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Abstract
The ACRI(Agricultural Catchments Research Uaifyo-hydrological mdel wasused to estimate
historical and future hydralimatological variables including streamflow that have occurred during-1951
2010, and to simulate the impacts of climate change in the Castle River watershed (CRW) for the future
period 20412070. ACRI$ driven by a driver statids)by extrapolating meteorological variables across
the watershed, making corrections for differences between elevation, slope and aspect. Two driver
station datasets, the Beaver Mines Climate StafBMCSO5AA022 and 10 knGrid (Hutchinson et al.,
2009) are compared to determine whether impacts of climate change are best suited for simulation using
single point locations or spatially interpolated grids. Model parameterization is based on the Hydrological
Response Unit (HRGdncept. Verification of mean temperature, snow water equivalent (SWE) and
streamflowis reported Projected increases in air temperature and precipitation resulted in decreases of

SWE and increases in streaonfl during peak runoff season.
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Chapter 1 Thesisintroduction
1.1Introduction

By the end of this centurin many midlatitude and suktropical dry regions, mean precipitation
is expected talecrease, while in many midtitude wet regionsmeanprecipitation is likelto increase
(IPCC, 20)3Additionally, as global mean surface temperature increases, extreag@gitation events
over most of these areas are likely to become more intense and more freqiRDCRO13. In the
summer of 2013a manifestation of our changing climatesated perfect conditions fomassive flooding
destroyingseveral suthern Alberas communities These flood events weraost likely a manifestation of
our changing climateEven though the 2013 flood event was marked as an extreme wet year, extreme dry
years arealsolikely totake place in the futureln fact, according t¢Xu, 1998), one of the most
important impacts that future societies will have to deal wiithrelation to climate change tke regional
availability of waterVulnerability and Adaptation to Climate Extremes in the Americas (VACEA) is a
project that will help addrses the gap in the current understandingoainsequences associated with
global climate change and vulnerability that rural populations and indigenous communities experience.
One of the key objectives of the VACEA project is to provide new informatioredmgact of climate
change, and the associated increase in both frequency and duration of extreme weather events, on the

availability of water resouks in various study watersheds.

1.2Research Obijectives

The primary objective of this research is t&imate critical historical and future hydro
climatological variables that have occurred between 1951 and 2010 and are projected to occur between
2041 and 2070 in the Castle RiveaWrshed(CRW)n southern Alberta. In order to achieve this goal, a
numberof secondary bjectives need to be achieve@lhe secondary objectives are (a) to simulate daily
streamflow using the ACRU agmgdrological modelling system, and (b) to compare two different

methods of feeding climate data into the model.



TheCRWs a hadwater region of the Oldman River BadRBand larger South Saskatchewan River
system which supplies freshwater to the seamid Canadian Prairie Rrimces of Alberta, Saskatchewan
and Manitoba. Meteorological observations from climate stations areiatio successfully modelling the
hydrology within any basin, but spatial models can be increasingly more valuable in that they typically
provide complete spatial coverage for many study locatitws especially in mountain regions like the
Castle whereslimate stations are sparsely located.

Two datasetswill be applied toestimatehydro-climatological variablem the CRWHirst, a
dataset containingpbserved meteorological records from the Beaver Mines Climate St&BiICS,
A3050600), and second gatially griddecclimatedatasetwith 10 x10 km gid spacing here after
referred to 10 km Gridl. Thedataset proving to be the most reliable in estimatimgdro-climatological
variables including, inter alia, streamflowill be applied to simulate futer(2041-2070)streamflow
conditionsfor the CRW. Not only will future hydrological processes be predicted, but a case will be made
for the preference of model input and methodology in whaditasets such as these aappliedin future
watershed studiesOther subobjectivesincludethe calculation of a range of important hydro
climatological indices, where percent change comparisons can be made between historic and future
years For examplepredicted changes in mean temperatures, precipdaatamounts inaldingrainfall,

showfall and total precipitatiorsnow water equivalent3WEg depths and streamflow

1.3Thesis Structure

This thesis is divided into six chapters, beginning with this chapter which describes the thesis
topic and main objectives. Chapteris comprised of a literature review of climate change in Southern
Alberta and background information on the various types of hydrological models, focusing on the ACRU
agrohydrologicaimodel thathas beerused in climate change studies. The chapter Hiegsoff
summarizing spatial climatic datasets and the different methods used in applying them in hydrological
modelling. In Chapter 3 the key concepts of the ACRU model and detailed parameterization of ACRU for
the CRWare presented. Chapter 4 focuses dre tverification of ACRU output for the hydrological
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variables of temperature, snowpack (repesged by SWEand streamflow, providing justification
regarding the most reliable dataset for simulating these variables for this project. Chapter 5 provides
information on the simulated impacts of climate change for @RW including statistical analysis based
on probability plots and changes in a range of hydimatological variables. Chapter 6 provides the

summary and conclusions of this research as welkasmmendations for future research in this area.



Chapter 2 Literature Review
2.1lIntroduction

Water supply in Alberta must meet water demands of various indusagalcultural, aguatic,
domesticand recreational uses. However, recent population gtowahd increasing developments in the
agriculture and industrial sectors have caused increased demand and pressures on Provincial water
resources. These pressures, coupled with the highly allogatethe end of 2005more than 9.5 billion
m? of water hadbeen allocated throughout the provincehere the South Saskatchew®&iver Basin
(SSRBjccounts for 58%andthe North Saskatchewan River Bag@NBRB)29%(Alberta Environment))
status of water and resultant new moratorium (initiated in 20Q&)berta Enironment, 2013Yestricting
the approval of new water licenses in the SoSthaskatchewan River Basiave cased governments,
water managerand others to become aware of and address the problems associated with the quantity
and quality of water resource¥he Provincef Albertaisa region that experiences a very diverse climate
which affects the natural diversity of water availability on an increasing population. Adding the
uncertainties associated with climate change establishes the need of an inyasfttre current and
future water resourceso be made(Kienzle and Mueller, 2013).

This literature review serves as an introduction to climatic change research in Southern Alberta
and the resulting impact on water resources in headwater regions typifmalihd in mountainous areas.
Context will be provided to explain the need for physichliged hydrological models to predict climate
change impacts in watersheds. Finally, spatial climatic datasets, which are typically used to drive

hydrological models;oupled with various methodologies in how they are applied will be explored.

2.2 Global Climate Change

According to the 2007 Synthesis Report by the Intergovernmental Panel on Climate Change
(IPCC), Climatic change refers to a change in the state cfithate that can be identified (e.g. using
statistical tests) by changes in the mean and/or the variability of its properties, and that persists for an
extended period, typically decades or longer. It refers to any change in climate over time, whether due
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natural variability or as a result of human actiyitly CC, 2007The most common projections of future
climatic change are from Global Circulation Model (GCM) outputs averaged over several decades and
applicable to large continental areas (Sauchyd &h Jacques, 2009). For example, the IRCQ7)

reported that projected global surface temperatures will increase by 0.2°C per decade throughout the
21st century. Climate change takes place as a result of a perturbation of the energy balance in the
atmosphere and or land surface of the earth. The resulting positive or negative changes are expressed as
radiative forcing, which is used to compare warming or cooling influences on global d{lP@te, 2007)

GCMs are used to simulatématic sensitivity tancreased carbon dioxide concentrations and other green
house gases (GHGQ&paiciga et al., 199@nd have spatial scales ranging from approximately 200 x 600

km. As such, they are unable to simulaeaningfuloutput for local or regional scales.

2.3Climate Change in Southern Alberta
Southern Alberta is situated in a unique region of the North American continent. The |lpedsca
characterized by a flat prairie landscape in the east that transitions into the Rocky Mountains in the west.
Regional precipitation originates as evaporation from land and the oceans. As the region receives
precipitation, moisture is absbed in thesoil, used by plantand returned to the atmosphere. Water that
R2Sa y20 S@GFLIRNIGS 2N NI YALIANB 2N aSSLI AyG2 3INRBddz/F
and streams. The Rocky Mountains act as a reservoir by storing water in the formmofvgnich is
released during a short melt period during the spring and early summer mohshs.resultthe Rocky
azdzylilkAya KI@S 06SSy NBTSNNERoodietral., R0AS). dvinzay itckessddy G £ &1
awareness of a warming global climate, concerns in Southern Alberta will continue to grow regarding
climate change impacts and their effects on the region. According to the Canadian Disaster Database,
some d the most costly natural disasters in Canadian history have been the culmination of droughts and
floods in the Prairie ProvincéBublic Safety Canada, 2018¢cording tde Log2001) agriculture in
southern Alberta is particularly vulnerable to clireathange. For example, some suggest that within the
Oldman River basin climate change will cause a decline in soil moisture and a reduction of streamflow
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runoff (Byrne et al., 198Nkemdirim and Purves, 1994). The intensity and frequency of these disasters

FNBE AYONBIFaAy3a FyR FNBE OF dzaAy3a YwaerrestudzShdi A2y a (2 0 S
I FTTSOGSRKES 2N a2KFEG At GKA&A YSEY F2NJ 0KS | INRA Odz
Since many downstream communities of this continental hydrographic apex are dependent on water, an
accounting of the current and fure natural water resources under a changing climate is needed,

especially when cumulative effects of climatic warming are taking place in the form of an increased

frequency of extreme events such as droughts and floods.

2.4 Observations of Climate Chge in Southern Alberta
2.4.1Temperature

DNBSyK2dzaS 3l aSa KIFI@FS KFEFR | LINRFT2dzyR STFFSOG 2y
atmosphere and causing global temperatures to (&kverta Environment, 2013)f greenhouse gases
continue toincrease irconcentration air temperatures will increase over tinf€leick, 1999)
Reconstructed temperatures from dendroclimatic records in the Canadian Rocky Mountains spanning the
last millennium show that the period of greatest warming took place from the 18@Ds onwards
(Luckman and Wilson, 2003 the Prairies, temperatures have shown a 1 to 4°C increase over the last
century(Schindler and Donahue, 2008)ith the most pronounced warming in winter and spring
occurring since the 194(€ayan et al., 2001). Projections of future climates suggest that under a
doubling of Cg temperatue increases could be as much as 8°C during winter m¢Btsett et al.,
2005; Gan, 2000). Warming temperatures will affect the regional hydrologicla. ¢&yor example, the
higher the temperature, the more water is evaporated and less water runs off as streamflow. According
to the IPC@2007) impacts of projected warming will be greatest over land and at the most northern
latitudes. An example of thisao be seen in a study conducted by MacDorsldl.(2012) in theUpper
North Saskatchewan River Basin (UNSRBated in the central Rocky Mountain region of Alberta,
Canada. MacDonalgt al.(2012)concluded that air temperature increases due to climai@nge have
resulted in substantial spatial changes in the date of maximum and minimum SWE, with subsequent
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changes in the proportionfrecipitation falling as snoand shorter melt rate seasons. In the prairies,
this projected warming has the potentitd create longer growing seasons, enhancingpheductivity of
forests, cropsand grasslands while also exacerbating the effects of dro(ftttindler and Donahue,

2006)

2.4.2Precipitation

There are two main weather systems that bring the majoritprefcipitation to southern Alberta.
Autumnand winter precipitation is predominantly produced from westerly winds, while spring and
summer precipitation is caused by winds that swing north around a high pressure system ifAdaho
Rawas and Valeo, 200®)uring the winter, a strong rain shadow effect takes place in the lee of the Rocky
Mountains(Reinelt, 197Q)creating increasingly drier conditions from west to east. During the spring and
summer, this effect is reversed, creating drier conditions frormst ¢awest(AFRawas and Valeo, 2009)
Statistical characteristics of precipitation in the Canadian Prairies showed that for the last 75 years of the
20" century, 70% of the mean annual precipitation fell as rain and 30% as(gkowemi et al., 1999).
Moving west towards the Rocky Mountains this ratio chanfmsexample Kienzle(2008)verified that
the proportion of precipitation falling as snow for 15 climate stations located in saatstern Alberta
ranged from 20% in the ntrern Prairies to 66% at a higievation site in the Rocky Mountains.
Precipitation generally increases with elevati@asist et al., 1994; Daly et al., 1994; Johnson and Hanson,
1995). In snow dominated regionsch as southern Alberta and the westernitéd States most
mountain based precipitation during the winter falls as snow and melts in the spring and syBaneett
et al., 2005) However, under future higher temperatures, Schindler and Dong&R0@6)expect winter
precipitation that normally falls as snow to increasingly fall as rain. In a study assessing future climate
scenarios under climatic warming, MacDonald e{2011)found that changes in th@roportion of snow
as a percentage of the total precipitatiom the St. Mary River watershed (a jmacontributing
mountainous headwater region of southreAlberta)will steadilydecreaseanywhere from approximately
70% to40% (depending on the GCM scenario usédtiiese conclusions are consistent with other findings
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for alpine regions (Groisman at.,1999; Lapp et al., 2005eling and Ghan, 1999; MacDonald et al.,

2012)and prairie regions (Lemmen et al., 2008ummer precipitation amounts (May to Aug) have

decreased over the fbcentury in southern AlbertéShen et al., 2005and projectiondased df a

warmer/drier future scenari@ssert the largest decreases will occur during the summer sg@mow

and Yu, 2005)n future years, major water shortages are expected in southern Alberta generally due to

warming that is taking place across the gldBehindler and Donahue, 200®otential impacts will affect
a2dz0KSNY 't 0SNIIFQa FANRKROdzZ GdzNI £ NBEIA2Yy T +a OKIy3Sa

expected to take placé&auchyn and Kulshreshtha, 2008)

2.4.3Snowpack

Mountain snavpack plays a crucial role in freshwater availab{liBCC, 2007)t determines the
timing of peak river discharge, and in many instances, maintains river flows even during warm and dry
summer periodgBeniston et al., 2003). Amhanges in the amount, duraticamd timing of the snowpack
can have longasting environmental consequereBeniston et al., 2003such asntensifying the effects
of drought(Schindler and Donahue, 200#)ddeclines in spring runoff volumékapp et al., 2005for
example, Schindler and Donah(006)claimed winter snowpacks in Alberta that are subjedted
periodic melting during warmer winter conditions will diminish high river flows in May and Wdnile,
only supplying little more than half of current flow volumes. Winter warming promotes the conversion of
winter precipitation to rain(Lapp et al., 205; MacDonald et al., 2012; MacDonald et al., 2011; Merritt et
al., 2006) reduces snow accumulation across the praif(@suchyn and Kulshreshtha, 20@8y alpine
areas(Lapp et al., 2005; Leung and Ghan, 19@®ere a general upward movement of 1800of the
snowline can result from an average rise of (Béniston et al., 201 which is in line with the general
lapse rate The greatest reductions of overall SWE are predicted to occur at lower elevations, where
critical temperature thresholds are likely be exceeded in the futur@MacDonald et al., 2011}or
example,Lapp et al(2005)stated snowpacks at low elevations (14D800m) willdecline by about two
thirds on average relative to historical conditions and by one third on snowpacks at higher elevations
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(2000-2200m). Additionally, significant decreasing trends in maximum SWE over the StRwary
watershed have been observéiacDonald et al., 2011)According to Barnett and Lettenmai@005)

the most significant impacts of a general warming was found to be a large reduction in mountain
snowpack and a substantial shift in streamflow seasonality, so that by 2050 the spring skeamf
maximum will come about one month earlier in the year. This-ommath advance in timing of snowmelt
runoff could threaten storage efficiencies for many reservoirs as they are often operated for flood
protection (Stewart et al., 2004)n western North America, this earlier onset of melt has already been

observed(Burn, 1994; Cayan et al., 2001; Clow, 2010; Stewart et al., 2004).

2.4.4Streamflow

In snow @minated basins, spring snowmelt and precipitation during colder months are the
major contributors to streamflowThis is especially true in high altitude mountain basins located in
I £ 6 § NI l-w@st codeér dizth& Rocky Mountains, where, for instance, more than 100y6066n? of
water yield is produced annual{iienzle and Mu&r, 2013) TheSt. Mary River BasiSKRW, part of
the southwest headwater region, originates in Montana and contributes a high mean annual water yield
of 649,000 mkm? year" (Kienzle and Mueller, 2013Jhe lowest water yields in the province are
produced in the prairies and portions of central Alberta where the combined effects of low annual
precipitation and high evaporation losses result in water yields under 11,6e@nhand occasionally
negative water yieldéKienzle and Mueller, 201.3yheCRN produces, for the period 1971 to 2000,
approximately 15 percent of the total water contribution in t&RBKienzle and Mueller, 2013)
Combining theCRWwith other headwater watersheds sucls she St. Mary, Belly, Watertand
Crowsnest, together prodec74 percent of the annual water yield contribution for the grea®®B

(Kienzle and Mueller, 201.3ligh water yields such as these attest that streamflow originating from

a2dzi KSNY £t 6SNIFQa SFadgSNYy at 2LISadmdrdefitiKs®cuns Bighl A S &

quality water supplies in the futurgKienzle and Mueller, 2013)
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Since human activities and regional ecosystems are usually well adapted to current climate
conditions, and current water management strategies assume that runéf€entinue to follow historical
patterns(Gleick, 1999)changes in the hydrological regime as a result of large or rapid changes in the
climate will cause these systems to become increasingly vulnerBidemost serious risk from recent and
projected climate warming in western Canada is a shift in the amount and timing of strea(f@igon
et al., 2009) Potential implications resulting from these changes iriazie hydrology for human
populations and regional scale physical and ecological processes are far rgalijsisen et al., 2001)or
example earlier snowmelt runoff events could threaten storage efficiencies of reser(Basett et al.,
2005; Stewartt al., 2004pand cause decreased streamflauring periods of peak demar({@arnett et
al., 2005; Gleick, 1999nstream flow needs to maintain aquatic and ecological habitats will be
threatened(Barnett et al., 2005; IPCC, 2007; Rood et al., 2868ydler and Donahue, 2008ncreased
flooding early in the year will take pla¢@leick, 1999)and agriculture productivity in the Canadian
Prairies will be more at riglBarnett et al., 2005; Rood et al., 2005has been stated thasnowpack is
more effective at creating runoff than rainfglDingman, 2002)This is because a rainfall amount has to
create saturated soil conditions before runoff begiwhere during the snowmelt season, soils are often
still frozen or saturated from winter conditions thaiowing runoff to take place more effectively. As a
consequenceannual runoff volumes will decrease asesultof the conversion of snowfall to liquid
precipitation in the mountains (Lapp et al., 20@egick, 1999). However, where more winter

precipitation falls as rain, winter runoffas the potentiaivill increase.

2.4 .5Evapotranspiration and Soil Moisture

Evapotranspiration (ET) rates are expected to change as a result of climatic warming. According
to the IPCQ2007)semtiarid regions such abke prairies in southern Alberta will suffer a decrease in
water resources. These expectations are partially based on scientific theory that ET rates will increase
with higher temperatures, reducing the amount of water available for streamflow runoff.eBaenh al
(2005)stated pan evaporation has been steadily decreasing for the past fifty years contrary to the
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expectation that warming would cause increased evaporation. These findings are important because pan
evaporation data have shown to be highly edated withETfrom surrounding vegetation under

conditions of full cover and good water supphccording to Schindlemd Donahue (2006ET rates have
already increased in many places across Canada. A recegtatutlimate change impacts on the

Crowsnest River, Alberta, identified that rates of ET are increasing in spring and decreasing in summer
(Mahat and Anderson, 2013Jhe summer decrease can be explained by natural feedbacks, such as
increased cloudinessjgher relative humiditfRH) or a decrease in soil moisture availability.

ETis the dominant hydrological process in terms of volume or water balance in many watersheds
and a variety of climatic zonéBeven, 1979)However, climate change studies tetadgive less attention
to ET as an important climatic factor controlling energy and mass exchange between terrestrial
ecosystems and the atmosphel€T is often estimated from theoretical predictiequations requiring
meteorological datdGrismer et al, 2002About 50 methods are available for estimating ET, often
yielding inconsistent results as their assumptions and meteorological data requirementg @iffemer et
al, 2002) The most reliablET method under various climates is the Pensvionteith equation(Chen et
al., 2009.

The PenmatMonteith equation is physically based, and explicitly incorporatah Iphysiological
and aerodynamic parametergeflecting changes in all meteorological factors affecting evaporation and
plant transpiration(Shenbin et al., 2006)t is also extensively udehroughout the world, including
Southern AlbertgGobena and Gan, 2013jor example, it is considered the standard reference
evaporation method recommended for use by the American Society of Civil EngjAdenrset al., 1995)
and the Food and Agricuite Organization of the United Nations (FABT rates differ across climatic and
topographic zones and more specifically vegetation types. According to GurtZ¥39)the amount of
energy available foET is strongly controlldoly elevation, aspect, exposuaad slope and actual ET rates

rely to a great extent soil moisture storage capacity.
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2.5Hydrological Models

Hydrologial models provide a framework in which to conceptualize and investigate the
relationships between climate and water resour¢ksavesley, 1994potentially including grounevater
levels, streamflow variabilitand the water quality of regions ranging from hillslopes to river basins to
entire continentgDingman, 2002)Coupled wh climate change predictions, hydrological models are
used to estimate regional climate chan@&leick, 1999&nd provide a framework whereby the
relationships between climate and the hydrological processes oftaralzed can be conceptualized
(Leavesley, 1994; Xu, 1999h)odelling the hydrology of river basins had its start in the late 1950s, when
Dooge(1959)suggested that the response of a watershed could be modelleaar models were first
developed which simply described the rapid surface flow and slower interflow as components of the
storm hydrograpHhDiskin, 1964)Nonlinear relationships in hydrology that were recognized as being
more realstic of catchment behavior were soon discove(€thow, 1964)and implemented to produce
runoff-routing models that were primarily initiated dyaurenson in 1964Shaw et al., 201@nd others in
following years. Today, hydrological models in watershéehse are based on wethown smalscale
theories built into coupled balance equations for mass and momer{fdoDonnell et al., 2007)
According to Singh and Frevé2002) a large number of highly sophisticated models have been
developed due to increaskeunderstanding of hydrological proces, digital terrain attributeand
increased computing power. Accordingly, (@99b)suggested that, because of the success claimed by
climate change studies, it is likely that the computer simulation of catchmeftitbavincreasingly used by
decision makers that manage water resources. Regionally, various hydrological models are currently being
used for water resource assessment and management decisions. The proceeding sections will briefly
review the classificationf hydrological models, and specifacus will be given to the ACRdro
hydrological model and its application throughout the world. ACRU is the model that will be used in this

study.
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2.5.1Classification of Hydrological Models
All hydrological mods are simplified representations of a portion of the natural or human
constructed worldDingman, 2002; Refsgaard, 1996)his review of hydrological concepts, Dingman

(200202 YLI NBR | Ke@RNRft23IAOIFf Y2RSt (2 edlityBlabnddpisitecS &G G S
GKS | Oldzktf 1 yRaOlILISéd ¢KAA YI LI YSGFLIK2N YI{1Sa Ot St
model, like a map, is designed for a specific purpose, and (2) is constructed at a particul@Discgten,

2002) Both map and modeomit features that may not be needed for a specific purpose or scale.

Considering purpose and scale to be a basis for model development and classification one can see why
manyvarying types of models exidteavesley1994)suggested that the purpose tiie model application

along with model structure, spatial partitioning of units, as well as spatial and temporal scale can all be

used as criteria to classify different types of hydrological models. Many classification schemes involving
hydrological modelbave been proposed over time, which, as mentioned by T¢@iB88) is a result of

the plethora of different rainfaltunoff mathematical models being available. Hydrological models have

been evolving since first being used in the lat& &@ntury(Todiri, 1988)In 19655+ 6 Ré YR hQ52Yyy S
proposed that the field of mathematical modelling (hydrology) could be divided by at least two methods

of classification: (1) stochastiteterministic; and (2) analytisynthetic classification. Most classification

schemes fra the 1980s to the present day divide hydrological models into at least a

physical/deterministic and or stochastic/empirical categ@itampf and Burges, 2007; Leavesley, 1994;

Refsgaard, 1996; Shaw et al., 2010; Todini, 1998; Xu and Singh,W88&) thedeterministic models

seek to simulate the physical processes in the watershed, and stochastic (empirical) models describe the
hydrological variables such as rainfall, evaporation and streamflow involving distributions in probability

(Shaw et al., 2010)

2.5.1.1Empirical (Stochastic) Models
In his comprehensive theory of rainfallnoff modelling, Beve(2011)suggests that empirical
models dating back nearly 150 years were the first widely used and oldest approach to hydrological
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modelling. For examplé¢he first hydrologists attempting to predict the flows that could be expected from

a rainfall event had insights into hydrological processes but were limited by the data and computational
techniques available to therfBeven, 2011)Today, empirical modelsse experimentally determined
relationships such as linear regressions to simulate water flow processes and st@aggran, 2002;

Kampf and Burges, 20Q7lheir system operation is usually described by a set of equations linking the
input and output vaiables through the use of probability distributiofiBe Chow et al., 1988)ithout
considering the governing physical laws of the processes invhaaesly, 1994Compared to

physically based models, empirical models typically (but not always) hkatvety low data

requirements, but may also be less accurate when applied outside conditions for which the empirical
relationships were determinedBeven(2001)suggested that regression relationships should always be
associated with an estimate of the uncertainty associated withpreglictions of the dependent variables

in empirical modelling. Arne(ll992)proposed that estimates based on empirical modelling should be
treated with extreme caution. This opinion resulted from a study where he investigated the effects of
climate changen river flow regimes in 15 basins in the United Kingdom. He compared the simulated
output from a simple three parameter monthly water balance model with four different empirical models
and found that not one empirical formulation gave a consistentlyeslosatch and that the differences
among empirical models for the same scenario were large. Although empirical models function differently
than physically based models, they nonetheless have their place in hydrological modelling. For example,
they have beemsed for determining peak flow and the tinte-peak of a unit hydrograptBeven, 2011)

and are often used in water quality impact assessments for urban developfReagkievicz and Chang,

2009)

2.5.1.2Physically Based Models (Distributed)

Physical mdels in hydrology are firmly based in understanding the physical processes that
control basin response. They are typically derived from equations using basic physics such as the
conservation of mass, energy, or moment{Beven, 1989; Dingman, 2002; Leaggsll994) Generally,

14



physically based models are characterized by higher accuracy for predicting the effects of land use
disturbance or climate change, but they also suffer from high data requirentBetkers et al., 2009;
Beven 2001)The availabilityquality and scale of data for these models can often impede accurate
estimations of model parameters as well as model validatiaavesley, 19945ome discredit physically
based distributed models in that they are heavily eparameterizedMcDonnell eal., 2007)can be
extremely time consuming to setup, and be difficult to calibré@ermann et al., 2009)

Distributed hydrological modkhg describes spatial discretization by considering the spatial
heterogeneity of hydrological characteristics of a catchm@&@uhumann, 1993) o develop a hydrological
model for a river basin it has to be decided which-balsins should be modelled sepaéely and which
could be lumped togethefSchumann, 1993Although this decision is usually based on hydro
meteorological data, the spatial heterogeneity of the hydrological characteristics within the river basin
should be considere(Schumann, 1993Acording to Schulz€1995)this delineation process is largely
subjective and dependent on the purpose of the modelling exercise. Advantages in the application of
distributed physicalipased hydrological models include, inter alia, that they provide a ldet@nd
potentially more correct description of hydrological processes in the catchment than other model types
(Refsgaard, 1996)heir ability to couple hydrological processes with a variety of physically based models
of biological and chemical procesgégavesley, 1994ovides a connection between scientific
disciplines, and their ability to assess the impacts of climate change has been rec{Baizestt et al.,

HAanpT . FNNBg YR ,dzZ wnnpT . F{iKdz2NBG FYR hQ/2yyStfzx

2.5.2ACRU Agrdénydrological Model

The ACRU agiloydrological modelling system has been developed at the School of Bioresources
Engineering and Environmental Hydrology (formerly the Department of Agricultural Engineering) at the
University of KwaZullatal, Pietermaritzburg, Republié South Africa, since the late 197@®&enzle et
al.,2012).a2 RSt dzLJRI iSa KIF@S GF{1Sy LXIFOS 20SN) 6GKS &SI N&E ¢
ability to simulae physically based processes associated with cold environments and terrain dependent
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hydrological variables. For example, these updates include the addition of snowpack and snow/glacial
melt routines as well as temperature corrections based on differen€@scoming net radiation as a
function of exposition and slope.

ACRU requires considerable spatial information, inter alia, on topography, a wide range of
climatic parameters, soils, land cover, reservoirs and streams. The spatial organizatioruoitsu
ACRU is flexible, and includebsuatersheds, square grid cehsdHRUs. As ACRU is land cover sensitive,
the parameterization of land cover dependent variables is impor(Kignzle, 1993; 1996; 2011; Schulze,
1995) The ACRU model is further debed by Schulzg1995) Smithers and Schul£&995)Kiker et at.,
(2006)and Kienzl€2011) Kienzlg1993)described the link between ACRGEographidnformation

Systems(GIg and decision support systems.

2.5.3Physical Processes of the ACRU Model

ACRU is a mulppurpose, multilevel, integrated physical model that is designed to simulate total
evaporation, soil water and reservoir storages, land cover and abstraction impacts, snow water dynamics
and streamflow at a daily time steSchulze, 1995ACRU revolves around muléiyer soil water
budgeting with specific variables governing the atmosphgent-soil water interfaces. Surface runoff
and infiltration are simulated using a modifi€&bil Conservation Service@Hequation(Schmidt and
Schulze1987) where the daily runoff depth is proportional to the antecedent soil moisture content.
ACRU is not a parameter fitting or optimizing model, as all variables are estimated from the physical
characteristics of the watershed. When not all required alales are available, they are estimated within
physically meaningful ranges based either on available literature or complex GIS analysis, local expert
knowledge, or calibration against observed data, such as the slope of the groundwater recession. The
output of the ACRU model consists of daily time series of 52 variables for each spatial modelling unit,
including streamflow, groundwater flow, groundwater recharge, soil water deficit and surplus, irrigation
requirements, water use by vegetation and evapavatirom wet surfaces. From the time series, risk
analyses on any variable can be carried out using exceedance probability plots, which provide information
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on the percentage of time a certain value, e.g. flood, soil moisture, or low flow is exceededcd typi
application of the ACRU model requires the-sptand verification analysis for historical periods, typically
for a 30year time period (e.g. T™-2000), and then the setip for changed environmental conditions,

such as land cover change, urbanizationglimate change.

2.5.4ACRU around the world
ACRU has been applied around the world for a variegiftérent climates, landscapemd
situations. For example, ACRU has been used extensively for water resource assefEveesds, 2001)
flood estimation land use impact&ienzle and Schulze, 1992; Tarboton and Schulze, , 16835t
hydrology application§Jewitt and Schulze, 29),nutrient loading climate change impact&ienzle et al.,
2012; New, 2002; New and Schulze, 1996; Schulze, 2000; Schulze et al., 2004; Schulze and Perks, 2003;
Warburton et al, 2010),irrigation supply irrigation impactgKienzle and Schmidt, 2008)d requires

extensiveGIS preprocessindKienzle, 1993, 1996)

2.5.5ACRU and Climate Change

An assessment of the complex interactions between the hydrological processes associated with
climate change can be accomplished throughtise of a hydrological modebchulze (2005nd
Warburton et al (2002) both suggest that the ACRU agdrgdrological model is one such model that is
suitable for such studies. ACRU has been applied in a variety of diverse climates to simulate, inter alia,
how future streamflow volumes will be impacted as a result of global climate change. Application of the
ACRU model in climate change studies include, the identification of areas in South Africa that are
vulnerable to climate changchulze and Perks, 2Z20the analysis of impacts of climate change on the
hydrological response in the mixed underdeveloped/developed Mgeni catchment in South Africa (Schulze
et al., 2004), the assessment of hydrological regganto climate changf®er three catchments with
diverse climate (Warburton et al., 2010), the first application of ACRU on a watershed in southern Alberta,
Canada (Forbes et al., PD), and the assessment of ttNSRENemeth et al., 2012; Kienzle et &Q012).
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2.6 Spatially Gridded Climatic Datasets

Meteorological data such as precipitation and temperature are required for many hydrological
analyses and areften used as key drivers of computer models which, according to(R@dp)and Wang
et al (2012, form the basis for scientific oglusions, management decisioasd policy making. Problems
fundamentally associated with hydrological analysis or modelling, however, are typically attributed to the
estimation of hydrological variables at unmonitoretesi(Hevesi et al., 1992; Running et al., 1987). These
problems result from the lack of areal coverage of climate stations, especially in regions dominated by
mountainous terrain where orographic effects can be éaigevesi et al., 1992Additional to the lack of
climate stations in mountainous basins is another problem with the temporal scale at which
meteorological data are observed and made available. For example, data in mountainous regions are
often seasonalThese problems can often times become compounded in scientific analysis creating
obstacles in various hydrological studies.

In recent years, spatial databases of historical climate have become important and are in high
demand(Hutchihson et al., 2009; Pgy and Hollis, 2005; Wang et al., 2012 denand for historical
climate dataets are fueled in part by the widespread adoption of computer technology that enables a
variety of hydrological, ecological, naturakoeirce and other models and decision support tools to be
linked toGIS These spatial datasets are produced using a number of varying statistical procedures and
interpolation techniques, which weight irregularly spaced point data to estimate regularlgdpac
prediction grids Historically, they were produced with incomplete spatial coverage resulting in coarse
resolution(New et al., 20R). At regional or country scales high resolution data (<25 km grid spacing) tend
to be required; however, in many regions of the wosddch data have not been availableoday,
computing capallities allow very finaesolution climate grid¢l km) to be created over most of the
world (Daly, 2006pffering the potential for deriving a range of surface conditions that have not been
directly observed. Including, for example, soil moist@8®/EET runoffand subsurface soil moisture

transport(Hamlet and Lettenmaier, 2005)
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2.6.1PRISM
PRISM (Parametarlevation Regressions on Independent Slopes Md@e)y, 2006; Daly et al.,
2002; Daly et al., 1994)rfaces are created by the PRISM clingateup based at Oregon State University.

According to their websitéttp://prism.oregonstate.edu/(2014) they gather climate observations from a

wide range of monitoring networks and develop spatial climate dettag/hich reveal shortand long

term climate patterns. These peeeviewed mapping efforts have produced official precipitation and
temperature maps forlie United States, Canada, Chared Mongolia as well as other regiofi3aly et al.,
2007) Estimatios of annual, monthly, daily and evebased climatic events are created using point data,
a Digital Elevadn Model(DEM), spatial datasetand knowledge based computer algorithms based on
geospatial climatology, which are then interpolated to a regula @aly et al., 2002; Daly et al., 2007)
Geospatial climatology is described (Daly et al., 20023s the study of the spatial patterns of climate
and their relationships wth geographic features, such & example, elevational influence on climate
terrainrinduced climate transitions, coastal effects, thayer dmosphereand orographic effectiveness of
terrain. PRISM surfaces are used extensively in many scientific analyses which are dependent on
meteorological variables of temperature and precipitex and provide, in many instances, a first

approximation of these variables in regions that lack observational monitoring systems.

2.6.2Canadawide 10 km Gridled Climate series

Through a concerted modellindfert, the 10 km Grid which consistsf daily estimations
minimum and maximum t@perature(Tmin and Tmax@nd precipitation hadeen produced for Canada
for the period 196£2003(Hutchinson et al., 2009)According to Natural Resources Cangl# 4) recent
updates on the daily grids have been reaavailable for the years 195010 and will continue to be
updated as new data become available and resources allow. Relatively few studies have generated
historical daily climate grids of the spatial coverage and resolution presented in Hutchinsd2@d%)
where the complex spatial patterns associated with daily data across Canada as spatially continuous
functions of longitude, latitudend elevation are considerggiutchinson et al., 2009)The gridded
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dataset was produced as a requirement of agtietal and forestry applications in the southern half of
Canada, as this is where most agricultural and forestry activity occurs and where the overwhelming
majority of Canadian meteorological stations are locatddtchinson et al., 2009)As they are made
available, the daily grids will also become a source of great value to scientists in a variety of scientific
disciplines, including, inter alia, those in the physical and earth sciences. A methodology describing the
generation of the gridded dataset cae ffound in Hutchinson et §2009)and recent updates including

the impact of aligning climatological day can be found in Hopkinson(20al)
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Chapter 3:.Model Parameterization

3.1 Study Area

The area selected for this study is the Castle River ia¢el (CRW), which is a sub watershed of

the ORB located in the southern Alberta Rocky Mountains (Fig. 1). A large percentage of the population in

southernAlberta lives within th@ORBwhere water is considered an extremely valuable commodity. The

CRW balers the northwest portion of the Waterton Glacier International Peace Park and extends
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Figure 3.1 A map showing the physical extent of the Castle River Watershed and its situation within

The watershed, defined by its outlet at the water survey of Canada gauging station (05AA022),

Southern Alberta

has an area of 826m’ and consist®f alpine, subalpine, montaneand foothills landscapes in the eastern
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slopes of Rocky Mountains. The watershed has been identified as a pristine wilderness area, although it
has been subjected to minor industrial activity such as nawmalextraction and logging. There is a ski
resort located in the Westcastle River valley which attracts more than 60,000 people annually to its slopes
and backcountryCastle Mountain Resort, 2009jhe Castle River is the main water course in the
watershal, with a mean annual discharge rate of3s™ and contributes, on average5% of the annual
flows of the Oldman River. The range in elevation from the hydrometric outlet station at Beaver Mines
moving westward to the continental divide increases frbf88;2677m and is predominantly covered by
broadleaf and coniferous forest (64%), while herb and grassland (16%), shrub (11%) aedet@ed

land (9%) account for the rest of the land cover. The CRW is characterized by a continental climate with
annualtemperature variations ranging from over 30°C in the summeB@5C in the winter. Based on
available PRISM surfac@aly et al., 2008he mean annual precipitation (1972000) for the CRW is 925

mm.

3.2The ACRU agrbydrological modelling system

When applied to simulate hydrological responses in large and heterogeneous watersheds, ACRU
requires substantial spatial information, inter alia, on topography, a wide range of climatic parameters
soils, land cover, reservoiand streams (Figurg.2). Thespatial organization of subnits in ACRU is
flexible, and includes sulvatersheds, square grid ceimd HRUswhich are user defined areas consisting
of relatively homogeneous biphysical characteristics that produce a specific hydrological response in
relation to a precipitation event. For example, the 20,000 kiNSRBvas subdivided into 1528 HRUS,
each having a unique commtation of elevation, land covemd climate(Nemeth et al., 2012)As ACRU is
land cover sensitive, the parameterization of lasawler dependent variables is importafi€ienzle, 1993,
1996, 2011)The ACRU model is further described by Sch{t@@5) Smithers and Schul£&995) Kiker et
at., (2006)and Kienzl¢2011) A typical application of the ACRU model requires theugeaindverification
analysis for historical periods, typically for the time period 2346900r 19722000and then the seup
for changed environmental conditions, such as land cover change, urbanization or climate change.
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Figure 32 The ACRU agitoydrologicaimodelling systengtakenwith permissiorfrom Kienzle and
Schmidt, 2008)

3.3 Hydrological Response Units

HRUsre user defined entities representing specific dynamics unique to the system response of
the hydrological interactions within ther@al unit. The watershed is delineated into individual HRUs,
ideally not exceeding 30’ (Schulze, 1995)

The delineation of HRUs for the CRW was based on elevationcdard mean annual radiation
and the watershed boundara 100m DEM was classified into 14 edion bands using 10@ intervals
ranging from 1200n to 2600m. Land cover data produced by the National Land and Water Information
Service (NLWIS)are downloaded from the GeoBase por{@eoBase, 201 Ht 30m resolution and
generalized to 10@n to maich the DEM. Of the 36 different land cover classes found in the province of
Alberta only 13 were represented in the CRW. Mean annual radiation was calculated in ArcGIS using the
Area Solar Radiation tool using half hour intervals every three days throtugie®year. To account for
the fraction of radiation that passes through the atmosphere, monthly transmittivity values ranging from

0.53¢ 0.65 were also implemented, which were based on observations of the three nearest climate
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stations which recorded salr radiation.The radiation output was then classified into four quartiles. The
CRW was sudivided into upper and lower watersheds corresponding to the two streamflow gauging
stations. The spatial boundaries of the four input variables (15 elevation baB8dand cover classes, fou
mean annual radiation classasd two watershed boundaries) were overlaid in ArcGIS, creating 230 HRUs
for the entire CRW, where 98 HRUs constitute the upperngatershed, and 132 HRUs make up the

lower subwatershed.

3.4Daa Requirements

Regardless of the spatial complexity of a watershed, a minimum amount of information is
required to enable the simulation of hydrological processes. Geograpbigriafion such as location,
areaand elevation is required at the HRU lev@imatic information including daily observations of
precipitation and minimum and maximum air temperature are required. ACRU also requires the input of
reference evaporation data. Since it is difficult to accurately measure evaporation ditbetiyhyscally
based PenmaMonteith method using meteorological data aused. The Penmaklonteith method
requires inputs such as daily mean air temperatd@)( wind speedJ, m s'l), relative humidity RH,%)
FYR ySG NIRAIFGAZ2Y | Tdayl).Ober Sskential aadreqairdaNefits i2ISde éod and Y
land cover information. The soil data requirements include, for botandl Bhorizons, soil depthsoil
porosity (PO) field capacityFC) wilting point(WP)and soil water redistribution variabletand cover
classes, such as coniferous forest or shrubland, must be translated into hydrologically meaningful
variables, such as monthly interception rates or leaf area index (lawh}, transpiration coefficienand
rooting depths. In order to enablaiidation of simulated output, observed data should include at a
minimum daily streamflow time series, but ideally also independently recorded temperature time series

and snow pillow or snow course data.
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3.5Model Parameterization
Once the physical chacteristics and climatic information of the watershed are obtained, they
are parameterized into the model. In ACRU, parameterization refers to the assignment of relevant
hydrological variables to HRUs which are distied throughout the watershed.
For cimate input, ACRU was parameterized following thealbed driver station approach. This
F LILINRF OK A& olaSR 2y | aol asS adletal(@®ByfwhiciStheK2 R | a& RS3
extrapolation of meteorological variables from a point of measugeyhi 6 NBEFSNNBR G2 & | a
GKS adGdzRe aairidsSé 27F Adfférénbdas ia dlevation) slogend AspedtbdtdeBndHe A 2 y & T 2
base station and the site. The base station method is applied to provide climatological input into the
spatally distributed hydrological model using two different climatic datasets. The first dataset represents
the long continuous climate record observed at B&8CYA3050600), and the second dataset represents
a spatially continuou&0 km Grid wherein each gd cell contains estimates of daily weather variables for

its particular area.

3.5.1Climate Data
A number of datasets were used to parameterize the ACRUtagimlogical model. Details
summarizing the major datasets that were used are outlined inélatl Two different climate datasets
FNB FLILX ASR 2 GRNAGSE |/ w! I|ddtasdt,codmpribed of daflyf @ RA & (0 NA 6 d
observations off min, Tmavand precipitation,were made available by Environment Canfd€)2012a)

http://climate.weather.gc.cal/index_e.html#accesFhese data were observed and recorded atBMCS

(05AA022) which captures 100 years (1:2042) of daily obsertens. From this dataset the 1972000
historical record was chosen as a baseline period. Days with missing observations accounted for less than
1% of the entire 30 yr daily time series and were infilled using an infilling procedure based on the

following methodology:
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Select climate stations inade proximity to the driver station (Beaver Mines). If

possible, climate stations that share similarities in topography such as mountains,
foothills, or plains landscapes are given highest priority for patching/infilling.

Divide data into 12 monthly sesgJan to Dec) for all station records so that each month
contains observations for the whole historical time period (e.g. 18Al-2000 Feb.
1971-200Q etc..).

Run linear regressions for each month between the driver station and all infilling
stations.

Order infilling stations from highest to lowest according to the coefficient of
determination (?) derived in Step 3.

The sation with the highest?value is used to infill missing days in the driver station
record. If missing data are encountered hat station, the station with the next best

is selected and used. This process is repeated until all missing days in the driver station

climate record are infilled.
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Table3.1 Meteorological and terrestrial based data used to model@RW

Temporal
Data Description Resolution Spatial Resolution Variables of Interest Source
Observed time series Tmin E ©). Tme?()?_C),_ .
: . . Tmean(°C), Precipitation ~ Environmen Canada
data from stations of Daily Point data o
varving lenath (mm/day), Net Radiation (EC)
yingfeng (MJ nf/day)
Observed time series Wind speed (m/s) National Oceanic and
data from stations of Daily Point data Relativerl)ﬂumiditjo/’) Atmospheric
varying length 0 Administration (NOAA)
National Land and
Spatially continuous . A o Water Information
gridded dataset (1951 Daily 10 2(11(?0k|2ﬁ§ulds P-:'-(::T;Iinit(agc))h-r(m?:/((ifgl Service (NLWIS),
2010) P Y Agriculture and AgH
Foods Canada (AAFC
Monthly Tmin (°C), TmagC), Parametere_levatlon
. . L Regressions on
Interpolated time series normals 2km Precipitation (mean
19712000 monthly) Independent Slopes
y Model (PRISM)
Alberta Environment
. Snow Wate Equivalent and Sustainable
Snow Survey Data Seasonal Point data (SWE) Resource Developmen
(AESRD)
) . . Streamflow dischaye Environment Canada
Hydrometric Data Daily Point data msY HYDAT
Soil Data (polygon Published Soil Texture and Alberta Agriculture and
. S Polygons at scale . -
shapefiles and online in 1:50 000 Hydrological Soil Rural Development
databases) 2003 T Properties (AARD)
Land cover 2007-2008 30m Resolution Land Use NLWIS, Geobase
MODIS satellite images
) from the
Leaf Area Indef_Al) 2004 1000m Resolution Leaf Area Index .
National Snow and Ice
Data Center (NSIDC)
Environment Canada
Plant Transpiration . Water Vapor and Energy  (FluxnetCanada) and
Coefficient{PTCs) 2004 Point data Fluxes the U.S. Department of
Energy (AmeriFlux)
Albedo Monthly Point data Albedo From Literature

The second dataset,@anadawide dailyl0 km Gridvas made available by Agriculture and Agri

Food Canadé013) It was originally released in 2007 by the National Land and Water Information

Service and provides coverage south of 60°N across the landmass of Canada. The dataset consists of daily

estimations ofTmin, Tmaxand precipitation for the 1952010 period of recal. These grids were
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spatiallyinterpolated from 7514 climate stations from the Canadian Climate Data Archives of
Environment Canada. Detailed information regagithe grid creation includingrror analysis associated
with the interpolation of the climatelata with can be found in Hutatson et al (2009) Parameterization
using thel0 km Gridrequired an overlay of the grid with the CRW by partitioning the basin across 20
separate 10 X0 km gid cells. In order to minimize the number of daily climatediseries, climate grid
cells that were either covering a small portion of the CRW, or that were very similar to a neighbouring
climate grid cell, were aggregaténto larger, nonsquare, climate grid cells. As a result of differences or
similarities in tpography, geographic boundarieasd HRU representation, nine polygons were delineated
from the 20 grid cells, each containing estimates of dailyn, Tmavand precipitation (Figure 3).

In mountain environments data are often sparse or unavailable; tloeeehaving spatially
continuous estimations for areas where observations are normally not measured can be invaluable when
simulating hydrological processes. Similar to the Beaver Mines dataset, the estimated spatially gridded
RFEGF FNB I LILERU Sshu distbuted RyddblalBa mddel. The followingssations provide a
more indepth description of hydrelimatological variables that were parameterized in ACRU for the

CRW.
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®  Driver Station Scale: 1:125,000
~~_—— Rivers & Streams Projection: NAD 1983 UTM Zone 12N
Source: National Land and Water Information Service (NLWIS)

10 km Grid
- and Environment Canada

Lakes Author: Tim Anderson B
', Watershed Boundary Date: June 2013 036 12 18 24|ome R

Figure335 NA @SNJ adF GA2y LI NI YS(SNRih¢ BMERef) aaddHe® &nd & G| G A 2y
gridded daily models (middle and right).

3.5.1.1Temperature

Average temperature decreases with elevation in the free atmosphere according to an
environmental lapse rate approximation of 6°C k(Barry, 2008)Due to a numer of influences common
in mountain environments such as tempeuag inversions, katabatic windsd diurnal temperature
fluctuations, temperaturdapse rateslerivationcan be highly complex, and, due to the scarcity of
temperature measurements, is extraty difficult to estimate for all locations across an entire watershed.
As air temperatures are alsofluenced by slope, expositicand land cover (e.g. norilvs. southfacing
slopes, valleys that receive litttg no direct incoming radiatioand foresed vs. open areas), temperature
measurements derived at the base station are adjusted internally within ACRU according to usest defin
lapse rates, solar radiaticend land cove(Kienzle, 2011)Temperature adjustments using lapse rates are

29



made from thelocation of the base station(s) for both climate datasets. For example, when the Beaver

Mines data are applied to run the ACRU model, temperature values are adjusted daily by calculating the

difference in elevation between thBMCS1257m.a.s.l.) and théndividual HRU. The same approach is

applied forthelokmgidRSR RI X gKSNB G(KS YSIty StS@riazy 2F St
Monthly lapse rates can be estimated by using the PRISM climate normals and calculating the

monthly PRISM temperatarvalues at the driver station as well as mean monthly temperatures for each

elevation band and applying linear regression analysis. The slope of the monthly regression line is

equivalent to the monthly lapse rate. However, when this method was apphediesultinglapse rates

were unrealistic. For instance, calculated Tmax lapse rate (TMardRI min lapse rate (TMIinLR)

gradients exceededL0°C kit for most months and at times reached and exceed2@C krif on a

monthly basis. Therefore, regional lapsates were derived through the application of a weighted

distance calculation to PRISM based lapse rates previously determined for the (NSGRE: et al., 2012)

and SMRWKienzle, 2011)and are listed in Tab&2. Lapse rates calculated for the CRK¥ in line with

those calculated by Blandford et §008) for a Rocky Mountain area in sowtténtral Idaho, where

steeper lapse rates occur during summer months and shallower lapse rates occur in winter months. For

example, Blandford et a{2008) repots (TMaxLR) in December to January to4h8°C krit, gradually

steepening through February and Mareb.( to-5.3°C), followed by a sharp increase during spring and

summer where TMaxLR reaches as large &C krit, and then decreasing again during tladl and

winter. TMInLR are quite shallow during December to Janu@r{4 to-0.16°C krﬁ), gradually

steepening in February to Marct0(21 to-0.33°C krﬁ), and dropping significantly to 0.03 during August

to September, followed by an increase agaimidg fall and winter.
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Table3.2 Regionally derived lapse rates of Tmax (top) and Tmin (bottom) for theMagedregions of the
UNSRB, CRwid SMRW in the Rocky Mountains. Ragl lapse rates for the UNSBRBd SMRV were
derived from 1976000 PRSM surfaces.dpse rates for the CRWere derived by applying a weighted

distance ratio of 2/3 towards the SMRand the UNSRB.

Mean Monthly Temperature Maximum (Tmax) Lapse Rate

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

North
Sagkatchewan, AB, -5.2 -523 -494 -742 -8.04 -845 -837 -83 -815 -825 -7.06 -6.05
Canada

Castle, AB, Canada -5.73 -5.74 -575 -656 -6.85 -7.16 -7.09 -69 -6.72 -69 -648 -6.14
St. Mary, MT, USA -5.99 -6.00 -6.15 -6.13 -6.26 -6.51 -645 -6.2 -600 -623 -6.19 -6.18

Mean Monthly Temperature Minimum (Tmin) Lapse Rate

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

North
Saskatchewan, AB, -1.17 -2.03 -3.56 -4.33 -438 -516 -4.23 -349 -342 -415 -403 -29
Canada

Castle, AB, Cada -0.56 -0.75 -2.39 -4.05 -3.83 -42 -3.7 -295 -289 -3.38 -238 -1.35
St. Mary, MT, USA -0.26 -0.11 -1.8 -391 -356 -3.72 -343 -268 -2.62 -299 -156 -0.58

3.5.1.2Precipitation

The spatial and temporal variability of precipitation has led masgarchers to examine
precipitation lapse rates in mountainous terraifhis is a result of the fact that precipitation generally
increases with altitude, at least up to the highest point of meamest (Shea et al., 2004). In ACRU, this
variability is expressed as a precipitation adjustment factor where daily rainfall values are converted by a
precipitation correctiorfactor (CORPBTwhich can vary month by mon{schulze 1995 CORPPT is

determinead by:

CORPPT=— [Eq. 3.1]

where, thePyryis the mean monthly PRISM precipitation for each HRURyttEnotes the mean monthly
precipitation for each respective driver station (Beaver Mines®km Grida & ! . PRESM fedipibation

is based on the 1972000 normals. When applying tlBMCS precipitation is extrapolated from the

station elevation of 1257 m.a.s.&ind adjusted according to changes in the elevation of each HRU across

the watershed. Mjustments using thdOkm Gridi & ! ¢ arelegtrapiblatéd to HRUs above and below
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the mean elevation of each gridthe adjustment factors for thBMCSare applied to the catchment as a
whole, while those calculated from the nine gridded areas are subject to their respepttial®extents

and when combined, provide spatial coverage for the entire watergkéglire 34).

Figure 3.4 Correction factors are applied to extrapolate meteorological variables from a driver station to
unmonitored sites in the watershed. Extraptiten occurs from a point measurement e.g. Beaver Mines
(left) or from the mean elevation of a spatially gridded dataset such as the 10 km Grid (right).
3.5.1.3Evapotranspiration
In ACRUETtakes place from water storages in the salént interface ands separated into

evaporation and transpiratiofSchulze, 1995klative to energy balance and atmospheric demand. Daily
potential ETis derived from the reference evaporation calculated using the Perkhanteith equation,
and monthly plant transpiratiocoefficients which are based on land cover type. The reference
evaporation selected for use in this study is the FAO Pervhamteith method(Allen et al., 19983s it
has been considered a universal standardEdestimation for more than a decad&entehas et al.,
2010) The estimation of dailig Trequires for each HRU daily minimum and maximum air temperatures,
solarraRA F G A2y |4 O KIS 8ayIh& umberotizNdEHIN® Burky day'], RH[%4 andU
[m Sl]. The parameterization of eh of these variables will be discussed in more detail below, excluding

that of air temperature as it has already been discussed previously.
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3.5.1.3.1Relative Humidity and Wind Speed
Canadian climataeormals for RFind U (1971-2000) were made availabley Environment

Canadg2012b)http://climate.weather.gc.ca/climate _normals/index_e.html#198tr 17 RH and 26 U

stations located in Alberta, 29 RH and 48 Uiste in Britsh Columbia (B.@nd 15 RH and 25 U stations
in Saskatchewan. Additional measures of RH and U were also made available by the National Atmospheric
and Oceanic Administration (NOAA) for 6 RH and 7 U stations located in the State of Montana of the
United Sates. Climate normals consist of mean monthly climatic conditions at station locations
established during a 30yr period throughout Canada and the United States. Minor adjustments were
made on each set of climate normals, for example, conversion from pelelsour (mph) to kilometers
per hour (km/h) for Montana U dataeve performed. Additionally, U data, which were measured at 10 m
height from the ground surfze, was converted to 2 m height.

To adjust and extrapolate RH and U throughout the watershed) &t and U climate station is
mapped in ArcGIS and spatially interpolated using spline to anl@fid across Alberta. Monthly means
are calculated using statistical spatial analysis onlth&m Grid andBMCSMonthly means are then
downscaled to dailyalues using a Fourier Transformation. Once daily values are obtained, the process is
repeated for the 6lyear climate time series and inserted for use in a climate input file (composite file)
based on local hydrometeorological variables. Mean monthlyredts of RH and U are also converted by
factors of WINCOR (wind correction factor) and RHUCOR (relative humidity correction factor) across the

watershed. These calculations are described by:

Correction FactoF —— [Eq 3.2]

where, Xdenotes the variable of interest (U or RM)ryis the mean monthly U or RH for each T80HRU
and Xy signifies the mean monthly U or RH for each respective driver station (Beaver Mib@kor

Grid).
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3.5.1.3.2Sunshine Hours and Solar Radiation

Hours of bright sunshine and incoming solar radiation were calculated by way of extensive data
processing in ArcGIS, using the Area Solar Radiation tool. The Area Solar Radiation tool is only applicable
for maximum 1 dgree latitude (approximately 114m)because it only allows the input of a single
latitude value for the computation of solar radiation over an entire study area. To account for increasing
over estimation of solar radiation towards 60° N and increasing uadémation of solar radiation
towards 49° N, correction surfaces were created at 49° N and at 60° N. Combining the two resulting
correction rasters provided the surface upon which simulated values of sunshine hours and net radiation
could be made.

Observations of bright sunshine hoursdamet radiation were made ailable in the form of
Canadian lamate normals by Environment Cana2012b)for 21 stations across the Province of Alberta.
Points for each station location were imported into ArcGIS and mappeatio of simulated and
obsened sunshine hours at the climate station point locations provided the basis for creating an
interpolated raster surface and was used to divide the surface of simulated sunshine hours into a final
sunshine map for the province of Alberta. Sunshine hourewerrected for each HRU in the CRW from
GKS . SIF@SNJ aaySa olFlasS aidridAazy Fa ¢Stf a SIOK 3INAKRR
were calculated for both sunshine hours and radiation and for both the climate station point location and

10K climate grids.

3.5.1.4Land cover
Land covedata were downloaded from the GeoBase portal (GeoBase, 2011)

http://www.geobase.ca/geobase/en/datdénd covefcsc2000v/ascription.htmlat 30 m resolution and

generalised to 100 m. It was originally produced from raster thematic data from classified Landsat 5 and
Landsat 7 orthemages for the agricultural and forested areas of Canada. The agricultural product was
producedby the National Land and Water Information Service (NLWIS) of Agriculture areoadri

Canada (AAFC), while the forest cover product was produced by the Earth Observation for the Sustainable
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Development of Forests (EOSD) of the Canadian Forest Sepgeghdr, through collaborative measures
of each of the aforementioned mapping agencies, ldred coverextent of Canada was made publicly
available. The original land cover product is made up of a series of 34 groups agigpb ofland cover
classes, bwhich only 13 are present in the CRW. Thestah# coverclasses are as follows: Water, Rock,
Barren Land, Developed, Shrub Tall, Wett&dub, Herb, Grassland, Agricultufainual Cropland,
AgriculturalPerennial Crops and Pasture, Coniferous Denseifé¢ous Open and Broadleaf Dense. For

purposes of modelling efficiency, two land cover gibups were generalized to their hierarchical group
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Table 3.3 Percent coverage of Land cover classes in the CRW
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watershed
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3.5.1.5So0ils

Hydrological soil properties for each HRU in the CRW were estimated based on ametho
developed and described by Kienzle e{2012) which relies on the association between soil depth and
soil texture, with associated water holding parametédP©O(WP, and FE This association was based on
available literature involving land classitica and soils in the Rocky Mountai(Rettapiece, 1971)
Additionally, soil data were obtained from the Agricultural Region of Alberta Soil Inventory Database
(AGRASIOAIberta Agriculture and Rural Development, 2812

http://www1.agric.gov.ab.ca/$Department/deptdocs.nsf/All/sag146&Bich originates from soil surveys

and soil maps created by different mappers since 1@fterley et al., 2001)Since AGRASID was

developed ony for the agricultural region of Alberta, little soil information exists for the Alberta Rocky
35
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Mountains. The CRW is no exception, but due to the location of the outlet occupying a transitional zone

between the foothills and mountain landscape, it was d¥38 S R
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into and provided data for approximately 10% of the low lying agricultural area of the CRW.

Understanding that there is considerable uncertainty associated with generalizing soil information in

mountainous terrainsoil properties based on attributes of knoland covemwere extrapolated to the
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depth information for the A and B soil horizons for each land cover iy theCRWSs reported in Table

3.3

Table3.4 Soil depths and water holding parameters for corresponding land cover classes found in the
CRW. For agricultural land, soil depth information was derived from AGRASID.

o° % k] E 8- g 2] §' g
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Land cover & S 2 ] 3 © ca 25 ) 8
x = 3 T ) [ < 5 SAa g S
= > o = c
0 ] O = 58 o S o
= & o 3 @
Depth of A
Horizon [m]  0.01 0.06 0.20 0.04 0.04 0.18 0.16 0.05 0.05 0.13
POin A
Horizon [%] 0.900 0.402 0.408 0.421 0.421 0.394 0.394 0.402 0.402 0.394
WP in A
Horizon [%] 0.162 0.162 0.215 0.103 0.103 0.109 0.109 0.162 0.162 0.109
FCinA
Horizon [%] 0.285 0.285 0.332 0.231 0.231 0.213 0.213 0.285 0.285 0.213
Depth of B
Horizon [m]  0.00 0.33 0.40 0.24 0.24 0.48 0.47 0.29 0.27 0.53
POiInB
Horizon [%] 0.900 0.402 0.408 0.402 0.402 0.394 0.394 0.402 0.402 0.394
WP in B
Horizon[%4 0.162 0.162 0.215 0.162 0.162 0.109 0.109 0.162 0.162 0.109
FCinB
Horizon [%] 0.285 0.285 0.332 0.285 0.285 0.213 0.213 0.285 0.285 0.213
3.5.1.6Albedo and Roting Depth
{dNFI OS5 FtoSR2 RSGSNNAYSA (KS
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surface and, thus, the amount of energy available for heating the ground and lower atmosphere as well as

for evaporating watefRowe, 1991)ACRU ammunts for seasonal variations using mean monthly Albedo
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values for each land cover class. Monthly albedo values were obtained from lite(aturens, 2007;

Brutsaert, 1988; Gerrard, 1990; Pomeroy and Dion, 1886)parameterized in the ACRU model (Table

3.4). In order account for the changes of albedo during periods of snow cover, albedo values are modified

daily. Following a day of snowfall over 1 cm, albedo values are increased to 0.80, and during days without
snowfall but with remaining snow cover,luas are decreased by 1.5% @ simulate the accumulation of

dust and the metamorphosis of snow, until values reach a minimum snow albedo value of 0.60. Once the

show depth declines to 78m, albedo is set to decrease based on a dynamic dedggeactor as it is

assumed that an increasing proportion of the land surface is snow(ffiemeth et al., 2012).

Table3.5Monthly albedos corresponding to ldrcover classes found in the CRYW&re parameterized in

ACRU.
Monthly Albedo
Land cover Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
Water 0.15 0.15 015 0.15 0.15 0415 015 015 0.15 015 0.15 0.15
Rock 0.10 0.10 0.10 0.10 0.0 010 0.10 0.10 0.0 0.10 0.10 0.10
Shrubland 019 019 019 020 021 022 024 024 024 019 019 0.19
Wetland 0.16 0.16 0.16 0.16 0.17 0.17 0.17 0.17 0.7 0.17 0.16 0.16
Herb 0.16 0.16 0.16 0.17 020 022 026 026 026 0.16 0.16 0.16
Grassland 0.16 0.16 0.16 0.17 020 022 026 026 026 016 0.16 0.16

Cropland Annual 020 0.20 0.20 0.20 0.18 018 0.16 0.16 0.16 0.18 020 0.20
Pasture, Perennial Crops 0.20 0.20 0.20 0.20 020 025 025 025 025 020 0.20 0.25
Coniferous Dense 020 020 0.20 0.19 0.8 016 015 0.15 0.16 0.16 0.18 0.20
Coniferous Open 0.18 0.18 0.18 0.18 019 019 021 021 021 016 0.17 0.18
Broadeaf Dense 0.12 0.12 0.12 0.12 014 016 0.16 0.16 0.16 0.14 0.12 0.12

The rooting characteristics of plants determine the amount of water that can be accessed for
plant growth and development. In ACRU, the effective rooting depth is a function of/gralbdepth of
the A and B horizons. It also considers the proportion of the active root mass distribution within each
horizon thd extracts water from the so{iSchulze, 1995Model inputs for rooting depths for each land
cover type are taken from thétérature (Canadell et al., 1996; Jackson et al., 1996; Strong and Roi, 1983)

and applied to the CRW.
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3.5.1.7Plant Transpiration Coefficients

Currently, estimates of plant water use for vegetation in the CRW have not been made available
in the literature andit is assumed that none exisEonsequently, plant transpiration coefficients (PTCs)
applied in the CRW were taken fronstudy performed by Nemeth (20),0which focused on the
verification of the ACRU model in a multi variable analysis of hydralqgiocesses in theNSRB in
Alberta, Canada. Neme{2010) calculated PTC values, the equivalent to crop coefficients, corresponding
to the most prevalent land cover classes found in the UNSRB using observed meteorological and flux net
data from locationsn Alberta and Saskatchewan, Canada the State of Colorado in the United States.
A minor correction factor (0.15) was applied as a result of an increase in soil moisture between the semi
arid southern Albertan climate and the UNSRB mountain region r&\ieservations for certain
vegetated land covers did not exist (e.g. Shrubland, Annual Crog?anelnnial Cropland and Pastuaed
Wetland) monthly averages of available PTCs from Nerf2&th0) were combined. For example,
Shrubland PTCs were calculatesing a weighted percentage of grassland (60%) and broadleaf stands
(40%), cropland was calculated following the method described in Hobbs and Krét@&&) where for
annual cropland monthly averages of prevalent Alberta crop typbeséty barleyand alfdfa) were used.
A combination of alfalfa and grassland were used for perennial crops and pasture. Wetland PTCs were
calculated from wetland and grassland values derived from Read20@8) Since the UNSRB and CRW
are both Rocky Mountain headwater regmexhibiting general similigies in land cover, topograptand
climate, PTC values were kept relatively the same between study areas. Among the few minor changes
made to PTCs between the UNSRB and the CRW include the assignment of a PTC valueallf zero to
vegetated land cover classes for the months IMar. This was done primarily as a result of a generally
cold winter period where plantvater use is either negligibly minimal or nexistent. Aside from
transpiration from plants, any evaporation that sngake place during cold winter months is accounted
for in ACRU through the application of the PennaMonteith evaporation method. A methodology
containing the calculation of PTCs used in this study can be found in Nemett2@12) A list of PTC
valuesas parameterized in the ACRU model and appliethe CRW can be seen in Table 3.5
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Table3.6 Plant Transpiration Coefficients used in ACRWégetated land covers in the CRW

Monthly Plant Transpiration Coefficients

Land cover Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
Shrubland 0.00 000 0.00 0.09 029 050 051 043 0.28 0.08 0.06 0.00
Wetland 0.00 0.00 0.00 023 039 055 047 046 031 020 0.17 0.00

Herb 0.00 0.00 0.00 0.08 032 040 028 0.21 0.07 0.04 0.02 0.00
Grassland 0.00 0.00 0.00 008 032 040 0.28 0.21 0.07 0.04 0.02 0.00

Cropland- Annual 0.00 000 000 034 044 097 114 053 031 0.07 0.04 0.00

Pasture, Perennial
Crops

Coniferous Dense 0.00 0.00 0.00 030 051 063 069 068 035 029 020 0.00
Coniferous Open  0.00 0.00 0.00 0.23 0.38 047 052 051 026 022 015 0.00

0.00 000 000 010 059 081 076 064 058 0.06 001 0.00

Broadleaf Dense  0.00 0.00 0.00 0.11 0.23 064 086 0.76 059 014 0.12 0.00

3.5.1.8Forest Canopy Coverage and Leaf Area Index

Vegetation plays dynamic role in the plant soil water evaporation procgashulze, 1995)n
ACRU, vegetation and land use processes are grouped into three classesgetowk factors, surface
factorsand belowground factors. Canopy interception losses are categdrees an abovground factor.
Interception is the process by which precipitation is caught by the vegetation canopy, stored on the
canopy surface as interception storage and then evaporated, thus being effectively excluded from
precipitation input into thewatershed. Interception loss is used to calculate the difference between gross

and net precipitation.

Ly !/ w!s AYGSNOSLIGISR ¢ GSN) ai2NBR 2y (GKS LX Iy

evaporated back to the atmosphere using up the energy avaifate the reference potential
evaporation This is done before the remaining evaporation is usedliprocessegSchulze, 1995)
Evaporation rates of stored water in wet forest canopies have been found to increase because of
advection(Calder, 1982and lonv aerodynamic resistancg€Rutter, 1967). Evaporation ratepplied in
ACRU are found in the literatuf€alder, 1982; Holmes and Wronski, 1981)

ACRU simulates wet canopy evaporation at an enhanced rate for forested HRUs. An HRU is
classified as forestednly when the forested area of the HRU is greater than 50%. In the CRW, forested

HRUs exhibiting >50% forest cover were identified through the use of GIS. The forested HRUs are also
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parameterized by way of an additional variable that accounts for intdfeemn the canopy (ICC). These
variables are based on available mean monthly LAI data which defines the planimetric area of the plant
(forest canopy) to the soil surface area. Recent model development, as mentioned in section 2.4, adds a
snow interceptionroutine which accounts for the capacity of snow volume that is intercepted (SNCAPI)
and is assumed to be sublimated back into the atmosphere. In the CRW, the forested areas are made up
of several dominant conifer and broadleaf species. These are mentiarmedre detail in section 4.2.4.
Values for snow interception capacity were taken from the literai@@ennell et al., 1985; Hedstrom and
Pomeroy, 1998; Pomeroy et al., 1998; Schmidt and Gluns, 1f@9%jtes in British Columbia and
Saskatchewan, Canadas well as for locations in the State of Colorado, in the United States.

ACRU uses LAl to simulate changes in plantaatipn, soil water evaporatioand canopy
interception. The latter is estimated using the Von Hoyninglerene method Schulze, 1995) Al data
were obtained from MODIS (Moderate Resolution Imaging Spectroradiometer) satellite images,
downloaded from the National Snow and Ice Data Center (NSIDC) for the yegiNZIDL, 2009The
dataareoriginally based on the UNSRB study area lugt b similarities between the land cover in the
'b{w. FYR /w23 RSNAOGSR [!L @IftdzSa 6SNB G(GNryatlkiSR
was not present in the UNSRB, and Herb canopy cover was reported to be 20% of grassland land cover,
Herb LAI values were derived from grassland land cover values divided by 5.

The 2004year was chosen as a suitable year for LAl data because the 2004 mean annual
temperature was almost identical to the mean annual temperature of the baseline period;1981
used byNemeth et al(2012) When prepared for the UNSRB study area, mean monthly LAl values were
calculated in a GIS using a generalized land cover file. Values for December and January were adjusted to
create a smooth distribution to better reflectgit phenology during winter months. Mean monthly LA

values as parameterized in ACRU and applied t&CiR&&are presented in Figurg.4.
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Figure 3 Adjusted LAI values according todatover classes found in the CRMAI values were derived
from monthlyMODIS image&lata takenwith permissionfrom Nemeth, 201Q)

3.5.1.9Streamflow

The simulation of streamflow in ACRU is accomplished through the parameterization of several
streamflow related variables and by linking principles of the modified Soil Gaige Service (SCS)
techniquewith a two-layer soil water budget to geerate stormflow(Schulze, 19955treamflow is
simulated as a summation of stormflow and baseflow. Stormflow consists of a quickflow response
(QFRESP) comprised of both same day and elgyickflow, while baseflow, expressed as a coefficient
of baseflow response (COFRU), consists of delayed flows that have percolated through the various soil
horizons into the intermediate or groundwater zones eventually being released into the streaiusrar
in a watershedSchulze, 1995 hese parameters are dependent on the mean slope of an HRU, as it is
hypothesized that a steep slope is associated with higher quickflow and baseflow responses than a HRU
characterized by a flat slope.

Daily strearflow data from two hydrometric gauges within the CRW were obtaiBadironment

Canada (2012¢jttp://wateroffice.ec.gc.ca/search/search_e.html?sType=h2o0#md used to validate the
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simulated streamflows at the two corresponding HRUs. When a precipitation event takes place in the
CRW a coefficient of initial abstraction (COIAM) accounts for initial infiltration, interception, or surface
storage in hollows before stormflow begi(Schulze, 1995)Values used for COIAM depend largely on
land cover. For instance, a value of 0.2 (20%) will typically be used for urban/dgami areas, 0.05 for

arid areas oin conditions of frozen soilnd 0.3 for afforested conditions or when the plouggp oflands
take placg(Schulze, 1995 he coefficients of initial abstction parameterized in the CRave shown in
Table3.6. ACRU also accounts for antecedent soil water conditions during the generation of stormflow
processes. The effective soil defthwhich this takes place is specified depending on the basin climate,

soil condition, or land cover. In the CRW, these values were set to the depth of the A horizon.

Table3.7 Monthly coefficients of initial abstraction peining toland coverin the RW

Monthly Coefficients of Initial Abstraction

Land cover Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Shrubland 0.00 000 000 0.00 000 000 000 0.00 0.00 0.00 0.00 0.00
Wetland 000 000 000 0.00 000 000 000 0.00 0.00 0.00 0.00 0.00

Herb 005 005 006 0.07 008 008 008 0.08 0.08 0.08 0.08 0.06
Grassland 005 005 008 015 020 020 020 020 020 0.20 0.20 0.08

Cropland- Annual 0.05 005 008 015 020 020 020 020 020 020 0.20 0.08

Pasture, Perennial
Crops

Coniferous Dense  0.05 005 0.08 020 030 030 030 030 030 030 030 0.08
Coniferous Open  0.05 0.05 0.08 018 025 025 025 025 025 025 025 0.08
Broadleaf Dense 005 005 008 020 030 030 030 030 030 030 030 o0.08

0.05 005 008 015 020 020 020 020 020 020 0.20 0.08
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Chapter 4 Model Verification
4.1 Verification of Hydrological Processes

Simulation models provide us with the ability to make predictions about re@igijnen, 1995;
Robinson, 1997; Sargent, 2005) hydrological modelling, theseattictions affect the decisions end
users make based on a number of water management planning i§éuesS Y19&B) including, inter
alia, streamflow runoff potential, timing and magnitude of runoff events, flood estimation, reservoir
operation, agiculture, fisheries managemettnd various human water needs throughout each year
(Dettinger and Cayan, 19999CRU has been verified extensively for use in a number of different
applications in many climates throughout the wo(lkwitt and Schulze, 1999; Jeveét al., 2004; Kienzle
et al., 1997; Kienzle et al., 2012; Kienzle and Schmidt, 2008; Martinez et al., R2&@@Xample, ACRU was
recentlyused in a multivariable analysis where all elements of the hydrological cycle were simulated and
variables suchsatemperature SWE glacier mass balance, potenteatapotranspiratiorand streamflow
were verified for the purpose of predicting the impacts of climate change in the headwaters of the UNSRB
(Nemeth et al., 2012)

In the CRW, simulation results were coangd with observed time series of temperature,
snowpackand streamflow. Since streamflow is derived by regional precipitation patterns, it is important
to verify hydrological variables in an order that makes sense from a hydrological standpoint. As such,
temperature is verified first as it influenceaster alia,the separation of pecipitation into rain and snow,
the timing of snowmelt processes, and rates of sublimation BfKienzle, 2013, 2011%ince the
development of snowpack and timing of snowmglbcesses are largely dependent on near surface
temperatures SWEwill become thesecond elemenbf the modelling process that is verifielth. Alberta,
snowpack is known to be the major source of a large quantity of fresh water to downstream communities.
For example, Balk and Eld@000)and Mote et al(2008) report snowmelt runoff from mountainous
regions in the western United States accounts for approximately5P@ of the annual streamflow that
maintains flow volumes throughout warm summer periodssAsh, streamflow will be verified last and
will include the comparison of observed and simulated streamflow using various model evaluation
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statistics including linear regression, N&&titcliffe coefficient of efficiency (NSB)ash and Sutcliffe,
1970)and variousgraphical techniques as explained by Legates and McQ#&99)and Moriasi et al
(2007)includinghydrographs In general, these statistical and graphical techniques provide an evaluation
of certain aspects of model simulation, including howlw#&hulated data match measured data in terms

of, inter alia, the timing and magnitude of peak flows and shape of the recession curve.
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Figure 41 A map of the study area showing the location of climateistet, streamflow gauge stations
and snowpack masuring sites. The climate station identifiers correspond to Table 4.1, the snowpack
identifiers correspond to Table 4.3 and the streamflow gauge

4.1.1 Verification of Temperature
Daily observations of mean temperature from four Environment Canadatelistations were

collected and used for temperature verification of the ACRU model in the CRW (see Table 4.1). Table 4.2
45



lists the original twenty 10 X0 km gids that were merged together to create the nine areal features
flroStfSR a! ¢tiold themegger gridyis defictedia Fighde 3.3. The seasonality of the
Environment Canada arkD km Gridstations is plotted in Figure 4.2. Temperature calibration requires an
analysis of comparing simulated and observed monimhn and Tmawhere adabatic lapse rates are
adjusted to correct for temperature change with increasing altitude. Adiabatic lapse rates were kept
within meaningful ranges for mountain environments, following ranges reported in the literature
(Blandford et al., 2008; Bolstad &, 1998; Pielke and Mehring, 1977; Pigeon and Jiskoot, 2008; Rolland,
2003) until the line of best fit between simulated and observed temperature is achieved. Lapse rates
used in the CRW are shown in Figure 4.3. Photographs of two out of the fourritneitbCanada

stations are shown in Figure 4he four climate stations listed in Figure 4.1 are seasonal in that they
record temperature during the spring througlutumnseasons. Given the seasonal nature of an
inhomogeneous record of observations, thedienate stations are not suited for use as base stations but

work well in verification analysis such as is required here.

Table 4.1 Climate stations used for hydrological simulation and tempergt@teerification in the CRW

Elevation Observed Time

Station Name Station ID Laitude Longitude (m.as.l) Period N (days)
Carbondale Lo 3051310  49.4300  -114.3700 1798 12%%‘::_12%%%' 3427
Castle 3051430  49.4000  -114.3400 1360 ll%gglz%g' 6784
Gardiner Creek 3058769  49.3611  -114.5158 1920 19982003 1730
WestCastle  3057K55 ~ 49.2833  -114.3667 1524 19992003 1382
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Table 4.2. A list of the interpolated cliteastations of daily TmaRC] Tmin[°C]and precipitationfmm].
Twenty10 km Grig were merged into nine, each being assigned a létteré (2 aLé® / £ AYF (S
available for the period 19508010, which equates to 16,071 days.

Station Name Station ID Latitude Longitude Mean Elevatiorim.a.s.|]

A 47559 49.5000 -114.5085 1728
Al* 47162 49.5867 -114.5429 1739
A2* 47558 49.4779 -1146429 1942
B 47949 49.4133 -114.4743 1648
B1* 47948 49.3912 -114.6085 1870
B2* 48340 49.3045 -114.5741 1736
C 47950 49.4353 -114.3400 1466
C1* 47560 49.5221 -114.3740 1587
D 47951 49.4572 -114.2056 1377
D1* 47561 49.5439 -114.2394 1308
D2* 47562 495656 -114.1047 1192
D3* 47952 49.4788 -114.0711 1237
E 48341 49.3266 -114.4402 1862
48342 49.3486 -114.3062 1671

G 48736 49.2399 -114.4062 1895
G1* 49128 49.1531 -114.3724 1825
H 48737 49.2618 -114.2724 1878
H1* 48738 49.2836 -114.1385 1937
| 49130 49.1967 -114.1051 2053
11* 49129 49.179 -114.2388 1885

* Indicates a grid that was merged into gridd A
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Figure 42 Mean monthly temperaturg°Clfrom climate stations used for temperature simulation and
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the 10 km gidded dataset (bottom) respectively.
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Figure 43 Regional mean monthly lapse rates of Trif&X](top) and Tmin°C](bottom) for theUNSRB,
SMRWand CRW
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Figure 44 Climatestations in the CRW. Gardiner Creek Climate Station (top) Carbondale Lookout Station
situated on Carbondale Hilbgttom). Photographs by Alberta Agriculture and Rural Developr(di2b)
(top) and courtesy of John Reid (bottom).

4.1.2 Verification of SWE
In Alberta, snow data collection combines both manual (snow course survey) and automated

(snow pillow) methods following standards set by the Meteorological Service of Canada (MSC) and the
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United States Geological Survey (USGS). This includes the stprataices of equipment installation and
configuration(Minke, 2014 personal communicatignSnow pillows are installed similar to the SnoTel
sites operated by Natural Resource Conservation Service (NRCS) in the Unite(Vibitkizs2014

personal commuitation). Some monitoring stations use both manual and automated data collection
methods which helps ensure the dadee verifiable(Alberta Environment, 20098now data for two sites
in the CRW were made available by Alberta Environment and SustaireddarBe Development (AESRD)

and are listed in Table 4.3.

Table 4.3 Snowpack stations used for WiB] verification in the CRW

Station Name Station ID Latitude Longitude Elevation _Observe_d n
[m.a.s.]] Time Period
Gardiner Creek HW o0 pa09 493611 -114.5158 1920 19842010 6564
(snow pillow)
Gardiner Creek HW 05AA809 49.3611 1145158 1920 19832003 133
(snow course)
West Castle Bush (snov oo ppa01 492781 -114.3656 1524 19702010 126

course)

Snow pillows measure SWE by use of circulactagonal menbranes filled witHiquid that has
a low freezing point. The weight of snow on the pillow controls the pressure of the liquid, which is
recorded or measured via a manometer or pressure transd(@ergman, 2002)Often timesa pressure
sensor camproduceerrors due to the difference between thermal properties of the samshe ground
under the sensoand of the surrounding ground around the sengdwhnson and Marks, 2004jhus,
melting and freezing of the snowpack resulting from these thermal incomgigs can cause snow shear
to either bridge the sensor causing undeeasurement, or to transfer the snow load from the
surrounding snow cover to the sensor causing eweasuremeniJohnson and Marks, 2008now
pillow and snow course data were plottad Figure 4.5 to potentially identify years where errors may

exist.

51



The Gardiner Creek HW snow pillow and snow course measurements are made on a daily (snow
pillow) and monthly (snow course) basis. The snow pillow site has been built in a location aiffpeett
cover of alpine fir and has been set up in direct proximity to the Gardiner Creek Climate Station (305B769)
(Campbell, 2014personal communicatigr(See Figure 4.2). The snow course is located in an adjacent
forest clearing measuring approxim&e20m x 50m with SWE survey points following the perimeter of
the clearing{Campbell, 2014personal communication The second snowpack site is at West Castle Bush
and is located in close but not direct proximity to the West Castle Climate St&806AK55) maintained
by Environment Canada. The snow course follows a linear (@2@ath where the first 10én consists of
partial forest cover (~50%) and the last IG:onsists of open argg&ampbell, 2014personal

communicatior).
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Figure 45 GardinerCreek HW snow data representing the manual and automated methods of
measurement for the years 198810.
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Figure 46 Gardiner Creek Climate Station and site for snow pillow and nearby snow course. Photograph
by AlbertaAgriculture and Rural Developmef@012b).

4.1.3 Verification ofStreamflow

In the CRW, hydrometric gauges are maintained by Environment Canada through the Water

Survey of Canada monitoring agency measuring daily discha?gé)(at two locations along the Castle
River (Figure 4.1, Table4). Observations of historical streamflow are available in neastiaal or in an

archived format and can be downloaded from Environm@ahada (2014).

Table 4.4 Hydrometric gauge stations used in streamflow verification in the CRW

Station Station Latitude Lonaitude Elevation Ok_)rsiir;/ed Number of Drainage  Operational
Name ID 9 [m.a.s.l] Period Observations  Area[km’] Schedule
Castle

River at

Ranger 05AA028 49.3992 -114.3388 1339 19672010 10994 375 Seasonal
Station

Castle

Rg’g;:;ar 05AA022 49.4886 -114.1442 1191 19612010 18262 821 Continuous
Mines
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The Castle River and its tributaries are all natural rivers (rivers with no upstream dams or
diversions) so that the flow volumes observed can be used directly in the model. Hydrographmdepict
the mean annual and monthly flows of the Castle River at the two gauge locations are depicted in Figure

4.7. Photographs showing the gauges are shown in Figure 4.8.
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Figure 47 Mean (top) annual (bottom) monthly hydrographs of the Castle River oredsear Beaver
Mines (05AA022) and at Ranger Station (05AA028).
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Figure 48 Hydrometric Gauges on the Castle River at Ranger Station (top) and near Beaver Mines
(bottom), where streamflow conditions resemble high flow associated with the sprispédtgtaken on
May 28, 2008). Photographs courtesy of Environment Canada.
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4.2 Verification Results: Beaver Mines Climate Station
4.2.1 Temperature

The initial run using Beaver Mines as a base station1(P963) yielded good resultsz(¥0.921
n=13323y=0.9209x + 1.1079) and are shown in Figure 4.9. Results of simulated and observed mean
monthly air temperature are reported in Table 4.5. As the elevation difference betweeBM@&3and the
four temperature stations (Table 4.1) is smabD8m for the Gstle, 267m for WestCastle, 54n for
Carbondale Land 663m for Gardiner Creeldn adjustment of the lapse rate has only minor effect on the
temperature at the verification station. If major changes were to be made to mean temperature
simulations, unralistic lapse rates would have had to been used. As a result, initial lapsdsaéTable
3.2)were used. Although ovesimulation occurs during colder months, comparison of the daily (p=0.00)
and monthly (p=0.00) means using-test reveals both aretatistically the same (Table 4.5). Simulated
and observed variances show a percent difference of 7.88% for daily and 9.03% for monthly means.
Temperatures during warm summer months were simulated well, while temperatures during the spring
andautumnseasos and into the winter months were increasingly owimulated. Ovessimulation of
temperature below the freezing poing insignificant as all precipitation falls as snow, and no snow melt

OCcurs.
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Figure 4.9 Results of model output for tBMCSLinear regression scatterplot of daily simulataadd
observed air temperaturgC](left). Mean monthly simulated and observed air tempenat[°C]for four
climate stations (ght).

Table 4.5 Model performance for dailydimonthly temperaturg°C} SWE [m] and streamflow [riis’]
data in the CRW using the Beaver Mines Base Station. Daily and monthly stre@m%ki’\]vare separated
into three decadal periods: 1971980 calibration pedd, 19811990 validation perio@nd 19512010
total period.

Temperatire SWE Daily Streamflow Monthly Streamflow

Snow Snow 1971 1981 1961 1971 1981 1961
Course  Pillow 1980 1990 2010 1980 1990 2010

Daily  Monthly

Sample e

o 13323 331 259 6564 | 3653 3652 18262 | 120 120 600
"4 Diference | -, na | -19.83 326 | 346 -914 552 | 352 -019 553
of the Mean
P(Tf;f) WO | 000 000 | 000 000 | 001 000 000 | 038 010 001
.
[ADifference | ;g5 903 | 892 364 | -37.4 7561 -42.50 | 24.66 7549 -25.23
of Variance

Coefficient of
Determination | 0.921 0.978 0.62 0.755 0.8@ 0.766 0.736 0.910 0.809 0.8
(")

Regression
Coefficient 0.92 0.94 0.76 0.89 0.76 0.66 0.72 0.86 0.68 0.81
(Slope)
Regression
Intercept

Nash Sutcliffe
Coefficient of n/a n/a n/a n/a 0.80 0.75 0.73 0.91 0.78 0.83
Efficiency
Standard
Deviation

111 0.86 32.99 44.31 0.44 0.36 0.53 0.29 0.33 0.38

n/a n/a n/a n/a 2.40 1.48 2.17 1.81 1.63 1.62
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4.2.2 SWE

Modelled output was verified against data measured from one snow pillow and two snow
courses from the Gardiner Creek HW and West Castle Monitoring StatiotistiG&tbecomparisons
between these observations and simulated outputs are reported in Table 4.5. Figure 4.10 shows under
estimation of SWE at Gardiner Creek HW during the and 19941992 winter seasons. In 1988
1989, SWE is slightly undeimulatedto the snow pillow while the following year (198990) the under
simulation follows more closely to the snow course measurements. Simulating closer to the snow course
SWE in contrast to the snow pillow also occurred from 19924. In 199€1991, the snowourse and
pillow are more consistent with each other verifying it as a year of higher than normal SWE, while the

model significantly under estimates this year by approximately 33%.
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Figure 4.10 Simulated and observed 9viiE] from snow course and ldw measurements at Gardiner
Creek Monitoring Station (top) and simulated and observed Bivit] measured at the West Castle snow
course (bottom). Th8MCSwvas used in the production of these simulated time series.

Based on visual comparison, at Westt@aBush, two years are ovasimulated (19851986 and
19921993), two years are simulated vemell (19881989 and 1993.994)and nine years are under
simulated. Based on snow pillow measurements (daily) at Gardiner Creek HW, the model slightly over
simulaes SWE over the entire historical period by approximately 3%. A comparison between all snow
course measurements (monthly based data from both sites) to the simulated SWE reveals an increased
difference of the means to approximately 16%, but this timerasiedersimulation of overall SWE. The
difference between variances is low for snow pillow (3.64%), and higher for snow course (8.92%)
measurements. The coefficient of determination for snow pillow.#68(n = 6564) while for the snow

course it is 0.62 (n = 259).
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Figure 4.11 Scatter plot of daisimulated and observed SVifgm] (left) and seasonal plot of mean
monthly SWHmm] at the Gardiner Creek HWdht).

4.2.3 Streamflow

Results comparing observed and simulated streamflow using model mamstifie BMCSn daily
and monthly time steps are reported in Table 4.5. Daily and mean monthly flows during the.98@1
calibration periods are both slightly ovsimulated by approximately 3.5%. During the 198D0
validation period, simulated flows desase to an undeestimated discharge of 9.14% (daily) and 9.19%
(monthly). Finally, daily and monthly mean comparisons from the total simulation period of2(861
revert back to an oveestimation, this time an increased result, of approximately 5.B%alues from
two-tailed t-tests reveal that during the calibration (187980), validation (1981990)and total
simulation (19612010) periods, significant differences between simulated and observed means were
apparent. However, a comparison of monthlgams revealed no distinct difference between simulated
and observed flow data except for the total simulation period (22610). The use of the Beaver Mines
dataset also resulted in a large spread of the data distribution where variances ranged bet&é&t%
difference for daily flows and 246% differences for monthly flows. Other model evaluation methods
included the calculation of coefficients of determination and efficiency (Masgkliffe coefficient) and

standard deviation plots. Reporte@values for both the calibration and validation periods of daily
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streamflow are 0.82(19711980) and (r66(1981-1990). These values both increased to 0.ahd 0.89

on monthlytime scales. Daily and monthi§values during the total simulation period of 198010 are
reported at 0736and 0.83 respectively. Th&lSHor both daily (0.80) and monthly (0.91) calibrated
values are measures of good fit, but decrease for the 180 validation period to 0.75 (daily) and 0.78
(monthly). The NSEs for the 198@10period of record are 0.73 (daily) and 0.83 (monthly). Overall, the
slope of the 1:1 line reveals a relatively similar relationship between the simulated and observed time
series. Annual comparisons for the 198010 period in Figure 4.12 shows the compani of simulated

and observed streamflow. During the calibration period (39880), streamflow is modelled well,

whereas in subsequent years, flow is generally esrerulated. A comparison of worst and best simulation
years (19642010) including plots aftandard deviation is shown in Figure 4.13. Lastly, the comparison of

mean monthly simulated and observed streamflow for the 12610 period is shown in Figure 4.14.
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Figure 4.12 Annual hydrograph of simulated and observed streantlﬂﬁ\sil] (19612010 from model
runs using the8MCS
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Figure 4.13 Standard deviation plots of observed and simulated strearﬁﬂf‘)sﬁ}] using theBMCS model
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62



300 70
y =0.7185x + 5.0595
r2=0.736 60
L o /\ Observed
200 . 50 ..' '% eeeeeee Simulated
o
. L

0 :
o f
20 \

f
ol g e
4 e

Daily Simulated Streamflow [As?]

Mean Monthly Streamflow [mds?]

o T T T T T T T T T T T 1
%QQ 123456 7 8 9101112
Daily Observed Streamflow [A&?] Month

Figure 4.14 Results from Beaver Mines model output (18®&I0). Linear regression scatterplot of daily
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4.3 Verification Results10 km Grid
4.3.1 Temperature

The first model run using this multiple station approgtB612003)produced excellent results
(r2 =0.978, n=13323, y=0.9613x + 1.1035). Figure 4.15 shows a comparison of mean monthly simulated
and observed tempetture and a linear regression scatterplot comparing daily simulated and observed
output. Lapse rates used for tH km Gridvere the same as those used for the Beaver Mines simulation
(Table 3.2 andFigure 4.3). Due to the high coefficient of determinatand slope near the 1:1 lineeing
close to unity, further calibration was not performed. Inferential statistics for this model run are reported
Ay ¢l o6t S n odcstatisicKoSdaily (pdoR@) vinal Manthli (p=0.00) means shows confidence
that, statistically speaking, the means for simulated and observed temperatures are the same. The
percent difference between simulated and observed variances of daily (5.87%) and monthly (5.14%) air

temperature show a high degree of efficiency in model simutatio
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Figure 4.15 Results of model output for th@ km Grichase $ations. Linear regressioscatterplot of daily
simulatedand observed air temperature (left). Mean monthly simulated and observed air temperature for
four climate stations (right).

Tabk 4.6Model performance for daily and monthly tempera&{°C} SWE [mmhnd streamflowm®s”]
data in the CRW using tH® km Griddriver stations. Daily and monthly streamflc[m3 s are separated
into three decadal periods: 1971980 calibration paod, 19811990 validation perioéind 19512010.

Temperature SWE Daily Streamflow Monthly Streamflow
bailv  Monthy | SNOW  Snow | 1973 1081 196k | 1971 198k 196
Y Y | Course Pillow | 1980 1990 2010 | 1980 1990 2010
Sam(ﬂ')e Size | 13323 331 250 6564 | 3653 3652 18262 | 120 120 600
.
[*4 Difference | nla 1161 005 | -382 587 652 | -370 588  -6.45
of the Mean
P(Tf;f)“"’c’ 0.00 0.00 000 095 | 001 000 000 | 046 012 002
[ Difference | g o7 514 | 10247 397 | -2484 312 -31.97 | -1157 -3.88  -14.40
of Variance
(Qoefficient of
Determination | 0.978 099 | 0463 0609 | 0788 089 072 | 087 0898 0797
(@)
Regression
Coefficient | 0.96 0.97 064 077 | 079 091 074 | 089 093 084
(Slope)
Regression | 4 4 103 | 1060 7016 | 027 005 031 | 012 002 016
Intercept
NashSutcliffe
Coefficient of n/a n/a n/a n/a 0.79 0.84 0.72 0.88 0.90 0.79
Efficiency
Standard nla n/a n/a nia 251 194 225 | 201 154 204
Deviation
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4.3.2 SWE

Modelled output was verified against one snow pillow and two snow courses from the Gardiner
Creek HW and West Castle monitoring stations. Comparisons of simulated and observed SWE output
illustrating the magnitude and timing of snowpack development in the CRW is shown using a snow pillow
and snow course (Figure 4.16). The snow pillow data at Gar@reek HW was simulated very well in
terms of magnitude and seasonality for the years 19888 and 19941994, SWE simulations from 1988
to 1990 were more representative of snow course measurements and are also considered to be in good
agreement. Similato the results in the Beaver Mines verification, simulation for the 12991 period

was also significantly undestimated, this time, by approximately 30%.
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Figure 4.16 Simulated and observed 9wiE] from snow course and snow pillow measments at
Gardiner Creek lhitoring Station (198-4994) (bp), and thirteen years (1981994) of simulated and
observed SWHEnm] at West Castle snow course in the CRW (bottom). THerLGrid was used as a
group of multiple (9) driver stations for the pioction of these simulated time series.

At West Castle, the 1km Gid simulation improves in thathe under-estimationhas alower

magnitude when compared to the Beaver Mines simulation for this location (Figure 4.16). During this

model run, the © km Grid performed well in simulating mean monthly SWE to within 1% of that observed

with the snow pillow at Gardiner Creek HW, and undienulated 11.61% using the combined snow

course data from both stations. The percent difference in variances folaietliand observed snow
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pillow (daily) was low-8.97) and high-(2.47) for snow course data. The coefficients of determination for
show pillow are7= 0609(n = 6564), and snow course 0.46 (n = 259) respectively. A scatiplot
showing the compason between simulated and observed SWE and a seasonal plot of simulated and

observed mean monthly SWE is shown in Figure 4.17.
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Figure 4.17 Scatter plot of daily simulated and observed Wi (left) and seasonal plot of mean
monthly SWHEmm] at the Gardiner Creek HW (right).

4.3.3 Streamflow

Calibration results (Table 4.6) during the period 19880 show an under estimation of total
daily (3.82%) and monthly (3.7%) water yield. Unelgtimation slightly increased during model validation
(1981-:1990 to 5.87% (daily) and 5.88% (monthly). Over the simulation period of-296Q however,
model underestimation is further enhanced to 6.52% (daily) and 6.45% (monthlglu®s from the two
tailed t-tests (19811990) indicate a significant difference heten simulated and observed daily
discharge and no significant difference between monthly means. During the total simulation period (1961
2010) however, mean monthly comparisons become insignificant for daily and significant for monthly
output potentiallydue to negative influences of extreme wet or dry years. Percent differences in variance
during the 19811990 validation period are slightly undestimated for daily (3.12) and monthly (3.88)

comparisons indicating preservation of peak and low flow perthding that decade. Over the simulation
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period (19632010) however, differences in variance increase to approximately 32% (daily) and 14%
(monthly). The coefficiermf determination for daily (0.849) and monthly (0.§9&lidation (19841990)

are strongand slightly weaken over the total period of simulation where thealue decreases to 0.02
(daily) and 0797 (monthly). TheNSEduring the 19811990 validation period of record is reported as 0.84
(daily) and 0.90 (monthly). These also slightly decrease the total simulation period (1962010) to

0.72 (daily) and 0.79 (monthly) but remain as strong indicators of overall fit to the 1:1 line. Figure 4.18
shows a comparison of simulated and observed mean annual streamflow, which provides insight to the
magnitude of oer- and undersimulated yearsYears representing the five best and five worst simulations
(1961-2010) including plots of standard deviation are represented in Figure 4.19. Finally, a linear
regression showing the 1:1 trendline shows the=agth of daily simulated and observed streamflow

comparisons as well as a monthly seasonal plot are shown in Figure 4.20.
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Figure 4.18 Mean annual comparison of simulated and observed strealinﬁﬁs'\}] (1961-2010) from
model runs using th&0 km Grid
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Figure 4.19 Standard deviation plots of observed and simulated strearfifide’] using the 1km Gid
model runs. Plotted are the fiwgorst (left column) and best (right column) years in descending order.
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