.49 0.12
May 5 0.93 0.01 6 0.06 0.64
June 5 0.95 0.01 6 0.88 0.01

Table 11: Leaveoneout CrossValidation results showinthe diffeence éC) between
the model run using aloints and the model with one of the points left &atch data
entry is the result of that location being removed for that particular mBlathks
indicate months without complete data coverage and have thus bemrt.left

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

WC1 1.24 056 037 0.15 0.07 0.08 0.04 0.05 0.17 353 0.12 0.09
WC3 0.20 0.00 0.02 0.10 0.14 0.08 0.10 1.73 0.19 0.10
WC4 094 062 040 0.13 046 0.11 0.04 1.04 0.06 0.12
WC5 037 032 026 0.12 0.05 0.04 0.04 0.10 0.12 3.01 0.44

WC6 0.88 049 018 0.14 0.12 0.31 0.03 0.04 0.31 218 0.52 0.30
WC7 0.10 0.12 0.08 0.05 0.03 0.06 0.01 0.05 095 0.11 o0.01
WC8 0.17 0.07 0.05 0.01 0.14 0.07 0.04 0.01 287 058 0.11
WC9 0.17 0.16 0.07 0.01 031 0.10
WC10 146 237 268 144 0.79

WC11 165 224 257 167 094 136 135 197 095 1.08 2.02

Valley 0.23 0.01 042 0.28 0.09 0.29 0.29 0.11 0.21 3.83 0.07 0.08
Mid

Mtn 0.08 0.09 0.11 0.07 0.01 0.00 0.05 0.04 0.10 0.03
Ridge 0.19 003 0.18 0.11 0.18 0.14 0.05 0.16 0.03 0.02 0.07 0.09

Average 045 046 0.62 053 032 025 0.24 019 030 201 0.30 0.28
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Table 12 Averages of the Leavene-out CrossValidation resultshowing the difference
(eC) between the model run usial) points and the model with one of the points left out.
Each data entry is the result of that location being removed for that particular month.

Name Average
WC1 0.54
WC3 0.26
WC4 0.39
WC5 0.44
WC6 0.46
WC7 0.14
WC8 0.37
WC9 0.13
WC10 1.75
WC11 1.62
Valley 0.49
Mid Mtn  0.06
Ridge 0.10

6.4 ModelledAir TemperatureSurfaces

Theair temperatursurfaces creataasing the models outlined aboviaple 7)
are presentebelow Figure 18-27). The moddlied AMAT temperature across the entire

study areaanged from1.8to0 4.5°C with an averagmodelledtemperature 02.1°C.
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Figure 18 Annual mean air temperature modelled acrosS\&V betweerthe months
of July 2017 and June 2018.
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Figure 19: Average January temperature modelled across the WCW, rangingjiom
maximum modelled temperature-8£13°C andthe minimum of8.25°C.
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Figure 20: Average February temperature modelled across the WCW, ranginghieom
maximum modelled temperature-0.75°C to the minimum 0f15.53°C.
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[ -3.99--3.00
[[]-299--200
[]-199--1.00

Figure 21: Average March temperature modelled across the Wi@wging fromthe
maximum modelled temperature-4£54°C to the minimum 08.87°C.
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April Temp (°C)
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[ J401-500
[ J501-600

Figure 22: Average April temperature modelled across the W@ANging from the
maximum modelled temperaturemD2°C to the minimum 0$5.42°C.
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Figure 23: Average May temperature modelled across the WWging from the
maximum modelld temperature d.55°C tothe minimumof 6.39°C.
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Figure 24: Average June temperature modelled across the W&Wjjrg from the
maximum modelled temperature I2.25°C tothe minimumof 4.89°C.
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Figure 25: Average July temperature modelled across the W@wging from the
maximum modelled temperature 18.49°C tothe minimumof 14.42°C.
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August Temp (°C)
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Figure 26: Average August temperature modelled across the Wi@mging from the
maximum modelled temperature bf.01°C tothe minimumof 11.45°C.
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Figure 27: Average September temperature modelled a¢hesgVCW,ranging from the
maximummaodelled temperature &fL.46°C tothe minimumof 3.24°C.
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Figure 28: Average October temperature modelled across the Wa@hgjng from the
maximum modelled temperature4ab5°C to the minimm of -5.02 °C.
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[ 6.99--6.00
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[ 4.99--4.00
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Figure 29: Average November temperature modelled across the Wawing from the
maximum modelled temperature-@08°C to the minimum 0f8.30°C.
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December Temp (°C)
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Figure 30: Average December tempenat modelled across the WCWénging from the
maximum modelled temperature-@t57°C tothe minimum of-10.84°C.

69



6.5Perturbed Climate Models

Three IPCC climate perturbation models, RPC 2.6, 4.5, and 8.5 are presented
below forthree future climateormal periods(Figure 31-33). These models were chosen
to be usedecausehey represent three potential future radiative forcing scenarios
associated with greenhouse gasesssions for low, middle, arfdgh temperatte change
scenams. The average change throughout a calendar year at each future interval for RCP
2.6 is 2.3 eC, 2.9 eC, and 2. 9-200@2081or t he
2070, and 2072100. For RCP 4.5 the average change throughouttheyei s 2. 2 e C,
e C, a n arthe sadne Pective climatermalperiods. For RCP 8.5 the average
change throughout theyeards. 4 eC, 4.4 eC, and 7.1 eC for

normalperiods.
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Figure 31: Measured average momgtsurface air temperatuperturbed along IPCC
RCP 2.6 pathway to 3 future climate normals including 22040, 20412070, and 2071
2100
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Figure 32. Measured average monthly fage air temperature perturbed along IPCC
RCP 4.5 pthway to 3 future climate normals including 262040, 20412070, and 2071
2100
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Figure 33. Measured average monthdurface air temperatuperturbed along IPCC

RCP 8.5 pathway to 3 future climate normals including 22040, 2@1-2070, and 2071
2100
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7.0Discussion

7.10bserved Temperature

The surface aireimperature within the WCW varied daily, monthly and
seasonallyDaily variability in tempeature observed in the WCW presenteétigure 15
and an averagepresentation ifigure 34 showtemperaturérends as a result of
synoptic climate conditionsodified by weather eventsite conditionsand seasonality
causing daily variabilityA clear distinction in variability isie differene betweerthe
maximumand minimum daily average temperature. Minimum average daily air
temperatures were mbstrecordedduring anarcticair massntrusion fromDecember
29"-31% 2017 while the coldest temperatures recorded outside ofithesperiodwere
from sensors at mountain peaks and high ridge tops (WC4, WC6, WG)¢ @). The
occurrence of mximum daily averagesas temporally sporadibtough the warmer
months, thouglpredominantlyencircling an indiidual weather event around Jul-8™,

2017.

Air temperature at a location mag influencedy the contributing upsloparea
similar to water drainagesgardingcold-air pooling as well as the orientation of the
surrounding topographpobrowski et al., 2009)n mountainous regions, especially
within the valley bottoms, thielea of canyon geography plays a role in the redistribution
of longwave radiativenergy(Oke, 1987)which can influence the energpydget of a
location At mountainpeaksthe influence of grfaceareais reducedasthere isminimal
influential surrounding surface area that wintributeto temperature at a sjtethereas

within valley bottomsthe inverse is true.
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Figure 34: Box and whisker plot for the daily axage air temperature throughout the
studyperiod averaged across all sensors within the watershed including mean, median
quartiles, standard error, andtlying data.

A comparison drawn between the climate normal from an Environment Canada
meteorologicaktation in Beaver Mines, Alberta, atite WCW monthly temperature can
give insight into typicality of the study periodigble 13). As January temperatures are
comparable between locations (@3difference)both December and Falary deviate
substantially with a difference of 4¢& and 8.0eC respectivelyFurther, April, October,
March, and Novembaetiffer from Beaver Mines differ in excess aD2C while Mayi
September vary 3.€C or less. This indicasecolder seasons withihe region as being a
highly variable period of the year whereas warmer seasons vary less substotighy

more data collection and observation is needed to support this further
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Table 13: Monthly average temperaturecj of the WCW for the 201-2018 study
period and climate normals from an Environment Canada meteorological station in
Beaver Mines, Alberta for the climate period of 1Z8110.

Month WCW Beaver Mines Difference
January -5.0 -4.7 0.3
February -11.8 -3.8 8.0
March -4.0 -0.5 3.5
April -04 4.4 4.8
May 8.6 8.9 0.3
June 9.7 12.7 3.0
July 17.1 16 1.1
August 15.0 154 0.4
September 8.6 10.8 2.2
October 1.2 5.7 4.5
November -4.5 -1.2 3.3
December 9.1 -4.6 4.5

7.2 SurfaceLapseRates

7.2.1 SLRandlnversions

The WCW region of the Rocky Mountairis characterizetly unique weather
events such as chinooks azald-air pooling(Pigeon& Jiskoot, 2008) While the
influences of chinooks the regiorhavebeen studieith detail(Nkemdirim, 1986;
Nkemdirim, 1996; Nkemdirim, 199The presence, characteristics, and nature of
inversions and inverteSLRs have had significantly less attentiBiudiesfarther to the
northhaveexaminedhe significance of inversions withhigh-latitudemountainous
regionsof western Canadeoncerningoermarfrost distributioflLewkowicz &
Bonnaventure, 2011Yhe characterization of inversions in lowatitude regionss
necessary tpropety understand and dramcomparisorbetween the SLRs in mountains
of bothmid-latitudeandhigherlatituderegions,as well agproviding data fotocal and
regional climate models focusing on similarly affected complex terrarersion prone
landscapes may also influence the current distribution of flora and fauna sensitive to
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extreme minimum temperaturesxemplifiedby speciesuch as the Mountain Pine Beetle
(Dendroctonugponderosagas regions prone to inversions may, nmoeguently,
experience limiting temperatures to sensitive spg8dsanyik, 1978) In contrastthese
landscapes may impattte future distribution of species in the form alianatological
refugiaas a result of consistent ceddt drainage into valleys providing a climatological
niche for speciebuffered against thearming surrounding landscafaundquistet al.,

2008)

Within the WCW it was foundthat there were nimversion eventthatwere
frequentenoughor persisted long enough to invéine SLR at the monthly scalas seen
farther to thenorth, althoughnversions were still present throughailltmonths inthe
study periodWhile theinfluence of inversions on average monthly temperatwess
minimal, as the time step of interest isrgdsed in resolution the importance of the
influence of inversions ab increased hisis not true for northern regions where
inversions arextremelystable during the dominant winter seagBonnaventure &
Lewkowicz, 2013) While inversions are not stable, nor persistent on the landscape of the
WCW for long enough to outweigh tiluence ofanormal SLR, they maycontribute to
the modificationof recreatiorn(skiing/snowsoeing)andfaunalbehaviar including

habitat selection anahigration corridors of temperature sensitive species

The SLRs observed through the work Gullen and Marshall (2011jsing the

Foothills Climate Array (FCAfare compareth Table 14 againstSLRsobserved within
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the WCW. The FCA extends fmoregions East of Calgary, Alberta into the Rocky
Mountains to the Continental Divide to the west, encapsulating similar topography and

experiencing similar weather and climate as the WCW.

Table 14: Average monthl\5sLRsobservedn the WCW for the year 201¥8 compared
against the average montt8yRsobserved at the FCA for thiene periodof 200509
(Cullen & Marshall, 2011)

Month Average Monthly SLR Difference
Monthly SLR  (FCA) (°C km™) (°C km™)
(°C km)

January -5.8 -2.3 -3.5

February -2.2 -1.5 -0.7

Mar ch -6.9 -4.1 -2.8

April -3.9 -5.6 1.7

May -2.9 -6.6 3.7

June -4.5 -5.8 1.3

July -4.2 -4.6 0.4

August -4.0 -4.5 0.5

September -7.3 -4.9 -2.4

October -8.0 -3.7 -4.3

November -4.6 -3.7 -0.9

December -2.3 -2.6 0.3

Average -4.7 -4.2 -0.6

The difference in observesl Rsbetween the two study areas is most notable in
the month ofOctober where there is a difference-4 °C km followed closely by May
and January, with a departure of 37km* and-3.5°C km* respectively. These
differences could be as a result acdather extremesccurring during the WCW study
periodand the moderating effect of the FCA da&ngan averagef four yearsFurther,
the difference coultde also battributable to, in part, chinooks that occur with more

frequency insoutherrAlberta compared to more northern regigNkemdirim, 1996)
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Daily SLR signals were also compamadnthly to observe if seasonal patterns
were apparerntn the wintermonths Figure 35).There are no periods of time that are on
average inverted, thoughe observed SLRs asebstantially lower than the often
assumed SLR 06.5eC knmt (Minder et al., 2010fTable 6). This highlights potential
drivers and controls on inversions between seasons where in the summer they are driven
by the diurnal cycle and solar heating whereas during the winter they arennereby
regional or synoptic weather conditions in addition tarsmfluencesThis leads to the

dissimilar average January SLR observed as a result of frequent chinooks.
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bbb L

_1)1 Y
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Figure 35: Hourly surface lapse rates of WCW throwogiithe period othe study
separated into monthly averages.

SLRswere also derivetbr above and below treeline following studies that

highlight the different SLRs exhibit in these regighswkowicz & Bonnaventure, 2011)
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The average daily SLR signal showetween above and below treeline regions exhibits

an opposing relationshigrigure 36). On average, regions below treeline only

experienced aormalSLR during periods of the day widrongsolar radiation. At the

same time, ab@vtreeline SLRs experience two hours of slightly inverted legiss,

potentially as a result of solar radiation only being cast upon the exposed upper portion of
the topographyThis difference in SLRs at treeline has been noted in research by
Bonnaventure and Lewkowicz (2018)ing the difference in mixing capabilities in these

two regions aga possible explanation.
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Figure 36: Theaverage hourlsLR observed for each hour within a day throughout the
year differentiated between above and below treeline regiths the WCW

Daily inversionfrequencyshowed a seasal signal Figure 17, Figure 37) where
the period ofApril T Septembedisplayed atrongdiurnal cycle where inverted SLRs
occured most frequently in the early morning hours, contrastaddperiodOctdberi

78



Marchthat showed a muted diurnal signal and are more consistently present throughout
the dayApril i Septembesaw 904 hour§10.3 % of the yeanf inverted SLRs within

the WCW sensor network whergg Octobei Marchperiod only 715 hourg.2% of

the year)consisted of inverted SLRepresenhg a total of 18.5 % of the year within the
WCW. This differs substantially fronfocations in the far nortivhere inverted winter

SLRs have been observed to occur more than 50 % of théSmmith & Bonnaventure,

2017)
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Figure 37: Frequency of inverted surfacaplse rate presenbéned hourlyovera day
compared between thearm seasomonths of April to September (orange) amttl
season months @ctober to Marchiue)within the WCW
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7.2.2 Chinooks

A common meteorological event in Southern Alberta is the Ckinglated to
otherwinds in otheparts of the worlduch aghe FoehnNorth-wester, anderg of
Europe, New Zealand, and South Afrregpectively(Nkemdirim, 1986; Kemdirim,

1996) These eventare driverby the relationship between prevailing winds such as the
Westerlies, and thimpography of a region that generally is perpendicular to the flow of
air (Nkemdirim, 1996) Chinooks events arcommonly associated with a sharp increase
in air temperature to an unseasonably warm high followed by an equallyrsharptoa
coolertemperaturéNkemdirim, 1996) For the WCW study regigthese patters were
observed frequely (Figure 38-39). Accompanying thigattern there is an increase in
gusty westerly winds, @ha drop in relative humiditievel (62 % to 47 %) (Brinkmann,
1970; Nkemdirim, 1996; Cullen & Marshall, 201T)p assess theniqueSLR observed

in January of 2018T@ble 6) in contrast to thadjacentvinter months of December 2017
and February 2018 chinooks were identiféeeda possible explanatory mechanism

(Figure 41).
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In January 2018pur chinook events wersubjectively identified based several
characteristicsThese includethdicative chinoolpatternssuch asl) periodsof a sharp
temperature increasg) a commensurate decreaseatativehumidity, 3) an increase in
wind speedas well as4) a change in windirectiontowardspredominantlygustingfrom
the west Thesedentifiedevents encompassed 77.4 %hed monthof January(Figure
41) bringing the aveagedaily air temperatures the WCWabove 0LC at times.Thisis
substantiatetdy the monthly temperatures d¢fea WCW sensorsTable 4) where the
average surface air temperature is was observed-to(& in January in comparison to
December and February-8t1aC and-11.84C respectivelyNkemdirim (1996¥ound
thatchinookrich winter seasonal averaglead temperaturegreater than5.0eC, and
while the seasonal average does not exee€aC, the January average does
Accompanying chinook events are high wind &umbulentair masesthatare channiéed
down and through the Eaéfest trending valley of the Rocky Mountaifddkemdirim,
1986; Nkemdirim, 1996)This eventoupled with he winter pregalence of inverte®LRs
can lead to a unique interaction where the turbulence of chinook winds may result in the

breakup and sequestration of celdr pooling and drainage.

December and Februaspowlittle to nochange irSLR across topgraphywithin
the WCW while in January, influenced by chinoolshjows a seemingy normal SLR
development (-5.8°C knt!). The influence of chinooks not ontyodifiesthe average air
temperature within the watershed, bbhaingeshe relationship betweenngerature and
elevation away from what migbe expecteth a chinookweakwinter. In the past 113

years, there have only beminstances where the monthly average temperafure
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Januarys above-5.0¢C, and onlytwo instances where the seasonal winter average is
greater than or equal t6.0aC inthe WCW(Figure 40). Thesedatawerederivedfrom

ClimateNA record¢Wang et al., 2016)rhis means thatwhile it is showing a

temperatur@anomaly it also represents a substantial stuftvards a normal SLR
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Figure 40: Winter average and January average temperatures over frontol2013
derived from ClimateNAWang et al., 2016pr the WCW region.
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Figure 41: Identification of potential chinook events using daily average winddspad
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period Data from Pincher Creek Climate Station, data provided through Alberta Climate
Information Service
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7.3 Regression Models

The statistical significance of the models gener&ethis research is
inconsistent and variab(@able 7-9). Only when temperature was regressed against
elevation was the statistical significance of thkationship consisterfTable 7) where
only the months of July, April, and May were falito have Rralues greater than 0.05.
This indicates that during these warm summer months there are other explanatory
variables that cabe used in conjunction with elevation to appropriately model
temperature within the watershékpect, TPI, PISR, anslope proved to be poor
predictors of temperatu(@able 9) and only TPI yielded any statistically significant
relationships, though inconsistent. Treeline, in conjunction with elevation, also was
significant througout much of the study period though it was inconsistent for both above
andbelow treeline, as well as temporafljable 10). With such a small number of
stations within the region arahly one seasoanf databeinganalyed the variabilityof
thedata collected may influence the significance of the explanatory varabkesesult
of weather eventsContinued collection of data in concert with additional sires an
improved sampling distributiowithin the netwok would serve to reducéie variability
in model performancand significancas well as improve statistical significance
Analysis and inclusion of further potential explanatory variables supbtastialsolar
radiation, albedo, and evapotranspiratiayuld be appropriate andgientially improve
thespatial models. This is especially true with concern to solar radiation, as it was found
that the placement of stations had an intrinsic bias where the relationship between

temperature and PISR was found &xikasavith increasing PISR.
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7.4 Spatial Models

To gain further insight into the interpolated surfatles mean surface air
temperaturavascalculatedor elevational bands of 10@ within the watershed. By
doing this, the noise of the surfasemutedandrelationships between elevation, time of
year, and temperature can be obsesptifically in regards to slopd the lapse rate
(Figure 42). The expected signal ofssasonashift in air temperaturess observedbut so
too is the elevational influence especially during tteéd dominantmonths.The chinooks
occurring during the winter monthBigure 41) seem to be a substantial driver in the
SLRs regionally, represented not only in the SLRs obseadul€ 6) but also the
elevational shift imoddled SLRs derived for the WCWF{gure 42). It is tobe noted
that December and February have very little chandenadefinite pattern of cooling in
average temperature with elevation whereas January exaiitsngnormalelevational
SLR (Figure 42) in response to the presencechinooks.January through April all show
a slight average cooling effect being modelled atadkekt elevations, potentially

indicating inverted lapse rates present within this 200 m elevation region.
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7.5Model Comparison

To draw attention to potential oversight when modellirgpeciallyas a result of
largeand unrepresentative cell sizeghin regions of complex topographg
comparative analysis wa®neby determininghe difference between smaltale models
against the models generated through this reseBigiré 43-45). It is tobe notedhat
while there is only ongear of datdbeing comparetb models thaare derivedrom
multiple years bdata, this analysis still provides insight into seasonal or annual over or
underestimation of temperature as a result of the complex topography not being
represergdwithin thecell size of broader modelBurther, the differences seen between
models maye also as a result of errar uncertaintyn the models derived through this

research.

Thestatistics drawn fromhee differential surfacegresented iffable 15, provide
insight into where the larger models are the furthesydman the spatial models
specifically generated for WCWhe Alberta specific model bgienzle (2017 )aligns
well, on average, with the WCW model when comparetually where the mean
difference betweemodels is 312 gC. Seasonally this is not true, wheresiimmerand
fall the mean wasl.51 aC and-2.74¢C respectively while invinterandspringthe mean
was2.90aC and2.47 &C respectively. This shows that there is a seasonally biased
difference between models. Wwinterandspring Alberta ClimateRecords modelled
warmer temperatures while summerandfall cooler temperature were modelled.

Differential surfaces comparing ClimateNA to the WCW models, showed a bias to cooler
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temperatures as the mean difference W&5 aC. In summerand fallseasonsmodels for
this research derived temperatures at mountain tops that were coolattbda Climate
records modelled while alsnodédling warmer valleys, though mislope regions were
within one degreef difference The foremostdeviation between the two models for these
months is the valley temperatuveing underestimated he discrepancy for winteand
spring seasons the inverse wherglberta ClimateRecordamodé predicted warmer
temperatureacross the WCVih compaison tothe WCW specific model$Jid slopes

and valley bottoms in specific cells were within one degree of difference while the
remainder predominantly overestimated temperatures in the watersheateGlAmodel
difference surfaces are predominantly uedémating temperature throughout the
watershed. Underestimated temperatures are constrained to valleys for the most part while
temperatures are overestimates at mountain tops. The model alignsmweksiope

regions as well as relatively flat topograplregions of the watershed. As ClimateNA
data used to derive these difference surfaces is from the climate normal €f9B85the
differences observed could be indication otlimate change or theariability of asingle

year compared to an average36f

The spatial surface air temperature mogeésented within this worontain
orders of magnitude more data in contrast to both the Alberta Climate Records dataset
and ClimateNAas a result of natelling at a resolution of 10 m10 m Both Alberta
Climate Records and ClimateNA datasets lack in their ability to describe the variability
present within mountainous regions as a result of size of Gelldg 15). For example in

a single cell of ClimateNA, the elevation range préeseh459 m- 2502m and the
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modeled temperature 1sOaC whereas the models for this research provided arcege

range in AMAT of-1.2aC 1 3.9¢C. In a single cell of Alberta Climate Records elevation

ranges fronl385 mi 2613 m, modeled an AMAT temgure of 1.1eC, while the

expected range of temperature modeled through this research.WeSi 4.3¢C.

Table 15: Differential surface statistics between ClimateNA (Wang et al., 2016) and
Alberta Climate Records (Kienzle, 201ahd spatial models derived for this research

Max Min Mean Standard
Deviation
Alberta Climate Records
Annual 4.90 -3.14 042 1.52
DJF 6.18 0.12 2.90 1.18
MAM 7.44 -1.50 247 1.70
JJA 2.67 -4.76 -151 140
SON 2.75 -6.98 -2.74 1.8
ClimateNA

Annual 2.91 -3.16 -0.95 117
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Figure 43: Difference of AMAT derived for this study area and MAAT for the 1970
2010climate period prepared l§ienzle (2017¥ollowing the work ofHutchinson et al.
(2009) blue ndicaes regions wherdlberta ClimateRecords modelled a cooler
temperaturgandred ragions show places modelled to be warmer in contrast to surface air
temperature derived for this research. Yellow indicates places witleidegreg°C) of
difference.The grid shows the cell size of the comparison m@ekm by 10 km)
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Figure 44: Difference of seasonal mean temperature derived for this study area and
seasonal mean temperature for the 12000 climate period prepared Kyenzle (2017)
following the work ofHutchinson et al. (200944A) Winter: DJF,44B) Spring: MAM,

44C) Summer:JJA 44D) Fall: SON. Bluecoloursindicateregiors whereAlberta
ClimateRecords modelled a cooler temperatarared regions show places modelled to
be warmer in contrast to surface air temperature derived for this reséakliol

indicates places withionedegredge Cof difference.The grid showshe cellsize of the
comparison moddtl0 km by 10 km)

92


































































