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Abstract

Air, ground surface and top of permafrost temperat{ire©P)were measured at 58 sites
in three areas of Yukon and northern British Colunibiarder to:(1) explorerelationships
betweerclimate permafrostransfer functions and environmental variab(@3assess and
validate the TTORnodel, and3) attempt the first implementation of the TT@#del(Smith
and Riseborough, 1996, 2008y these regions with complex terrairhe strongedtactors
controlling climatepermafrost transfer functions are elevation and land cover, though slope,
aspect, topographic position and surficial geology were also investigate@DO0iterations of
the modelsing random equally possible scenarios, 64%heT TOP-model predictions were
within £1°C of measured valuesyesult that i$% better thampplying asimple3°C At ot al
of fseto to the mean annual air temperature. A
model is most sensitive to changesniow, thermal conductivity of the ground and summer air
temperatures. A land cover driven TT-@f®del waghen developed and implement&the
model correctly predictsigh likelihoods of permafrost (>&).for sites withpermafrospresent

and lowlikelihoods (< 0.4)for nonpermafrost sites.
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CHAPTER 1: Permafrost and climate monitoring

1.1 Research objectives
Thethreeobjectives of this research are (1) to investigate relationships betweereclimat
permatfrost transfer functiomsd environmental variables, (2)testthetemperature at the top
of permafrost model (TTORodel) developed bgmith and Riseborougl1996, 2002)and (3)
to predict the spatial distribution of equilibrium permafrost by implementing TiP-model

The three study areas are Atlin in northern B.C. and Dawson and Whitehorse, both in Yukon.

The fivechapterof this thesis address teresearclobjectives. The first chapter
introduces th@rojectby summarizingrevious researcanddescribinghethreestudyareas.
The second chaptaddresses the first research objective throusfatsstical analysis of climate
permafrost transfer functioms relation to environmental variable$hethird chapteraddresses
the second research questioncbynparing the results of tAiefOP-modelto a largefield
dataset The fourth chapter addresses the third research question by implentieafifigOR
modelthroughouthe study areaginally, thefifth chapterdiscusses the results in relation to the

literature and concludes the thesis

1.2.  Background

1.2.1. Permafrost and climate

Permafrost is any earth material that remains at or below 0%@darr more consecutive
yearsard it is responsible for unique geomorphic processes and featureatbathbelow the
ground surfacACGR, 1988) At a regional scalgpermafrost is controlled by climadadit is
generallypresenpnly where themean annual air temperature (MAAIS)at orbelow-2°C

(Lewkowicz et al., 2012Smith and Risborough, 1996; Throop et al., 201Ppcally, other



factors such as snow cover, vegetation, soil moisture and topography control its distribution
(Williams and Smith, 1989Higherlatitudes generally have deeper, colder and more extensive
permafrost due to colder air temperatures, although permafrost may also be found at lower
latitudesin suitable mountaienvironmentgFigurel). The spatial distribution of permafrost
varies fromcontinuous (>90%}Xhroughextensive discontinuous (8D%)andsporadic
discontinuous (150%)to isolated patche$<10%)(Brown et al., 1997)Other characterigs of
permatfrost include, for example, tteermal regiméi.e. warm vs. cold)icecontent(i.e. ice-rich

vs. icepoor),depth(i.e. deep vs. shallow) and locatioe( terrestrial vs. maringfFrench,

2007) Permafrosterrain generallynas an active layer that freezes and thaws annually due to the
seasondfluctuation of air temperature and a deeper base layer that remains perenniallyArozen.
talik may form a residual thaw zomvehen the seasonal freeziafjthe groundloes not reach the
permafrost. Tie thermal regimef the ground isransienin natureand thedepth of the active
layervaries The permafrossurface or thetop of permafrosts an equibrium conceptbetween

the active and basayerof permafrosthat isused to simplify thenfluenceof climate on
permafrostLachenbruch et al. (1988gfine the climatg@ermafrost relationship as the

difference between tHdAAT, the mean annual ground surface temperature (MAGST) and the
top of permafrost temperature (TTOB)mith and Riseborougl2002)demonstratethat TTOP
ranges from 1 to 6°C warmer than MAAT the Arcticand thetypical southern limit of
discontinuous permatfrost in Canada corresponds td t@eMAAT isotherm while the southern
limit for the continuous zone is th8°C MAAT isotherm.Smith and Riseborougt2002)

showed that in theory, ttemuthernimit of the discontinuous zone is controlled by the thermal

conductivity of ground materials atige northern limit is controlled by snow cover.
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Zones with grennially cryotic conditionencompassoughly 24% of the expeed land
area of the Northern Hemisphédfieéngjun Zhang et al., 200@nd about 5% of the Canadian
landmassKigurel; Brown et al. 1997; Henry and Smith 200R)ojected climate warming
the near future is expected to be more significant at high latitudes due to feedback processes that
occur in polar environments (Arctic Climate Impact Assessment [ACIA], 2005;
Intergovernmental Panel on Climate Change [IPCC], 2013; Arctic Monitoricig\asessment
Programme [AMAP], 2012). Permafrost is expected to warm and to decrease in spatial extent
due to ts strong coupling with climat&®MAP, 2012; IPCC, 2007)in the Northern Hemisphere
warming permafrost has been observed in Alaska, Canada, Asia, and Eegdottom et al.,
2012; IPCC, 2007)Nearly all permafrost beghmonitored in North America has warmed during
the past 280 yeargSmith et al. 2010)Regional climate models project that by 2080 the total
area occupied byearsurfacepermafrost worldwide will be reducédxy between 65 and 81%
(Arctic Climate Impact Assessment (ACIA), 2005heconsequences @hanges in permafrost
conditionsincludechanges to the magnitude and frequencyewhazardssuch as rock fadl
(Gruber et al., 2004; Isaksen et al., 2Q1dfyrastructure challengesaused byhaw settlement
and adeepening@ctive layer(Gavrilova, 1993; Nelson et al., 2002nd a positive feedback to
the global climate system due to the releasreénhouse gasses from thawanganicmaterias
(Schuur et al., 20098 1obally, there is increasing interest towards understanding the human

permafrost system and how it may change in the future.

1.2.2. TTOP modelling
Spatial predictions of permafrost conditions geaerally achieved through diremt

indirect observations, robust thermal models (¢hg. Stephan Model or th€udryavtsev



Model), and geospatial datas¢Riseborough et al., 2008)he two broad modelling frameworks

are empiricalstatistical models and procelsased numerical models.

Empiricatstatistical models are steadiate models that use regression functions to
associate the presence of permafrost to-tpeatic factorssuch aselevation, slope and aspect
(Harris et al., 2009; Hoelzle et al., 200This type of modelling omits the complexities of
ground surface exchanges (elgtent heat exchanges during the frebaek period, heat flow
through the snowpack, etc.) resulting in relatively simple nsog|uiring limited inputs. These
models generate permafrost probability or mean ground temperature values in the form of a
gridded surface outp@Bonnaventure and Lamoureux, 2013; Riseborough et al., 2008le
they are relatively simple to compute and generally accurate, emysitatesitical models need to
be recalibrated for different environme®&seborough et al., 2008For example, the basal
temperature of snow (BTS) model was first conceived for modelling permafrost in the Swiss
Alps, and has since been adapted for central Europe, Japan, Scandinavia, and North America

(Riseborough et al., 2008)

Processoriented numerical models are more complex and incorporate modelled energy
fluxes between thatmosphere and permafrostd, solar radiation, turbulent heat fluxes,
surface albed@ndheat conduction). These models require large amounts of datatnd
permitting theyallow madelling through space and timrocesriented models enable
surface temperatures to be computed, and thermal conditions at depth to be e¢imated

Riseborough et al., 2008)

Empiricalstatistical modelling has been undertaken for Yukon and northern British

Columbia (Bonnaventure et al., 2012) but progassnted modelling has ndhese models are



not yet practical for areas with limited data availability like Yukon and sontBritish

Columbia One of the goals of this thesis is to fill tiysp

The TTORmodel Equation 1.)is a physicallybased equilibrium model that predict
TTOP based on air temperature and two offsets that account for surface and subsurface site
characteristicsKigure2; Smith and Riseborough 1996, 200Rirst, asurface offselinks air
temperature to ground surface temperature by applying freezing avidgmafactors to the
climate indices of the air. Secondth&rmal offsetinks ground surface temperature to the TTOP
by applying the thermal conductivity ratio of the active layer to the climate indices at the ground
surfacelRomanovsky and Osterkamp, 1995TOP can therefore be expressed as the sum of air

temperature, the surface offset and the thermal sffset
“Y'YO 00 606 YYol QOHQQ ORI 4 H@QI Qo [1.1]

The TTORmodel has been used to assess the impacts of climate change on permafrost
(Smith andRiseborough, 1996jo0 map permatfrost at a continental s¢dlenry and Smith,
2001) and to assess tleBmatelimits of permafrost i{Smith and Riseborough, 2002
addition, the TTOHNodel has been ad to map permafrost distribution in Colorgdanke et
al., 2012) Norway(Gisnas et al., 2013; Juliussen and Humlum, 208&ska(Kerkering,

2008) and the Mackenzie regi¢B8tevens et al., 2010; Wright et al., 2003)
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Surface offset
The surface offset represents the net difference between the mean annual temperature of

the air andf the ground surfac€&smith and Riseborough, 2002ndis calculated as follows:

Yo 1 "QH@QI Dod OV b 6 Y [1.2]

In the Arctic, he surface offset is generally positive (MAGSMAAT) although
negative offsets may exist where snamd vegetatiors minimal orabsenor in very arid
conditions(Guglielmin, 2006) Influences on the surface offset inclute wintersnow covey
shading by vegetation summerand the presenc® absencef permafrostAt a local scale,
land coverand snow cover botstronglyinfluencethe ground thermal regime. For example, a
well-developedregetation canopy can cable ground surfaceelative to the aim summer g
blocking incoming solar radiation whereasleep/long snow cover can watime ground surface
by insulatingt from the cold winter air anceducingthetransferof heatbetween the ground and
the atmospher@soodrich, 1982Smith and Riseborough996) Theserelationshig can vary
greatly withinsimilar ground surface conditionislene et al(2001)suggest that these types of
variations may be attributed to the migwale variations of soil moisture. For exam@ebler
et al.(2011)measured variations of more than°Z%vithin distances of less than 14 m in

homogenous terrain.

Seasonalreezingand thawinglegreedays(F/TDD) are used to quantify the intetysof
positive and negativiemperature variations in the ai)) @nd at the ground surfacg (
(Karunaratne and Burn, 2004)hese indices have long been recognised as impadatrols on
permafrost anavereusedin the pasto estimate the depth of permafrost when ground

temperatureserenot availablgCrawford and Boyd, 1956/TDD are calculated as the sum of



theabsolute values of thmeasured negativand positive mean daily temperatures (MDT)
duringthe freezing and thawing seasomkese can also be expressed as-tengerature
integrals when teperature measurements are sparse or incon(legee et al., 2001; D. W.

Riseborough, 2003)

"00'0 OobdoYmd n Yoo Wwwd 0Y nd [1.3]

Where Tstart and Fsrart represent the beginning of the thawing and freezing seasons
and MDT represents the mean daily temperatDuerently, there is naniversallyaccepted
definitionto distinguishthe transition between freezing and thawing sea@ismas, 2011)Air
temperatureoften oscillate above and below 0°C for a number of days during the shoulder
seasons with relatively small atitpdes. During this time the ground surface can remain near
0°C due to the release of latent heat from the grolumithg freezeup in the fall, or due to melt
water percolation through the snowpack in the spring. Some have used the ground surface
temperatre to define the seasofesg, Klene et al. 2001; Juliussen and Humlum 20279
others have fit sinusoidal waves to air temperature data in orgezdict thetransition between
seasonge.g, Wright et al. 2003)The impact on the TTOP modelsultsof theseadiffering
definitions has not been assesdmdit is not likely to playa significantrole dueto the small
amplitude of oscillations the shoulder seasaria this study, welefinethe startof the thawing
and freezingeasonss follows in the springthaw starts on therst dayof a group of
consecutive positive MDAThat when summedutweigh the sum of all futureegativeMDAT

for that seasomhe opposite logic is used definethe start of the freézg seasorn the fall.



Transfer functionsermedn-factors enable a numeric parameterizatlwetweenr/TDDg
and F/TDD\ (Jorgenson and Kreig, 1988uhardini, 1978; USArmy, 1950) The seasonal
freezing r) and thawingNt) n-factorsare calculated as the ratio between degia@es at the
ground surface and in the air and can thereforaldéplied respectively by=/TDDa to obtain
values of FTDDs (Karunaratne and Burn, 2004)

., "0 . YO
V' To NV Fo [1.4]
Thermal offset

In equilibrium conditions TTOIB measured at the bottamfithe seasonally active layer
The thermal conductivigs of seasonallyhawed and frozen ground materimiiuence the heat
flow upward or downwarthrough the active layethe thermal conductivity ratio (g is the
ratio between the conductivity of thawedkand frozen () materialslf TTOPis not known
at a given location, it can be calculated usingMi#¢5ST and thethermal conductiviesof the
ground The thermal offset describes the difference betW¢AGST andTTOP due to the
cumulative effect of Kand Kg, and is negative when the conductivity of frozen ground materials
is higher than that of the thawed val&odrich, 1982) In solid bedrock, there is little to no
thermal offsetgndno latent heat exchang&hich means that thdifferencebetweerMAGST
andTTOP approachegero(D. W. Riseborough and Smith, 1998;rdbp et al., 2012)Positive
thermal offset have been measured in dry areas of Antar¢Geaglielmin, 2006) The thermal
offset is therefore calculated as the difference between TTOP and MAGST:

- 0 Y@ 'Y
YRI G O®QI TEYOD 0D 0 'OY¥ = i

[1.5]
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TTOP summary

The advantage of the TTOP model is that it bundles complex processes into simple
offsets and indices. Surface interactions are summarizedaasors and the ground thermal
conductivity of the active layer is summarized in thevRlue. The disadvantagesthe TTOP
model are that it oversimplifies complex site parametersansgequently, for examplg,does
not account for the spatial or temporal variability of ground ice and unfrozen moisture.
Notwithstanding these drawbacks, the TTOP model was clios#ns project because a
physical model of permafrost distribution has pviouslybeen developed for the Yukamd
becausd TOPis the most complex model that can be used given the limited data avdilable.
should be underlined that this is a steathte model and only works for permafrost that is in
thermal equilibrium with climateThe TTORmodel can therefore be expresssdSmith and
Riseborough 2002

.2 Y0 YD 0 O®@
YYu 0 5 [16]

1.2.3. Permafrost and the landscape

Permafrostan befound in diverseparts of the landscape, rangiingm exposed mountain
tops to peat plateaus in lowland regions. Permafrost is controlled by the landscape in many ways
and in turnit plays an active role in shaping the landscape. Polygonal netimofkstic
lowlands are a good example of this. Other examples inpinge development ifine grained
materials thermokarst development in degradingiicd permafrost, and slope processes in
mountain environments. In this wagpographic attributesand cover and surficial geology
have a combinenhfluenceon permafrosdistribution anccharacteristicsTopographiattributes

and land cover work together¢ontrol the surface offset becauseldir influence orshading
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and snow distributiorand bpographic parameters and surficial geology control the thermal
offset because dheir influence orthe thermal conductivity of ground materials amdhctive

layer hydrology.

Mountain permafrost is permafrost in mountain areas and can be charactetised by
intense local heterogeneity of environmental variaf@siber and Haeberli, 2009)opography
influences snow cover and snow distribution, vegetation growth, soil hydratatspil type.

More specifically, topographic attributes such as aspect, slope, terrain curvature and incoming
solar radiatio are expected to influence permafreshperature and distributioRor example,
southfacing slopes in the northern hemisphere receive more solar radiation, especially in winter

and seep slopesccumulatdess snow because of snow sheddingto snowpack instability

Vegetation, or land cover, has a Horear relationship with the presence of permafrost
and it is better understood when combined with topogréigitemer et al., 2011Natural and
anthropogenienvironmental change (e, forest fre and infrastructure developmgatsohave
widespread impacts dhe thernal regimeof permafros{Shur and Jorgenson, 200Fpr
example, forest fires typically cause degradation because of the stiddegen surface
conditions,i.e. changes ivegetation, incoming solar radiaticandsnow covel(Burn, 1998)

The response of permafrost to environmental change depends on the type of permafrost affected
and the type of change that has occurgir and Jorgenso@{07)proposeda classification

systemof permatfrost thaincorporate the complex influences of climatecologyand time (e.g.
climatedriven permafrost, ecosystemnotected permatfrost, etc.). This classification highlights

the diversity of permafrost environmeimsterms ofvegetation, organic mat, ground ice, gtc.

and that classifying permafrost by extent ignores, for exantipé characteristics of the ground

thermal regime and its sensitivity to change (e@gvironmental, climatic, etc.).
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Nearsurface air temperature lapsses (SLR) are critical to the spatial modelling of air
temperature from weather stations in maumbus terrain. It is often assumed that the mean
annual SLR is0.65°C / 100 n{Glickman, 2000; Minder et al., 201®)ough seasonal and
spatial variations such as winter inversions and continentality are meseeped by this annual
average. Cold air drainage in valley bottoms causes positive, or inverted, SLR during cold nights
(Rolland, 2003) or during the winter seagdanowicz, 1999; Lewkowicand Bonnaventure,
2011; Lewkowicz and Ednie, 2004; Li et al., 2013)ear skies lead to less intense radiative
cooling that results in a stable stratification with the dense cold air sitting below warmer air
(Kattel et al., 2012)Below treeline, the strength of winter inversions in the Yukon is well
correlated with the degree of continentality meaduas the difference between the mean
monthly air temperature in January and in Jugwkowicz and Bonnaventure, 201 8imilarly,
inversions in Chinaverewell correlated with relative humiditiLi et al., 2013) Inversionsvere
documented in many parts of the world: in the northw{@gtang Provinceof China inverted
winter SLR are +0.3°C / 100 thi et al., 2013) in southcentral Idahpwinter inversions can be
+0.1°C / 100 m in cold and dry regiof®landford et al., 2008)and in the Dawson region in
northwestern Canada annual SLR below treeline a@ %0./ 100 m(Lewkowicz and
Bonnaventure, 2011More extreme values exist on the John Evans Glacier on theoeasof
Ellesmere Island where daily inversiomeremeasured to be +1.5°C / 100(@ardner et al.,
2009) A good understandingf the behaviar of surface lapse rates above and below treeline
during all months of the year allows predictions of mean annual air temperatures to be made for

unmonitored sites (e.d-ewkowicz et al. 2012)
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1.3. Study areas

Three study aredsetween 8.1 and 9.5 thousand square kilometeze selected for this
thesis: Atlinin northern British ColumbiaandWhitehorse and Dawsan Yukon (Figure3). In
addition to having at least one lestanding Environment Canada weather station and multiple
University of Ottawaclimatestations (se&ectionl1.4for meteorological data), the study areas
are distributed along a nortouth tansect from roughly 58 to 64N andalso along a
continentality gradient, with Atlitbeingthe least continental and Dawdogingthe most. This
results in differingclimatic and permafrost conditions addition to unique physiographic

characteristics

The Atlin study area is a mountainous environment with the highest probability of
permafrosfoundabove treeline. The Whitehorse study area borders the transition between the
Coast Mountains and the Yukon Plateau and is on the boundary between sputa&ieasive
discontinuous permafrost. The Dawson study area is characterized by a large range of
temperatures throughout the year, strong winter inversions, and extensive discontinuous
permafrost. Mean monthly air temperature normals from 248D showfat the Environment
Canada weather stations in each area experience similar air temperaturdsiipwite
Dawson as the warmed5.7C) then Whitehors¢14.3C) and Atlin (13.4C). In January

Dawsonis thecoldest ¢26.0°C), then Whitehorse-15.2°C) and Atlin (12.8°C) (Figure4).
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Figure3: Location map oouthern Yukon and northern British Columbia with study areas
outlined in blag, they areAtlin, Whitehorse and DawsoMap projection isYukon Albers
Basemap: ESRI World Imagery, 2014.
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1.3.1. Atlin, BC

The Atlin study areaq535km? centred or59.6°N, 1337°W) is located in northern
British-Columbia and borders Yukon to the north and Alaska to the southvgstd3; Figure
5). The study area is a mountainous environment that ranges between 37 anda®©ie sea
level (a.s.]). This region is broadly characterized as having sporadic discontinuous permafrost
and isolated patches of permafrost towards the Pacific Ocean in the so(Braest et al.,
1997) Bonnaventurest al.(2012)predict a similar distribution witBTS modellingwith the
exception that permafrost can be extensive discontinuous or continuoudraietiie (roughly
13001400 ma.s.l). In addition, ground icevasobserved irthe pasin apalsa located in a
valley bottom at approximately 1000ars.l.(Seppald, 1980)The Atlin area waglaciated at the
time of the last glacial maximur21 ka)but only a small portionf the study areatill has
glaciess (Figure5). This area is a part of the Cod&buntainsecoregiorin the southwest and the
Teslin Platea@coregionn the northeast. Land cover is dominated by coniferous forest and
isolated patches of deciduous and mixed forests up to aboutl2800m asl., shrubs are
generally present between 1000 and 140831, andabovethe shrubsnalpine zones present
(Figureb). The transition to the alpine environment isidap the Coast Mountains as slopes are
generally steepvhereas the transition is slow in the Teslin Plateau due to gentler Stape® (

5). Consequently shrubs aguy a larger portion of the landscape in the northeast of the region

There are twelve University of Ottawlmatestations in the Atlirstudy areaThey are
described in the followingection Figure6 displays photographs of the Chikoida Mountain
climatestation (CHKMNT) and of the Kuthai Lakelimatestation (KUT-LAK). The only
Environment Canadaeather station iat Atlin (59°34' N, 133°42' W673.6 ma.s.l) and itis

alsodescribedelow.

17



610000 625000 640000
1 o 3

6620000

Legend

~

() Weather Station

6605000

= Road

Glacier

B Waterbody

- Historical Forest Fire
[ ] Rock

D Tundra

I:] Shrub

- Coniferous or Mixed
D Deciduous

|:] Tundra (Maritime)

6590000

6575000

M o
‘ ™ . T {

6545000 6560000

6545000

6530000
6530000

30

Kilometers

565000 580000 595000 610000
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Figure6: Top panel, photograph of the Chikoida Mountaimatestation (CHKMNT). Bottom
panel, photograph of the Kuthai Lagkematestation (KUTLAK). SeeFigure5 for site
locations.These photographs demonstrate the variability of the land doeeto theange of
elevations found in this region.
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1.3.2. Whitehorse, YT

The Whitehorse study are@,{50km? 60.6'N, 135.0W) is located in souttn Yukon
(Figure3; Figure7). The study area is mountainous with largehaped valleys and numerous
large lakes. It extends across part of the Yukon Plaeaxegiorin the northeast to the Coast
Mountainecoregionn the southwestHigure7). Elevations range from 614 to 2234ans.l This
region is broadly characterized as being within the sporadic discontinuous permafrasgitzone
areas of extensive discontinuous permafrost in the Coast Mou(Baaven et al., 1997)
Bonnaventure et al2012)predict sporadic discontinuous permafrost throughout thedapds
with extensive discontinuous and continuous permafrost occurring above tresstigdBTS
modeling Lewkowicz & Ednie(2004)modelled very low probabilities of permafrost occurrence
below treeline in the Wolf Creek Basin (completely within the Whitehorse study area) and high
probabilities above treelindheentire study area was glaciated at the time of the last glacial
maximum(~21 ka)but none of the region remains glaciated at present. Howsxenniasnow
patches are present at a number of locations in this landd2ape et al., 2005; Farnell et al.,

2004)

There aréwenty eightUniversity of Ottawaclimatestations in th&Vhitehorse study area
They are describdoelow. Figure8 displays photographs of tidount Grangeclimatestation
(MtGR) and of theSima Trailclimatestation (WVC-T1). The Whitehorsé\irport Environment
Canada weather station0f@2 N, 135°04' W, 706m a.s.l) was alsaised in the Whitehorse area

analyses.
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Figure8: Top panel, photograph of the Mount Grangenatestation (MtGR) Bottom panel,
photograph of the Simarail 01 climatestaion (WC-T1). Sed-igure7 for site locationsThese
photographs demonstrate the rangswface covethat may be found ne&vhitehorse
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1.3.3. Dawson, YT

The Dawson studarea 8,146km% 64.0°N, 1391°W) is located in central Yukon and is
bordered by Alaska to the westigure3; Figure9). The area is mountainous, ranging in
elevation from 251 to 1981 ms.|.This area falls whin the extensive discontinuopsrmafrost
zone(Brown et al., 1997)it is a part of the Klondike Plateau with the Tintina Trench crossing
through the northeast sectéiqure9). Land cover is dominated by shrubs on sdatting
slopes and coniferous forest on slopes with northerly aspgegtg€9). Bonnaventure et al.
(2012)predictfrom BTS modeling the presenceedtensive discontinuous permafrost
throughout the landscape including valley bottoms, with patches of sporadic discontinuous
permatfrost erar treeline and continuous permafrost on high peaks above treeline. Forest fires
wereidentified in this region as having a significant influence on detachment failure activity on
permafrost slopef&Calmels et al., 2012; Ceest, 2008) Only a small portion of the southwest
sector and a larggartof the northeast sector of the region were glaciated during esadymid
Pleistocene glaciationBuring the late Pleistocene glaciatidime region remained unglaciated,
permafost was widespreadnd it was part of eastern Beringi@e wedges, which formed
during either the Rei(MIS 4) or McConnell(MIS 2) glaciationswereobserved in valley
bottoms. Theynayhave thawed during a warming period since the last glacial maxitmahen
refreeze during the Holocelialdrett, 1981)or they may have persisted throughout, as is
suggested by the presedv@old Runtephra depositsverlying the ice wedges datéd0,000+

60,000 years before the pres@atoese et al., 2008)

There are fourteen University of Ottawlimatestations in the Dawsastudy areaThey
are described in theextchapter Figure10 displays photographsf the Top of the World 02

climatestation (TOWO02) and of the Top of the World Himatestation (TOW10). The only
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EC weather station within thetudy areas the Dawson Airport st@n (64°02' N, 139°07' W,

370m asl.) and itis also be described thenextchapter.

24



AK i

BC

Legend

Weather Station

Road
Glacier

Waterbody

I Historical Forest Fire > y o 2 ’
Rock ¥ : . y

* » 3 ',ea

€4

Tundra
Shrub TOW-02

w v ‘ TOW-13%
Coniferous or Mixed A h /_\\/\/_\ : / ¢
Deciduous ¢ TOW-08 &

/ y
- > ; TOW-12 ‘
- " AN
= \ 7 TOW-11 RS
. : 4 TOW-03 TOW-07
, -
i, ; $
"7

Tundra (Maritime)

TOW-09
/:

- e
TOW.01 S8 o
‘TOW-OS > 2.8 G W
! V 3
}' Dawson City, .

DAWSON CA

Ve ol
1 k Kilometers
" 'J'::Iii'} . W "

Figure9: Map of the Dawson study arshowing climate stations locations (see section 1.4), large lakes and glaciers from the CanVec dataset,
historical forest fires from the Canadian NatioRae Database (see section 2t@pography from the Canadian Digital Elevation Dataset (Geobase,
2011) and land coveclassegrom the EOSD [assification (see section 2.Zoordinate system: NAD83, UTMO7.

25

505000 520000



5

ol —

Figure10: Top panel, photograph of the Top of the WorlccOghatestation (TOWO02). Bottom

panel, photograph of the paf the World 1@limatestation (TOW10). Sed-igure9 for site
locations.These photographs demonstrate the variable land covers found in the Dawson region,
from shrub dominated mountain slopes to deciduous forest in the river valley.
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1.4. Meteorological data

Meteorologicaldata collected at a total of 88matestaticns betweer2007 and 2014 are
used in this thesis. Of these, three are Environment Canadavéa@)jer gations(Environment
Canala 208) and 55 are University of Ottawa (UO) tst&s operated by Dr. Antoni
Lewkowicz. The EC stations were selected based on two criteria: that they are located within the
study areas and have hourly weather data bet@@@hand 2014 The latter aterion meant that
data from Mayo Road and Whitehorse Riverdale Environment Canada stations could not be
used.Climatenormals are calculated from neamplete 30 year EC datasets following
standards set by the World Meteorological Organisation (WMO)y @heavailable for 1961
1990, 19712000 and 1982010, with the exception th&®611990 normals are not available
for Dawson A(Tablel, Figure4). Betwea the 196190 and 198410 normal periodgitlin and
Whitehorse A experienced a metein mean annuadir temperature of 1°C and0.9°C,
respectivelywhile Dawson Aexperienced a 0°Z increase between t187100 and 198410
normalperiods. Both the mean annual daily minimums and maximums increased over these
periods. Rainfaland snowfalremained nearlynchanged except at Atlin where they increased
by 510% (Tablel). This suggests that the greatest changes in regional climate have occurred in
the Atlin area and that the smallest occurred near Daweditiough this conclusion mighave

been different if the 1961990 normals had been available for the latter.
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Tablel: Climate normals 1961990, 19712000 and 1982010 (Environment Canada, 2014).
Datum for the coordinates providedVi&GS84.

ATLIN WHITEHORSE A DAWSON A
Latitude 59.58300°N 60.71700°N 64.05000°N
Longitude 133.66700°W 135.06700°W 139.13000°W
Elevation 716 ma.s.l. 703 ma.s.l. 370 ma.s.l.
Normal period 196190 197100 198110 196190 197100 198110 196190 197100 198110
MAAT (°C) 0.0 0.5 1.1 -1.0 -0.7 -0.1 - -4.4 -4.1
Rainfall (mm) 192 193 201 160 163 161 - 200 201
Snowfall (cm) 145 155 164 145 145 142 - 160 166
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The UO stations installed by Dr. Antoni Lewkowicz are equipped with Onset HOBO Pro
dataloggersthat record hourly air, ground surface and ground temperatures. The temperature
range of the HOBO sensors ranges fr&®° to 100°C and the sendogger assembly is
accurate to about +0.2°C within the centre of the range, with greater potential eesdrerae
values(Onset, 2014)The air temperature sensor is located about 1.5 m above the ground at most
sites and is always covered by a radiation shield. The ground surface sensor igustatddw
the ground surfacee(g.,in moss or other surface vegetation mat) in order to be shaded from
direct solar radiation. Where permafrost is present and was reached during installation, the
ground temperature sensor is located at the bottom afcthe layer generally between 0.5 m
and 1.5 m beneath the surface. Where permafrost is absent, the sensor is usually at a depth of 1 m
unless clasts or bedrock prevented installation atgpsh in which case a shallower depth was

used.

Due to thantermittent failure of the University of Ottawa loggers over this time period
(e.g. due to water damage, animal damage or user earasyving tothe relatively short (<10
years) duration of thgO station recordsablendedyearwas calculatedor each gein order to
characterize theurrentclimate (between 2003 and 20L3 he blendedyear creates a single year
of data based on the mean of all months that are more than 90% complete. They#anded
approximates the climate at each site based on as ohtioh available datas possible. It is

explicitly mentioned when blendegbar statistics are used in this thesis.

Values calculated for a single year, such as annual mean air temperature (AMAT), annual
mean ground surface temperature (AMGST) or annual TTOP are calculated using a hydrological
year that uses the calculated start of the freeze season at the grouredwsntiffice start of the

following freeze season (Equation 1.3). When FDD or TDD of the air or ground surface are
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calculated for a single year, theyauthe calculated beginning and end of the freeze season and

the calculated beginning and end of the tis@ason at the ground surfg&suation 1.3).

Blendedyear statistics for all UO stations are showi@ble2. The northernmost and
southernmost stations are Toptloé World 02 (TOWO2) at 64.16N and King Salmon Camp
(KSAL-CMP) at 58.72N, respectively. The highest and lowest stations are Mount Granger
(MtGR) at 2066 m a.s.l. and Inklin Camp (INBMP) at 85 m a.s.l. The coldest blendezhr
MAAT values were for MtGRand 66Mile at-7.0°C and-6.1°C, respectively. All of the Top of
the World (TOW) sites, MtGR and 8dile have more than 2500 air freezing degree days
(FDDa). The maximum blendegear FDD, was measured at TOWA (484 m a.s.l.) with 3617
FDDa. Annual mean$or complete years can be foundANNEX 1: Annual Meansand

complete station metadata can be foundNNEX 2: Station Metadata
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Table2: Summary of blendeglear statistics for University of Ottaveéimatestations Coordinates are in WGS84.

Station Name Lat (°N) MAAT (°C) FDDa MAGST (°C) FDDs TTOP (°C)
Abbreviation Long (°"W n=months TDDa n=months TDDs n=months Nt I\ Rk Sorr Torr
Study Area m a.s.l. (°C-days) (°C-days)
Atlin School 59.5747 0.2 1557 2.3 716 2.3 0.9 0.5 1.0 1.7 -0.1
ATL-SCH 133.6874 37 1648 37 1558 37
Atlin 705
Chikoida Mountain 59.2494 -4.4 2342 -0.3 787 - 1.2 0.3 - 4.8 -
CHK-MNT 132.9937 29 626 33 714 15
Atlin 1650
Inklin Camp 58.9022 - 1059 6.3 641 4.5 1.2 0.3 - 4.8 -
INK-CMP 133.1463 12 2136 40 1855 33
Atlin 85
King Salmon Camp 58.7167 0.6 1383 2.8 178 - 0.8 0.1 - 2.4 -
KSAL-CMP 132.9441 32 1593 26 1223 4
Atlin 537
Kuthai Lake 59.2311 -0.3 1485 2.9 295 3.6 0.9 0.2 1.2 2.9 0.8
KUT-LAK 133.2326 33 1378 40 1346 36
Atlin 742
Monarch Mountain 1 59.544 -3.3 2060 1.6 422 1.6 1.0 0.2 1.0 4.6 0.0
MON-01 133.6167 35 865 35 1006 35
Atlin 1410
Monarch Mountain 2 59.5464 -2.0 1673 0 923 0.8 0.9 0.5 1.2 2.0 0.7
MON-02 133.6242 33 969 33 966 29
Atlin 1347
Monarch Mountain 3 59.5528 -15 1532 0.1 758 0.1 0.8 0.5 1.0 15 0.0
MON-03 133.6245 33 1007 33 813 33
Atlin 1238
Monarch Mountain 4 59.5543 -1.3 1783 2.3 163 2.4 0.7 0.2 1.0 2.9 0.1
MON-04 133.6325 12 1313 33 999 33
Atlin 1103
Monarch Mountain 5 59.5533 0.1 1502 3.2 244 3.1 0.8 0.1 1.0 2.6 -0.1
MON-05 133.6415 33 1574 40 1394 29
Atlin 954
Monarch Mountain 6 59.5557 0.0 1493 2.1 360 1.7 0.6 0.4 1.0 0.9 0.0
MON-06 133.6577 22 1497 26 1003 26
Atlin 731
Windy Lake 59.0877 -1.8 1843 1.8 193 - 0.7 0.2 - 3.1 -
WND-LAK 132.9246 33 1205 33 854 14
Atlin 895
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Station Name Lat (°N) MAAT (°C) FDDa MAGST (°C) FDDs TTOP (°C)
Abbreviation Long ("W n=months TDDa n=months TDDs n=months Nt N Rk SorF Tore
Study Area ma.s.l. (°C-days) (°C-days)
Coal Ridge 01 60.4996 -3.1 2191 0.7 660 0.1 0.8 0.3 0.8 35 -0.6
CR-01 135.2162 58 1077 69 911 66
Whitehorse 1260
Coal Ridge 02 60.4994 -3.2 2229 0.3 863 -0.4 0.9 0.4 0.7 3.2 -0.7
CR-02 135.2153 61 1086 75 988 63
Whitehorse 1271
Coal Ridge 03 60.4988 -2.9 2083 -0.5 1171 -0.6 1.0 0.6 1.0 2.2 -0.1
CR-03 135.2134 66 1035 75 991 50
Whitehorse 1363
Coal Ridge 04 60.4979 -3.3 2067 - 1044 -0.8 0.9 0.6 0.9 2.3 -0.3
CR-04 135.2121 63 884 - 838 57
Whitehorse 1457
Coal Ridge 05 60.491 -2.9 1917 2.4 1818 -2.5 1.1 1.0 0.9 0.4 -0.2
CR-05 135.2047 43 877 50 970 31
Whitehorse 1495
Coal Ridge 06 60.4959 -3.9 2310 0.1 620 -0.2 0.7 0.3 0.8 3.8 -0.4
CR-06 135.2052 62 905 74 675 62
Whitehorse 1555
Mount Mclntyre 60.6217 -3.9 2263 2.4 1982 -1.8 1.3 0.8 1.2 1.7 0.6
MtMC 135.1414 56 875 59 1134 55
Whitehorse 1567
MountMcintyre Backup 60.6204 -4.1 2320 -1.4 1152 - 0.7 0.5 - 2.6 -
MtMC-BK 135.1445 46 845 46 676 9
Whitehorse 1565
Inversion Valley 01 60.538 -2.5 2032 1.9 582 14 1.1 0.3 0.9 4.1 -0.5
WC200601 135.1384 52 1123 78 1296 36
Whitehorse 1266
Inversion Valley 02 60.4932 -3.5 2276 0.3 840 0.7 1.0 0.4 1.1 3.6 0.4
WC200602 135.2902 32 1016 36 953 33
Whitehorse 1349
Inversion Valley 03 60.4927 -2.9 2128 0.3 975 0.7 1.0 0.5 1.1 3.1 0.4
WC200603 135.2808 25 1096 36 1105 36
Whitehorse 1387
Inversion Valley 04 60.4918 2169 0 731 1.3 1.3 0.4 1.0 4.1 -0.1
WC200604 135.2756 10 508 0 1245 12
Whitehorse 1386
Inversion Valley 05 60.4922 -2.9 2153 0.6 721 0.7 0.9 0.4 1.0 35 0.0
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Station Name Lat (°N) MAAT (°C) FDDa MAGST (°C) FDDs TTOP (°C)
Abbreviation Long ("W n=months TDDa n=months TDDs n=months Nt N Rk SorF Tore
Study Area ma.s.l. (°C-days) (°C-days)
WC200605 135.2705 32 1113 36 956 25
Whitehorse 1390
Inversion Valley 06 60.4903 -3.0 2142 0.9 795 0.4 1.2 0.4 0.8 4.0 -0.5
WC200606 135.2628 36 1054 36 1147 13
Whitehorse 1426
Inversion Valley 07 60.4879 -3.5 2345 0.9 683 1.0 1.0 0.3 1.0 4.3 0.0
WC200607 135.2645 36 1108 36 1037 36
Whitehorse 1288
Mount Granger 60.5354 -7 2950 5.4 2468 -5.8 1.3 0.9 0.7 1.6 -0.5
WC200608-MtGR 135.2554 62 420 71 523 49
Whitehorse 2066
Inversion Valley 09 60.4902 -3.1 2152 0.4 954 0.1 1.1 0.5 0.9 3.3 -0.3
WC200609 135.2951 36 1046 36 1103 36
Whitehorse 1378
Inversion Valley 10 60.4854 - - -0.4 991 -0.7 - - 0.9 - -0.3
WC200610 135.2865 - - 36 846 21
Whitehorse 1373
Inversion Valley 11 60.485 -2.8 2067 -0.6 1038 -0.8 0.8 0.6 0.9 1.8 -0.2
WC200611 135.2813 26 1059 36 820 36
Whitehorse 1376
Inversion Valley 12 60.4835 -3.1 2172 0.2 830 -0.6 0.8 0.4 0.7 2.9 -0.8
WC200612 135.2765 35 1075 36 897 36
Whitehorse 1373
Permafrost Mound 60.4814 -3.3 2270 1.6 469 0.9 0.9 0.2 0.7 4.4 -0.7
WC-APM-WS 135.1935 59 1096 72 1057 41
Whitehorse 1202
Drained Lake 60.474 -3.9 2517 1.9 489 1.4 1.1 0.2 0.8 5.7 -0.5
WC-DR 135.1894 25 1119 46 1185 30
Whitehorse 1225
Palsa 09 60.5 -3.4 2144 -0.2 940 -0.7 1.1 0.5 0.8 3.1 -0.6
WC-P09 135.2192 17 923 65 897 50
Whitehorse 1241
Palsa 25 60.4952 - - 0.9 789 3.6 - - 1.8 - 2.6
WC-P25 135.2228 - - 81 1146 81
Whitehorse 1235
Sima Trail 01 60.6044 -1.9 2174 0.7 1005 1.1 0.9 0.5 1.1 2.1 0.3
WC-T1 135.0354 72 1520 72 1294 72
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Station Name Lat (°N) MAAT (°C) FDDa MAGST (°C) FDDs TTOP (°C)
Abbreviation Long ("W n=months TDDa n=months TDDs n=months Nt N Rk SorF Tore
Study Area ma.s.l. (°C-days) (°C-days)
Whitehorse 868
Sima Trail 02 60.5955 -1.9 2092 1.8 604 0.7 0.9 0.3 0.7 3.3 -1.1
WC-T2 135.0569 80 1406 80 1267 50 - - - - -
Whitehorse 1011
Sima Trail 03 60.5904 -2.6 2160 2.2 421 1.3 0.9 0.2 0.7 4.2 -1.0
WC-T3 135.0769 58 1249 72 1246 59
Whitehorse 1145
Sima Trail 04 60.5778 -3.3 2270 1.6 469 0.9 0.9 0.2 0.7 4.4 -0.7
WC-T4 135.0844 59 1096 72 1057 41
Whitehorse 1290
Sixty Mile 63.9095 -5.8 3030 -4 2388 -4.1 1.0 0.8 1.0 1.7 -0.1
60MILE-WS 140.8104 48 955 48 933 73
Dawson 1447
Sixty Mile Backup 63.9095 -3.2 2229 0.3 863 -0.4 0.9 0.4 0.7 3.2 -0.7
60MILE-BK 140.8104 61 1086 75 988 63
Dawson 1440
Top of the World 01 64.0827 -5.4 2921 -2.8 1611 -2.9 0.6 0.6 0.9 2.4 -0.1
TOW-01 139.5917 83 961 83 603 83
Dawson 1010
Top of the World 02 64.1651 -5 2982 - 2394 -4.1 0.9 0.8 0.9 1.1 -0.4
TOW-02 139.8029 24 1178 - 1060 24
Dawson 1223
Top of the World 03 64.0836 -4.7 3441 0.1 1412 2.4 0.8 0.5 0.4 3.9 -2.5
TOW-03 139.4431 83 1770 83 1447 83
Dawson 331
Top ofthe World 04 64.0766 -5.3 3617 0.2 1170 -1.6 0.7 0.4 0.5 4.9 -1.8
TOW-04 139.4808 69 1690 72 1247 72
Dawson 484
Top of the World 05 64.0768 -3.9 3242 -0.1 1282 0 0.7 0.5 1.0 3.2 0.0
TOW-05 139.4784 59 1846 59 1267 59
Dawson 503
Top of the World 06 64.0721 -4.3 3250 -1.5 1719 -1.1 0.7 0.6 1.1 2.2 0.3
TOW-06 139.4864 69 1697 72 1196 72
Dawson 570
Top of the World 07 64.0588 -3.4 2920 1.2 772 0.8 0.6 0.3 0.9 4.2 -0.4
TOW-07 139.4696 56 1694 72 1200 49
Dawson 701
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Station Name Lat (°N) MAAT (°C) FDDa MAGST (°C) FDDs TTOP (°C)

Abbreviation Long ("W n=months TDDa n=months TDDs n=months Nt N Rk SorF Tore
Study Area ma.s.l. (°C-days) (°C-days)

Top of the World 08 64.1274 -3.7 2665 -0.7 1096 -0.4 0.6 0.5 11 2.6 0.2
TOW-08 139.6993 59 1339 62 872 57
Dawson 1119

Top of the World 09 64.0525 -4.2 3385 2.0 836 18 0.9 0.3 1.0 6.0 -0.2
TOW-09 139.469 45 1858 70 1573 70
Dawson 477

Top of the World 10 64.0528 -3.4 3137 12 1194 1.9 0.8 0.4 11 4.3 0.6
TOW-10 139.4758 54 1937 74 1650 74
Dawson 490

Top of the World 11 64.0888 -3.6 2864 2.0 519 18 0.8 0.2 0.9 5.4 -0.3
TOW-11 139.5522 72 1578 72 1265 47
Dawson 842

Top of the World 12 64.0894 -3.5 2875 0.9 658 0.5 0.6 0.3 0.8 4.1 -0.5
TOW-12 139.5622 72 1610 72 1008 70
Dawson 858

Top of the World 13 64.1597 -4.1 2823 15 596 - 0.9 0.2 - 5.6 -
TOW-13 139.8019 48 1346 71 1139 -
Dawson 1116

MAAT = Mean annual air temperature; MAGST = Mean annual ground sudaggerature; TTOP = Temperature at the top of permafrost (or shallower); NF = Fre&atgrnNT =
Thawing rfactor; RK = Thermal conductivity ratio; SOFF = Surface offset; TOFF = Thermal offset.
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1.4.1. Temperatures

Blendedyearmeanannualair temperature@MAAT) measured at climate stationstive
three study regions vary betwe&nd°C and0.6°C in Atlin, -7.0°C and-1.9°C in Whitehorse,
and-5.8°C and-3.1°C in Dawson(Table2). Annualmeanair temperatureAMAT) for
individual yeargn = 138) have a mean 8.3+ 1.5°C (Figurel1A). The range of AMAT
values i9.3°C, between8.0°C and 1.3C. Forestedsites are generally warmer than shrubs,
which are warmer than tundra and bare rock sitesHigeee11 A). The coldest station in each
study areas Chikoida Mountain in Atlinlblended MAAT =-4.4°C), Mount Granger in
Whitehorsgblended MAAT =-7.0°C), and 60mile in Dawson(blended MAAT =-5.8°C).
AMAT is not normally distributed (palue = 0.044, n = 138however wihin land cover
classificationsAMAT is normally distributed in all cas€Bigure11 A). Thedistribution of
AMAT is normal in Atlin (p value = 0.89, n = 17) and Dawson (p value = 0.28, n = 55), but not
in Whitehorse (p value = 0.008, n = §6)gure11B). Elevationis an important control oair

temperatur@and isexamined furthein Chapter 4.

Blended year mean annual ground surface temperatures (MAGST) in the thyee stud
regions vary between 0@ and 5.0C in Atlin, -5.4°C and 1.9C in Whitehorse, anet.0°C and
2.0°C in DawsonTable2). Annualmean ground surfacemperaturefSAMGST) for individual
years(n = 138) have a mean of 0.42.9°C (Figure11 C). The range of measured AMGST is
13°C, almost 4C greaterthan the AMAT range, with variatiorisetween6.6°C and 6.4C.
Forestedsites are generally warmer than shrubs, which are warmer than tundra and bare rock
sites (se&igurell C). The coldest station in each study area is Monarch 3 in Atlin (blended
MAGST = 0.2C), Mount Granger in Whitehorse (blended MAGST5#°C), and 66mile in

Dawson (blended MAGST 4.0°C). AMGST is not normally distributedverall (p-value =
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0.006, n =197) nor is it normally distributed within individual land cover clagségure11C).
The distribution of AMGST is normal in Atlin (p value = 89, n =28) andbutnot in Dawsonor

Whitehorse Figure11D).

Blended yeal TOPtemperatures the three study regions vary betwéeifC and4.5°C
in Atlin, -5.8°C and1.4°C in Whitehorse, ané4.1°C and1.9°C in Dawson(Table2). TTOP
temperatures that are above zero represent ground temperatures at comparable depths in non
permafrost environments./ualTTOP valuedor individual yeargn = 166) have a mean of
0.14+ 2.1°C (Figurel1E). The range of measured annual TTOP values iSCla@d varies
between6.4°C and 4.8C. Forestedsites are generally warmerath shrubs, which are warmer
than tundra and bare rock sites (Begure11E). The coldest station in each study area is
Monarch 3 in Atlin (blended TOP = 0.2C), Mount Granger in Whitehorse (blended TTOP =
5.8°C), and 60mile in Dawson (blended TTOP-#.1°C). Annual TTOP is not normally
distributed (pvalue = 0.013, n = 166)-{gure11E). The distribution of annual TTOP values is

normal in Atlin (p value = 0.8, n = 2Butnot in Dawson or Whitehors€&igure11F).

37



50-

40 =

All, Count
S 8
1 1

50—

40-

All, Count
3 8
I 1

10+

0-

(Al

0
AMAT

[B]

0
AMAT

Statistics:

Min/max =-8/1.3
Mean/SD =-3.3/1.5
p/in= 0.044/138

LCcc
Coniferous or Mixed
p=033n=39
Deciduous
p= 069 n=6
Rock
p= 0897 n= 11
Shrub
p=023 n= 69
Tundra
p=07n=9
Tundra (Maritime)
p=093 n=4
Statistics:

Min/max =-8/1.3
Mean/SD=-3.3/1.5
pin= 0,044/138

Site
ATLIN
p=089 n= 17
DAWSON
p=028n=55
WHITEHORSE

p= 00084 n= 66

50+

40+

All, Count
8 8
1 1

50+

40~

w
o
1

All, Count
3
i

10+

[C]

0
AMGST

(D]

0
AMGST

Statistics:

Min/max = -6.6 / 6.4
Mean/SD=0.42/1.9
p/in= 1e-06/ 197

LCcC
Coniferous or Mixed
p= 0041 n= 51

Deciduous

p= 0005 n= 14

Rock

p= 086 n= 15

Shrub

p= 0012 n= 100

Tundra

p=098 n= 12

Tundra (Maritime)

p=0019 n=5
Statistics:

Min/max = -6.6/ 6.4
Mean/SD=0.42/1.9
pin= 1e-06/197

Site
ATLIN
p=1039 n= 28
DAWSON
p= 00021 n= 69

WHITEHORSE
p= 1.1e-06 n= 100

[E]

50 -

40=

All, Count
el w
o (=}
1 1

50

40 H —

All, Count
3 g
1 i

10 H

0
TTOP

Statistics:

Min/max = -6.4/4.8
Mean/SD = -0.14/ 2.1
p/n= 0.013/166

LCC

Coniferous or Mixed
p= 047 n= 46
Deciduous

p= 0.0043 n= 18
Rock

p= 088 n= 18
Shrub

p= 00042 n= 71

Tundra
p=044 n=9

Tundra (Maritime)
p=052n=4

Statistics:

Min/max =-6.4/4.8
Mean/SD = -0.14/ 2.1
p/n= 0.013/166

Site
ATLIN
p=08 n= 27

DAWSON
p= 0048 n= 73

WHITEHORSE
p= 56e-08 n= 66

Figurell Measured values of annuakan air temperaturéd MAT) [A,B], annualmeanground surface temperatureNIGST) [C,D] andannual
top of permafrost temperaturéSTOP) [E,H in °C. Histograms are colordxy land cover classification [A,C,E] and by study area [B,DIHJOP

greater than T indicates ground temperatures.

38



1.4.2. N-factors and Rk values

N is not normally distributed withithe overalldataset (p value <0.001, n = 188)and
has a range between 0.01 and 0.98. The freezfagtor has &lightly bimodal distribution
becausehe rock land cover classificatigmoduces a group of distincthygher valueskigure
12A). Nris however normally distributed forearlyall individual land cover classificatismper
study areaKigure12B-D). Overallmost N- values ardetween 0.3 and 0.Zhe range of values
in Atlin is between 0.01 and 0.5®e range of values in Whitehorse is betwee® ar@ 0.97
and he range of values ibawson is between 0.09 and 0.8he Atlin stations characteristically

get more snovand generally do not have permafrastsingNg values to be&loser to zero.

Nt is also not normally distributed within the overall dataset (p vald®82 n = 135)
However the distribution is normal within the overall land cover classgare12E). The range
of values in Atlin is between 0.64 and 1,.8% range of values Whitehorse is between 0.73
and 1.53and he range of values in Dawson is between 0.59 and T#¥preatestlassof Nt
valueslie between 0.9 and 1 in Atlin and Whitehorse, and between 0.7 and 0.8 in Dawson
suggesting that there is more shading osa ®nductivesurfaceorganic mat in Dawson.
Maximum Ny values are quite high in the rock class in Whitehorees may bedueto the
nature of the Mount Granger and Mount Mcintyre statitesthat behave more like blockfields

than bedrock

Rk is not nomally distributed, overall (p value@005 n = 12§ and has a range between
0.30 and 1.96Rk is normally distributed within land cover classificatiofsgure12l). The most
common values are between 0.9 and 1 in all regiogsaRies in Whitehorse can reach nearly 2

(Figurel1l2K).
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1.4.3. Offsets

The surfaceffset (SO) is normally distributeaverall (p value = 0.24, n = 132 witlver
half of all offsets betweer2°C and 4C. The range of values is between 0G@nd 6.59C. The
SO is also normally distributed within land cover classificatiémngure13A). All surface offsets
are positive indicating that MAGST is warmer than MAARQck sites have characteristically
low surface offsets between 0Gand 2C. Coniferous ananixed forests, deciduous forests and
shrubs have similar surface offsets, whereas continental tundra has much lower offsets than

maritime tundrgFigure13A).

The thermal offsefTO) is not normally distributedverall (p value< 0.05, n = 135)but it
is within all land cover classes except shrufigyre13E). The TOrange between2.8°C and
1.9°C. Negative TOs indicate TTOP values that are colder than MA&B8 Tositive values
indicate TTOP values that are warmer than MAGSdsitive TOgo not occuraccording to
traditional conceptions of Arctic permafr¢§mith and Riseborough, 1996, 200Phough,
recent findings in the dry environments of Antarctica yield positive (B2glielmin, 2006)
Negative offsets may be caused by: moist summer soils have a higher thermal conductivity than
dry winter soils or the thermal dependency of the thermal conductivity of the gas phase in the
soil (though not in bedrockl.arger TO values are harder to explabut may be the result of
representing a transient system with a steady state nhedaluse¢helag between TTOP and

MAGST couldinfluence the thermal offset.
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144. The ftotal offseto

A first order approximatioat the complexity involved innderstanding ground
temperature conditions at a giviecation can bebtained by looking at the differences between
MAAT and TTOR or therfitotal offsed. From field measurement§TOP is between 0.5 and
6.5°C warmer than MAAT{Figure14A-C). The total offset is normally distributed (p value =
0.22, n = 406) and is also normally distributed for each land cover Eigssg14A). The mean
measuredotal offset is3.0°C. The presence of permafrost seems to change the limits of the total
offset. Total offset values where permafrost is present vary betwe&hah8 40°C degrees,
whereas they vargetween 0.8C and 6.8C where permafrost is not pres€higure14B). The

range of thermal offset values appears to be similar attregbree study areéBigure14C).
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1.5.  Summary andconcluding remarks

We havepresent¢dalargedatasefrom 58 climatestationsbetweer2007 and 2014Viost
of these stations do not have continuous records due to logistic limgtatmol instrument
failures.Consequentlywe use botimdividual yearlymean values and blended year means to
analyse the dat¥.early values use calculated seasons freeze and thaw seasons at the ground

surface, as oppodeo the usual 365 day year.

AMAP in the three study regions variestween-8.0°C and1.3°C andhas a mean 68.3
+ 1.5°C(Figure11A). AMGST has a greater range of values, fr@%°C to 6.4°C and has a
mean of 0.42 1.9°C Figurell1C). AnnualTTOPvalues are similar to the ground surface
values and vary betweef.4°C and 4.8°@Qvith a mean 0f0.14+ 2.1°C Figure11D). The
surface offset from #se annual values is +3.7°C, the thermal offs€l.& C and the total offset

is+3.2°C.

Nr, Nt and R arenormally distributed for nearly all individual land cover classifications
for each study area and can be assumed to be normal iniidtkiee The surface offset (SO) is
alsonormally distributed overall (p value = 0.24, n = 132) with most cffeetween 3 and
4°C. All surface offsets are positive indicating that MAGST is warmer than MAAT tidrenal
offset isbetween3°C and2°C, with mostvaluest1°C. Positive TOsnay be caused by the

application of an equilibrium mod#b atransient system.

Finally, the total offset, or the difference between MAAT and T¥Pesbetween
0.5°C and 6.5°Gwith a mean of 3°C. TTOP values imetrock class are most similar to MAAT

whereas TTOP values in maritime tundra are much warmer than MAAT. It may be reasonable to
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assume a 3°C offset fatmostall vegetation classewith a smalleroffset for rock and a larger

onefor maritime tundra.
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CHAPTER 2: Climate-permafrost transfer functions and environmental variables

2.1 Introduction

The surface and thermalfgetsare transfer functions thahcapsulatéhe complex energy
exchangebetween thatmosphergground surface and permafroBhis chapter investigatéise
use ofenvironmental variables suchtagpographic attributes, land cover and surficial geolgy
predictorsfor theseransfer functionsThe followingresearch questior@seexplicitly addressed
in this chapterFirst, whatare therelationships betweeihe three parameters of tbkmate
permafrost transfer functioribly, Ny andRk), andtopographic attributes, land coveand
surficial geolog® Second, bw do climatepermafrost transfer functions vary together and what

arethar limits?

2.2.  Methodology

2.2.1. Topographic attributes

In order to investigate the relationships between topographic attributes and-climate
permatfrost transfer functiorfsee Sectiol.2.3 a 30 x 30 m resolutiodigital elevationmodel
(DEM) was obtained for each of the stualgadrom theCanadian Digital Elevation Dataset
(Geobase, 2030The slope andspect of the DEMvere calculated in ArcGIS 10.1 Spatial
Analyst(Table3). Whitehorses on average the highest region (142a.s1.), and Dawson is on
average the lowest (1116ars.l). Atlin hasthe greatest rang# elevationscalculated from the

minimum and the maximum elevation poi2479 m).

The topographic position index (TPI) that was originally proposed/eiss(2001)was
calculated for théhree studyareasusing the Land Facet Corridor Designer toolset in ArcGIS

10.1 developed byennesst al.,(2013) The tool classifies the landscape using the difference
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betweerthe elevationof a cellin a DEM and the average elevation of a neiginbood of

surrounding cells. High TPI values mayrar the top of a hill or ridge and low values may be
closer to the bottom of a valley. A null TPI could be a flat area within the search radius er a mid
slope area and the slope can help solve(dieisness et al., 2013)he magnitude of the value

depends in part otine size of the neighlochood used.

TPI values using search neighioeoods of 50, 200, and 700weregenerated for each of
the studyareasn order to explore the ef€t of topographic position at different scales on
climatepermafrost interaction@able3). Ridge topsslopes andalleyswere classified from the
raw TPI values as beirgyeater tharl standard deviatioabovethe meanwithin 1 standard
deviation of the mean, and greater thastandard deviatiohelowthe meanrespetively. Note
that the toolset removes a distance equal to the size of the neighlibfrdradhe edge of the
raster A larger search radiugg.,700 m) will classify locations as mountain tops and valley
bottomswhereas a smaller search radiegy(,50 m) will classifylocationsas gullies or mounds,

for example.
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Table3: Digital elevation model statistics

Variable Statistic  Atlin Whitehorse Dawson

Elevation(m a.s.l) Min 37 614 251

Mean 1276 1423 1116

Max 2516 2234 1981

Range 2479 1620 1730

TPI 50(m) Min -08 -48 -67
Mean 0 0 0

Max 99 124 96

Std. Dev. 2.6 1.1 14

TP1200(m) Min -154 -75 -188
Mean 0 0 0

Max 235 168 91

Std. Dev. 11.9 7.1 9.2

TPI 700(m) Min -359 -168 -184
Mean 0 0 0

Max 557 255 246

Std. Dev. 45.4 31.3 38.6
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2.2.2. Land cover

Two land cover datasetgereused to investigate the relationships between land cover and
climatepermafrost transfer functiongt) the Earth Observation for Sustainable Development of
Forest{EOSD)land coverclassificationdataset, an(R) the Canadian National Fire Database

(CNFDB; http://cwfis.cfs.nrcan.gc.ca/ha/nfdb

The EOSDdataset is publicly availablérom the CanadiaGeobasevebsite
(http://www.geobase.ca). This dataset was created by the Canadian Centre of Remotd$ensing
convertingrasterthematic land cover datariginating from classified Landsat 5 and 7 ortho
imagesto vector§Geobase, 2010Y he dataset classifies land cava Canada into 44 classes
far more than was found necessarylsgmer et al(2011)for associatindgand covemwvith
permatfrost probabilitykKremer et al(2011)used seven classes of land cover to model
permafrost: wter, bare ground, tundra, shrubs, broadleaf trees, Heedlieees and undefined
areasTheir analysis showed that not all of these were significant in predicting the presence of
permafrost (Kremer et &011) In order to have multiplelimatestatiors in each land cover
classification, the dataset was reclassified into the follosixgategories(1) coniferousor

mixedforest, (2)deciduous fores{(3) rock, (4) shruks, (5) tundra, and6) tundra (maritime)

Land areas affected by histofarest fire werenot modellecowing to insufficient field
dataanda poor understanding of forest fire impacts on clinpeenafrost interactions over time.
Only two climatestations are located within known burn areas: UO stations Monarch 1 & 4
(1926 firg. The CNFDB is compiled and maintained by the Canadian Forest Service from data
provided by provincial, territorial and Parks Canada fire management ag@oidie®B, 2013)

The CNFDB is not complete nor is it entirely accutaieit is the most comprehensive dataset

available extendng as far back as 1917. The database provides point locations and polygon
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outlines @ fires and metadata such as the date, size, mapping agency, mapping data source and
mapping method of the burklore thari50 fires have occurred annually in Yukon and British
Columbiasince 1980each with an average burn size of about 1500 hectardBngp&3

million hectares of buraffected land. Of these fires, 77 occurred in the study areas: 11 in Atlin

6 in Whitehorse and 60 in Dawsdrhese numbers represent 4%, 11% and 38% of the study
areas, respectivelffhe total burn area is greatest ie thawson area where more than-tmed

of the terrain has been subject to historic fire.

2.2.3. Surficial geology

Surficial geology mapsxist forpartsof the Yukon at scales betwe#r20,000 and
1:250,000(Lipovsky and Bond, 2014Yhey usefive class system thatcludes texture
surficial materialsurface expression, agad geomorphologica@rocessThe Yukon Geological
Survey adopted this classification from the British Columbia Terrain Classification System by
(Howes and Kenk, 199/Ayith only minor modificationgLipovsky and Bond, 2014 welve
sufficial geology mapsvereobtainedn the form of geodatabastem the Yukon Geological

Survey ([able4). There is no surficial geology mapping available for the Aludy area
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Table4: Surficial geology mapnetadatdor the Dawson and Whitehorse study areas

Study ara Title (NTS) Scale Reference Publication
Crag Mountain (115N/15) 1:50K (Jackson Jr., 2005a) GSC Open File 4579
Enchantment Creek (115N/16) 1:50K (Jackson Jr., 2005b) GSC Open File 4580
Dawson Garner Creek (1150/13) 1:50K (Jackson Jr. et al., 2005) GSC Open File 4590
Grand Forks (1150/14) 1:50K (Froese and Jackson Jr., 2005 GSC Open File 4591
Dawson (116BC) 1:250K (Duk-Rodkin, 1996) GSC Open File 3288
Upper Laberge (105D/14) 1:50K (Bond et al., 2005d) YGS Geoscience Map 205
Whitehorse (105D/11) 1:50K (Bond et al., 2005e) YGS Geoscience Map 2005
MacRae (105D/10) 1:50K (Bond et &, 2005b) YGS Geoscience Map 204b
Whitehorse Robinson (105D/07) 1:50K (Bond et al., 2005c) YGS Geoscience Map 20db
Alligator Lake (105D/06) 1:50K (Bond et al., 2005a) YGS Geoscience Map 208b
Southern LakeslQ50)01-14) 1:100K (Morison et al., 1982) YTG unpublished

Whitehorse (105D)

1:250K (Morison and Klassen, 1991)

GSC Map 121990

Note: No surficihgeology data is available for Atlin.
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2.2.4. Covariance

Conceptuallyn-factors characterize thieermaleffecton ground surface temperaturds
the presence gheabsence o$now cover and shadingow Nt values represertrelatively
cool summer ground surface due to #tedingeffect provided by the vegetation canopy
whereadow Ng valuesrepresents a relatively warm winter ground surface due to thermal
insulationof the snowpacKThroopet al., 2012)These two variableserestudied extensively,
though their covariance is not well documentadure15A illustratesthe combined effect oNg

andNr resulting in intermediate, warm, and cold ground surface temperatures.

n-factors can also be combined with ¥alues to characterizep of permafrost
temperaturedrigure15B illustrates the intermediate, warm and cold combinatdiér and Rx.
Higher R« valuesindicateequal(or greaterppparenthermallyconductivityof the active layer
in summer(Kt) andwinter (Kf) 7 or even morghermallyconductive. It means that, for
example, the ground is wet and conductive in the summer but dries out before bEdtantes
dry and norconductive in the winteFrigure15C illustrates the intermediate, warm and cold
combinations Nand Rc. Theseanter-relationships have not yet been explopeeviouslyin the

literature.
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2.3. Results

2.3.1. Topographic attributes
Topographic attributewereexamined as potential controls fdg, Nt andRk at the
instrumented sitegsinglinearregression analysiglevation slope, aspe@ndTPI were

calculated for each sitesing the 30 x 30 m DEMSs previouslydescribed

The strength (r) and the 95% significancevgtue) of linear regression models were
obtained for N, Nr and R with elevation and slopd-igure 16). Aspect influence was also

visualised using polar diagranfagure 16).

Ng and elevation have a positive correlation (r = 0.36) that is statistically significant (p
value < 0.05, n = 173) indicating that higherwlues are found at higher elevatioRgy(re
16A). Nt and elevation have a positive linear correlation (r = 0.65) that is also statistically
significant (pvalue < 0.05, n = 123) indicating that higher\wluesare also found at higher
elevations [figure16B). R« and elevation have a positive linear correlation (r = 0.31) that is
statistically significant (pralue < 0.05, == 124) indicating that higherRralues are found at
higher elevationsHigure 16C). The graphs show a high degree of scatter. This may be why the
3 models are yieldg a range of permafrost probabilities, the variations around the linear relation

is high.

None of N;, Nt or R¢ has statistically significant relationships with slope (Figure 19)D
It should be noted, however, that the steepest slopes monitoredsatele85°. The results
might have been different, forehh particular, if sites which shed snow by avalanche in the

winter had been sampled.
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Aspect also does not show a strong relationship witiNNor R« (Figure16 G-I). The
maximum values of N Nt and R are highest in the northeast and slightly lower in the
southwest. The northwest has low values in all three and there is a gap in the southeast. The

minimum values for the three variables are similar for all aspects.

Polynomial models weretampted for elevation and slope, but there was no significant
improvement in the results. Some scatterplots appear to show a polynomial distribution (e.g.,
Figure 16A), but closer inspection suggests that there is a step change between forests and shrubs

at lower elevations, and tundra and bare rock sites at higher elevations.
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Figurel7 presents scatter plots of TPI values (explained in section 2.2.1) wit-Nind
Rk using 700, 200 and 50 m search radii. The TPI (700 m) represents topographic positions
relative to a 700 m search radius, thus encapsulating broad landscape featurevaleysaand
mountains. TPI (700 m) and-Mave a positive linear correlation (r = 0.2) that is statistically
significant (pvalue < 0.05, n = 173) suggesting that higher&lues tend to be found in more
convex terrainKigure17A). However, high M values are also present in both flat and very
concave terrainigurel17A). TPI (700 m) and N also have a positive linear correlation (r =
0.19) that is statistically significant{galue < 0.05, n = 123) suggesting that highevalues
tend to be found in more convex terrdtigure17B). TPI (700 m) and Rhave a positive linear
correlation (r = 0.31) that is statistically significaniv@ue < 0.05, n = 124) suggesting that

higher R values are associated with more convex tertaiguiel17C).

The positive associations between TPl apdNy and R are maintained at smaller search
radii (200 m and 50 mgurel7D-I). In the case of Nthe correlation is strongest for a 200 m
search radiusHigure17E) while for the ther parameters the highest correlation is for a 700 m
search radius and the r value declines as the radius shrinks. In the cagbethaller TPI

radii produce nossignificant correlations.
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The results show thatdNs higher in more convex terrain and lower in more concave terrain,
presumably because snow is deflated from the former and accumulates in the latter. Since only
the TPI (700 m) is significant, broader landscape features influgno®i than local featas.
However, it is probable that a 700 m TPl is also capturing elevation as well as
convexity/concavity so the highgNalues are being affected by land cover associations (i.e.
tundra and bare rock) with high elevations. Overajlif\nigher in more corex terrain and
lower in more concave terrain. This suggests that the ground surface receives more direct
sunlight in convex terrain than concave terrain. The relationship is similar at all scales of TPI.
Overall, R is higher in more convex terrain andvier in more concave terrain. This suggests
that active layer materials are more thermally conductive in summer in ctansgex than

concaveslopes There is likely to be drier soil and more bedrock exposed in convex terrain.

2.3.2. Land cover
The mean of thenedian N values for each land cover classification is 0:Adb{e5). The
two forested classes, the shrub and the maritime tundra classes have medilaeNbelow the
mean and both rock and tundra are aboveigure18A). Table6A is a matrix that tests the
difference in means between each land cover classgfarhe ock classis the most
significantly different from all other classgsvalues < 0.000). The maritime tundra class
appears to be different in the boxplot, though similarities exist between it and the coniferous and
mixed class (svalue > 0.05). The two forested ctas are not significantly different from each

other, and shrubs have no significant difference from deciduous forests.
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Table5: Descriptivestatistics of N, Ny and R by land cover classificatigrsurficial geologytexture and
surficial geology materials

Percentile

Ne Land Cover n 5th 25th 50th 75th 95th S.D.
Con or Mixed 51 0.06 0.15 0.25 0.35 0.55 0.15
Deciduous 13 0.12 0.26 0.37 0.47 0.48 0.14
Rock 16 0.78 0.8 0.82 0.89 0.97 0.07
Shrub 81 0.18 0.29 0.37 0.46 0.60 0.12
Tundra 9 0.37 0.39 0.45 0.50 0.58 0.08
Tundra (Maritime) 3 0.08 0.15 0.19 0.23 0.39 0.04
Mean 0.41

N+t Land Cover
Con. or Mixed 36 0.64 0.73 0.79 0.9 0.96 0.11
Deciduous 5 0.77 0.87 0.93 0.96 0.99 0.10
Rock 13 0.95 1.17 1.0 1.33 1.47 0.17
Shrub 60 0.66 0.77 0.85 0.99 1.12 0.16
Tundra 7 0.84 0.93 0.96 1.01 1.04 0.08
Tundra (Maritime) 2 1.00 1.08 1.12 1.18 1.30 0.14
Mean 0.99

R« Land Cover
Con. or Mixed 32 0.61 0.75 0.91 1.04 1.28 0.22
Deciduous 12 0.83 0.90 0.96 1.09 1.20 0.14
Rock 8 0.64 0.91 1.03 1.63 1.88 0.50
Shrub 61 0.37 0.64 0.87 1.01 1.27 0.29
Tundra 9 0.52 0.66 0.93 0.96 1.07 0.22
Tundra (Maritime) 2 0.95 0.96 0.99 1.01 1.03 0.06
Mean 0.95

Rk Surficial Texture
Gravel 4 0.75 0.82 0.87 0.93 1.03 0.13
Mixed Fragments 90 0.44 0.74 0.93 1.06 1.30 0.26
Sand 8 0.31 0.36 0.42 0.61 1.18 0.36
Mean 0.74

R« Surficial Materials
Rock 20 0.43 0.72 0.91 0.97 1.6 0.35
Colluvium 50 0.44 0.71 0.9 1.05 1.26 0.25
Fluvial 10 0.31 0.38 0.47 0.82 0.98 0.27
Lacustrine 2 0.89 0.99 1.11 1.23 1.32 0.34
Till 28 0.46 0.80 0.98 1.12 1.39 0.30
Mean 0.87
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The mean of the medianrNalues for each land cover classification is 0:P&b{e5). The
two forested classes, the shrub and the tundra classes have median values below the mean and
both ro& and maritime tundra are abovekiqure18B). Table6B is a matrix thatests the
difference in means between each land cover classfoFi¢ rock class is the most
significantly different from all other classes\plues < 0.000), except it is similar to the
maritime tundra class {palue > 0.05). The maritime tundra claggpears to be different in the
boxplot, though similarities exist between all classes except tunaiaye > 0.05). The two
forested classes are not significantly different from each other, and shrubs have no significant
difference from deciduous fores8% of N- values are above 1, indicating warmer ground

surface temperatures than air temperatures in the thawing season.

A patternis presentvhere relatively low Nvaluestend to be associatedth relatively
low Nt values(Figure18A-B). Maritime tundra, however, has the opposite relationship between

Nk and N. It has relatively low Nvalues and high Nvalues.

The mean of the mediarkRalues for each land cev classification is 0.95T@ble5).
Medians for individual land cover classes are all similar to 0.95, though the range of values in
each class varies consideralfygure18C). Table6C is a matrix that tests the difference in
means betweesach land cover class fok RThe only significant difference is betweshrubs
and deciduous foresR« values that are above unity indict@at measured TTOP is warmer
than measured MAGST, an unexpected result that occurs iroB&#% measurements. Bhi
could be a measurement error introduced by the improper placement of TTOP loggers or ground
surface temperature loggers or it may be indicative of net positive heat flux on an annual basis

that is not captured by an equilibrium statistic.
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Table6: Significance levelgp-values)for difference of meattests forNg, Nt and R grouped
by land cover classification [A] and by surficial geolgy texture [D] and materials [E].

[A] Con/Mix.  Deddu. Rock Shrub Tundra
Deddu. 0.265
Rock 0.000 0.000x
Ne Shrub 0.000r 0.260 0.000
Tundra 0.000r 0.013 0.000r 0.01%
Tun. (Mar.) 0.051 0.016 0.000 0.004 0.000r
[B] Con/Mix. Decidu. Rock Shrub Tundra
Decidu. 0.127
Rock 0.000 0.000x
N+ Shrub 0.01r 0.803 0.000
Tundra 0.002 0.345 0.00¢x 0.095
Tun. (Mar.) 0.138 0.139 0.905 0.166 0.194
[C] Con/Mix.  Deddu. Rock Shrub  Tundra
Deddu. 0.152
Rock 0.148 0.283
R« Shrub 0.140 0.005 0.076
Tundra 0.294 0.059 0.076  0.904
Tun. (Mar.) 0.324 0.873 0.264 0.092 0.103
[D] Gravel MixFrag
Re MixFrag 0.743
Sand 0.057 0.034
[E] Rock Colluv. Fluv. Lacus.
Colluv. 0.816
R Fluv. 0.01¢ 0.006:
Lacus. 0.559 0.531 0.240
Till 0.653 0.344 0.006¢  0.640

* indicates that a relationship is significant

64



2.3.3. Surficial geology

Active layer propertiesan be expected to be linkedth® characteristics adurficial
geologymapping productsClassification systenfsr surficial geology mappingse a variety of
qualifiers such as x¢ure, ageandmaterialsyHowes and Kenk, 1997The most important
shortcoming of associating surficial geology classes with thermal conductivity odltes
active layeiis the omission of the organic matd measurements of moisture cont#érghould
be noted thathere is nasurficial geology mp available for the Atlirstudy area. The Dawson
and Whitehorse areas have surficial products at a variety of scales, ttubwadjhsarficial classes
that are present in the study areasrapeesented bystrumentedtlimate stationsTwo surficial
qualifiers wereextracted for the instrumented siteghe Dawson and Whitehorsegions R

wasmeasured in three classes of texture and five classes of materials.

The mean of the mediankRalues for each surficial texture is 0.7able5). Gravel and
mixed fragments have median values abitreemearand sand is below (Figure18D). Table
6D is a matrix that tests the difference in means between each surficial textuke ToreRe
tests reveal thahe only significant difference between classes is between sand and mixed

fragments (p-values <0.05).

The mean of the mediarkRalues for each surficial material is 0.8&able5). Rock,
colluvium, lacustrine and till ctses have median valugsove the meaand fluvial material is
belowit (Figurel8E). Table6E is a natrix that tests the difference in means between each
surficial material for R. The only significantly different class is the fluvial class. It is different

from all other classes, except the lacustrine classlje > 0.05).

2.3.4. Covariance
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Nr, Nt and R areoftenstudied independentle(g.,Henry and Smith 2001; Janke et al.
2012; Juliussen and Humlum 20@Ad their covariance is not welbcumented ounderstood.
Ng, Nt and R; work together to haveombined effects that resuttt the warming or the cooling
of the ground surfacand of TTORFigurel15). The three combinations &fr, Nr and R are
examined irFigurel9 linear best fitmodels are performed @il sites on permafrost sites, and

on nonpermafrost sites.

Figurel5A demonstrates that the top lgftadrant of the Nto Nr scatterplot is associated
with warmer ground temperatures and the bottom right is associated with colder sudand
temperatures. Three zones are identified in tharidl N- scatterplot with red dashed lines
(Figure19A). The first zonas found to théottomright andcontains on} permafrost sites, the
second is to thapperleft and containgnly seasonally frozen sites, and the third is a zone
located in the middle that contains bofhe mixed zone exists becausaldferences irR,

FDDa and TDD,. Positive correlationgxistbetween these two variablé®rmafrost sitebave
the strongest correlatiqn = 0.66 p-value < 0.05) andon-permafrost siteareweaker (r = 0.17)

and not significant (walue >0.05).

Figure19B investigates the relationship betweepadd R. Overall, there is no zonation

in this plot and the correlation is positive<0.22 p-value < 0.05)

Figurel5C shows that the top left tie N-to R¢ scatterplot is associated with colder
ground temperatures and the bottom right is associated with warmer ground temperatures. Three
zones are identifieoh the N- and R scatterplot with red dashed lindsqure19C). The first
zone is found to the top left and contains only permafrost sites, the second is toctmerigit

and contains only seasonally frozen sites, and the third is a zone located in the middle that
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contains both. The mixed zone exists because of differences ig &RXDTDD,. Strong

positive correlations exist between these two variables. Seastrnakn sites have the strongest
correlation ¢ = 0.55, pvalue < 0.05) and permafrost sites are only slightly weaker (r = 0.52, p
value < 0.05)The cold zone has highsNalues (i.e. less snow) and low Ralues (i.e. less
conductive active layer) redurdg in less heat transferred to TTOP in summer and in winter. The
warm zone has low pvalues (i.e. more snow) and highi®g values (i.e. more conductive active
layer) resulting in more heat transferred to TTOP in summer anddas$oss fronthe ground

surface in winter.
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2.4.  Concluding remarks

The two research questions of this chapter wierst, what are the relationships between
climatepermafrost transfer functionsl§, Nt and R), and topographic attributes, land cover and
surficial geology? Second, how dbmate permafrost transfer functions vary together and what
are their limits?The unique dataset described in Chapter 1 allows for a large number of sites to

be analysed from the three study aneasukon and northern British Columbia

The strongestelationshipsvere obtainedbetweerNg, Nt and R and elevation. They
have positive linear correlatisyrespectivelypf r = 0.36 Figure16A), r = 0.65 Figure16B), r
= 0.31 Figure16C). The strongestorrelation coefficientNr, reflectsthe thinning and eventual
disappearance of the vegetation canofii1 elevation Lower elevations sites have more

complete canopies and thickanderstory vegetatiothat provide shade to the ground surface.

Slope is a biased statistic in this studyassies are instrumented abové°and the range
of slope angles in the study areas is from 0° to B3°Nt and Rx havepositivelinear
correlationswith slope,albeitweaker than those with elevatiorhese suggeshatless shade,
less snow and actiayerswith equal seasonal conductivitiage found on steeper slopes.
Values of N, Nt and R are highest fonortheaster aspectsthough minmums are similar for

all aspectsPolynomial modelslid not improve these findings

The three scales of TPI analysed with linear regression represent landscape features on the
orderof 700, 200and 50 m. The largest of them, the T00adius has positive correlatiswith
Ng, Nrand R; of r = 0.2 Figurel7A), r = 0.19 Figurel7B) andr = 0.31(Figure17C). The 200
m and 50 nradii resulted in similar correlationsexcept athe 50 m scale a weaorrelation ofr

= 0.022 wasbtained with N (Figure17G). This indicates that snow covisrmostvariable at
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the 50 m scal€lhese results suggdkat snows transportedrom convexslopesand
accumulates in concawdpes that positive reliefeaturesaremore exposed to incoming solar
radiation andhaveless shadeand that convexities have more thermally conductive active layers

in summer

Boxplots classed by land cover have revealpdttern wherey relatively low N-values
are typicallyassociateavith relatively low N- values(Figure18A-B). Maritime tundra,
however, has the opposite relationship betweearld N- because of the deeper snow found in
this environment32%of the measureRg values are above unijtindicatingthat measured
TTOP is warmer than measured MAGShis could be a measurement error introduced by the
improper placement of TTOP loggers or ground surface temperature loggers or it may be
indicative of net positive heat flux on an annual basis that is not captured by an equilibrium
statistic.Two surficial geologyqualifiersare compared to climate permafrost transfer functions
for Dawson and Whitehors8urficial geology texture classesly have significantly different
meansetween sand and mixed fragments, wheseafcial geology material classesviea

significantly differentmeans betweeftuvial andall other classes, excebie lacustrine class.

Three zonesan badentified in the N and N scatterplot Figure19A). The first zone is
found to the bottom right and contains only permafrost sites, the second is to the upper left and
contains only seasonally frozen sites, and the third is a zone located in the middle that contains
both. The mixed zonexists because of differences iR, RDD and TDD.Three zonesanalso
beidentified in the N and R scatterplot Figure19C). The first zone is found to the top left and
contains only permafrost sites, the second is to the bottom right and contains only seasonally

frozen sites, and the third is a zone locatethénmiddle that contains both.
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Higher resolution spatial data may improve this type of analysis in the future. Land cover
classificationsvereidentified as an important control on climgtermafrost transfer functions
and will therefore be used in follamg chapterdgo create a vegetatiesriven TTORmodel. The

strongest correlations are between elevation anaind between elevation ang.N
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CHAPTER 3: TTOP-model assessment and validation

3.1. Introduction

The TTORmodel has multiple parameters tloatledively account fotbothsurface and
subsurface processasd conditionsThese are often computading single valugof Ng, Nr,
and R for eachof theland cover and surficial geology classificasgdeee Sectioi.2.2. In this
chaptey aquantitative modelling approach is used to asapdsvalidatehe TTOP-model.Given
the large field datasevailablein the three study aregsee Chapter 1)his chapteexplores the
following two research questiongl) how well does thef TOP-model predicmeasured TTOP
temperatures and tlpeesence of permafrost ar{@) how sensitive is the TTORodel to

changes in input parameters?

3.2. Methodology

In order toinvestigatethe predictive ability of th@ TOP-mode| the modelwas
implementedn R, a statistical software package that allparmong other thing#erative
modelling and conditional programirlgttp://www.r-project.org). The TTOP-modelcompiles
all individual statioryearsthat have complete records #0DDa, TDDa, Ng, N1, Rc and TTOP.
The model then divides the datsingarandomsampling schemmto testng and training
datasetsThe sampling is done five times to create training datas&bo, 25%, 50%, 5% and
95% of the original data, ansltested against the entire dataset test dataset 200%) The
entire dataset is used as a test dataset because when training is 95%¢l thastetsis
inconclusive gnly 5%). These are referred tielowastheir andom s amp.Then g
samplingis done for eackand coverclassificationndividually to ensure that all land cover

classes are included in each random sampling scheme
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The training datasets are usediaterminehe input valueg$Ng, Nt and R) for the
calculation of the TTO#nodel In order to model a variety of equally likely scenarios, seven
values (the %, 5", 258" 50", 75", 95" and 99' percentiles) of each input variable are calculated
from the training dataset. These 21 values are assigned to the testinglidetegdetn land cover
The data (N, Ny, R¢) are assumed to be normally distributed within each land cover

classification(seeChapter 1jand the percentiles are calculated from the distribution curve.

Themodel istheniterated 1000 times for each random sampling schesimg the
measured values of FRRand TDD, for each station yeaf TOP is calculated using the pairs of
low ard high percentile values ofdNNr and K (e.g.,1% and 99", 5" and 94", and 2% and 7%’
percentiles)Cold scenarios of TTOP are calculated using Rpand N values and high N
values(Equation 1.6)whereas warm scenarios are calculated in the oppositéEqagtion 1.7)
The mean value for each pair of high and low percentiles is calculated as the mean of the warm
and cold scenariofn addition the 50" percentile valueare used tealculate thenedian TTOP
prediction. In total seven TTOP predictions are made for each of the five random sampling
schemesthey are: extremely cold, very cold, cold, median, wammny warm and extremely

warm predictions

o 0 Y@ 0 "O® [1.6]
Y'Y .
0

o Y 0 YO 0O O® [1.7]
Y Yo 7

3.2.1. TTOP assessment
Fourmethods are used &ssesfiow well theTTOP-modelpredics measured TTOP

values The firstmethoh s sesses a baseline model of applyi
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MAAT regardless of environmental variablisee Sectiod.4.4). The second methatbmpares
both mean andnedianTTOP predictios with the measured TTOWlues Thethird method
calculates a rate of successpercent)f the measured TTOP value is within timaits of the
warm and cold scenarios for each pdipercentileslescribed previouslyrindly, the fourth
methodinvestigates the presence of permafrost@aldulates a rate of success if both the

measurement and the prediction of TTOP are below zero.

3.2.2. Model Sensitivity

The sensitivity of th@ TOP-model is assessed by iterating the madsetg all of the
measured valudsr a single statiotyear,exceptfor one.The model is iterated 1000 timasing
all measured values except 8i& 25" 50", 75" and 9%'percentiles of M Ny and K. In
addition, changes in FDDand TDD, are explored by modifying FDDand TDD, by £100°G

days and £500°@ays.

3.3. Results

3.3.1. TTOP assessment

Thequantitative modehcorporates89 statioryearsthat have complete values of,NNr,
Rk, FDDa and TDDy. The model wagerated1000 timesFive sets 089 000 predictions were
calculated using training datasets of G89), 25%(n=25) 50%(n=47), 75%(n=68)and 95%
(n=82) Eight TTOP predictions were made for each random sampling scheimgthe T, 5",
25" 50" 75", 95" and 99' percentiles of i N, and R, and a mean scenario (total 3.56
million predictions).Note that the sample size (n) of statyars per set of predictions is not

directly a percentage of the total sampégpulationbecause thpercentagef inputs is calculated
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for each lad cover classification and results in rounding ermoesthe 50%random sampling

schemausesA7 out of 89 station years = 53%).

As a first approximation of TOP,weu s ed t he fit Bigueld). Thisf set 0 ( s e
approach ignores all environmental variables and simply applies an offset between MAAT and
TTOP, with TTOP being warmer than MAATSeeFigure2). Three scenarios are compared with
measured TTORalues. The first uses th& Bercentile of théi t ot a | or MIAAT s RECO ,
(Figure20A): 8% of predictions are withiil°C of the measured valuasid 31% are within
+2°C. The second uses the™Pper cent i | e o for MAAE+ ICeFtgard20Bp f f s et O
58% of predictions are withial°C of the measured valuesd 89% are withiee2°C.Thethird
usesth@5"per cent i | e o for MAWE+ 1fRC @Figerd20Ch 22% sfgredictions

are within+1°C of the measured valuesd 52% are withig2°C.

Mean andnedianTTOP scenariosveremodelled using average and medvatues of N,
Nt and R.. When comparing the mean model with the measured TTOP véligesg20D),
64% of predictions are withinl°C of the measured valuesd 85% are withie2°C. When
comparing the median model and the measured TTOP @&igese20E), 63% are withirt1°C

and92% are withint2°C.
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Hexbin plos of TTOP predictions compared to measurements usingte0" and 95" percentiles



Examning the impact of sample size on predictgutcess, wdetermindf measured
TTOP values are within the limits of the predicted extreme warm/cold scenatmsd 99’
percentiles), the very warm/cold scenaridsgbd 9% percentiles), and the warm/cold

scenarios(28and 7%' percentiles).

Smaller training datasets are less successful than larger training d&taget2(1).
Naturally, because their range is greater, the extreme scenarios are messfsliaincluding
measured values within their limi84% of predicted TTOP temperatures are within the limits of
the 25tf' and 75" percentile predictions using a training sample size of @5%82)of the input
data Figure21). This percentage falls relatively slowly until the training sample size drops
below 50% K =47; Figure21). With a 25%(n = 25)training sample size only 66% of the
predicted TTOP temperatures are within the limits of tH2a2fl 75 percentile predictions. For
the 5%(n = 9)training sample size only 36% of the predicted TTOP temperaturesthne the

limits of the 24" and 7% percentile predictions{gure21).

Overall themore narrowlimits of the 2%' to 75" percentile predictions hatke least
success in predicting TTOP values. As the limits increase to a wider range, the measured TTOP
values will be more likely to be within the prediction limits. The training sample size is also
important. Using only 5% of the input data (n = 9 stafiears) achieves low success rates
(<61%) whereas increasing to%®f the input data (n 47 station years) increases success by
40% or more. Increasing beyortatD% of the input data yields improvementss86 or less

(Figure2l).
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Figure21: Plot of the percentage of measured TTOP values that are within the limits of cold and
warm predictions using thé'and 99' percentiles, the"sand 95" percentiles and the $%nd
75" percentiles of the input variables,NNr and R.
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3.3.2. Model Sensitivity
The sensitivity of the TTOIModel has yet to be explored in the literatitere we
present results from a random iteratimf the model, following the same methodology as the

previous section, excephly one variable at a tims iteratedandall other values are measured

Considerable scatteesultswhen we iterate through all scenarios @f(Rigure22A):
59% of TTOP predictions are with#1°C of measured values and 88% of are witt2hC.
Much less scattedevelopsvhen we iterate through all scenarios gf(Rigure22B): 92% of
TTOP predictions are withial°C of measured values and 100% of are wi#t#fC. Moderate
scatter is achieved when we iterate through all scenafrigs (Figure22C): 64% of TTOP

predictions are withie1°C of measured values and 91% of are witt2AC.

The TTOP predictions using TRX100 and £500°&lays(i.e. 4 scenariosare compared
with TTOP measuremen(sigure22D): 97% of TTOP predictions are with#1°C of measured
values and 100% of are with#f2°C. The TTOP predictions using FRRQZ100 and +500°&lays
(i.e. 4 scenariosgyre compared with TTOP measmentsn Figure22E: 77% of TTOP

predictions are withie1°C of measured values and 98% of are witt2hC.

The TTOP model is more sensitive togkhanN+ as the iterationproduce morescatter.
This is likelyhas twocauss: the first is thaFDDp values are greatéihan TDD, valuesin the
three study areas, and the secsnthatNg has a greater range of valuban N.. Similarly, the
TTOP model is more sensitive to TREhan FDD\ because FDRis dampened by snow cover
(Ng values are lower than 1) and TR often amplified by N (values near 1 or greatemnhe

model is also sensitive tocBecausdk values above ancelow 1 serveéo amplify TDDa.
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Figure22: Hexbin plots of TTOP predictions compared to measurements to assess the model sensitivity to
changes in N Nt and R [A,B,C] and to changes in FDDand TDD, [D,E]. The lines represent 1:21°C and
+2°C.
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