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ABSTRACT

A changing climate can seriously perturb hydrological response within a
watershed. The potential impacts on the future water availability for the upper
Odman Reservoir Watershed (ORW) was investigated using the Agricultural
Catchments Research UnifACRU)model. Due to the operational challenges ofthe
model, severalutility tools were developed Once the limitationswere addressed, the
+1 AT AR jpoweq I T AAT OAOOET C xAO ADPDI EAA
model. The ACRU model performed very welising the standardsplit-sampling test;
as the testing progressed its performance decreased.The future hydrological
responsewas then analysedusing two regional climate projections by comparingthe
historical baselineand future period. Despite the inheent arid climate characteristics
of the ORW, both projections indicated increasing summer temperatures and
seasonal shifts in hydrology. TheORW is expected to experience a decrease of

summer streamflow and an increasen spring and winter streamflow.



ACKNOWLEDGEMEN®

This research would not have been possible without the support from Dr.
David Sauchyn and theVulnerability and Adaptation to Climate Extremes in the
Americas (VACEAproject funded by NSERCPp OAAEAOQOET ¢ ' 1 AAOOAGB O
(PAWF) and Flowing into the Future projectsfunded both by Alberta Innovatesz
Energy and Environment Solutions (AEES) and the School of Graduate Studies at the

University of Lethbridge.

These past few years have been the moshallenging, yet rewarding years of
my academic life.l am incredibly indebted to Dr. Stefan Kienzlgor his mentorship
and in believing in my potential when | could not envisioned it; and for allowing me
to pursue a goal | never dreamed of pursuind.could not have acomplished anything
without your encouragement, patience andupport. | am forever grateful for the
countless opportunities thatexpandedmy travels outside of Canada through ABBY

Network and the American Geoplisical Meeting.

A very special thanks to my committee: DiVei Xu and Dr. John Zhang for their
utmost guidance andsupport and Dr. Hester Jiskoot for her critical feedback also
would especially like to thank Dr. Christopher Hugenholtz for believing in my
potential to publish my work and Dr. Ravinder Virk for her thoughtful
encouragement The biggest shoutout goesOT OEA O! QoknA&nghord OA x d,
Mark Mueller and Timothy Anderson for making research such an awesome

adventure. | wish to extend my gratitude to the rest of the Department of Geography,



for making both my undergraduate and graduate degree an incredibly rewarding

journey.

Many thanks goes to Gordon Logie, Laurens PhillipseAyiel Belsheim, Evan
Hillman and PubRatscrew for sheer comradery throughout my academic journey at
the University of Lehbridge. To the various student and community organizations |
had the privilege ofbeing a part of, thank you forensuring my volunteer work were

equally as meaningful and rewarding

To my most precious buddies: Charly and Niro, for being the most adorab
monsters in my life. Thank you for teaching me thémportance of treasuring | E £A & O

simple pleasures.

To my dearest siblings: CzarinaBalbina, Charelle Glyane CzynaNifia and
Charithe Joannethank you for always being there foryour ate, no matterhow far the

distance. Beinspired by your roots and dareto believe inyour dreams.

| dedicate this work to themost hard-working individuals | know, my parents:
GlendaLynna Anneand Michaelo Jose Thank you for always being there for me;
inspiring me and daring meto be bettereach dayl am indebtedfor your endless love
countless patience and kind support during my academic journey, and in finding

myself.

Maraming salamatsa inyong lahat



TABLE OF CONTENTS

ACKNOWLEDGEMENTS. ...t ireeeeem e errreeeess e emeeeeeen ol

TABLE OF CONTENTS.....ccoiiiiiiii i icmmmmmmn e reeeesems s eneeeemr e e

LIST OF ABBREVIATIONS........ccoiiiiiiiii e mmeemeess e eeeeeeene e X

1.1 Research ODJECHVES.........cccie i iceeeeee e seeeeemmme e e e e e e e emmmmmmnees
1.2 Thesis OrganizZation...............uuuuuuuummmmmmmmeeeeeeeeiieeseimmmmmmmmeeeeeeeseeeeee s smmmmmmmne e

2.1 Introduction ..

2.2 Climate Change
2.2.1 Global Climate Change Impaats North America...
2.2.2 Regional Hydrological Impacts.... e s
2.2.3 From Global to Watershed Scale: Reglonal Climate Models............

2.4 Hydrological Modelling...

© DD DD LW P

2.3 Irrigation and Agriculture in AIDEra. .........coiiii e

11

...14

2.4.1 Linking Hydrologlcal Models to Climate Change Studies.............ue... 14....

2.4.2 The Hydrological Modelling Framework...............ccoooeieeeeememeiivinnnnnnn.
2.4.3 Classifications of Hydrological Models.............coooi i icceeeeeeiiiiin
2.4.4 TheACRU AgreHydrological Modelling System....

for Water Resource Management....
2.5 Current Challenges in Hydrologlcal Modelllng ........................................
2.5.1 Predictions in Gauged vs Ungauged Watersheds..................oeeeee...
2.5.2 Model Code VerifiCation...........cooeuveeiiiicceeeen e eeeeeeemme e
2.5.3 Model EValuation.............coouuiuiicceeeen e eeeeeemmme e eemmoee
P2 SRS U 1 10 = TP
3.1 Introduction ..
3.2 Study Area...

3.2.1 Reglonal Climate and Hydrology

iv

....19

2.4.5 Integrating Geographical Information System with Hydrologlcal Models
e 21

22
23,

25

29...

.30
30,
..30....

31



3.2.2 Importance of Water for Irrigation and Agriculture.............c..ooevvvveeee 32
3.3 ACRU Agrdiydrological Modelling System............ccoooiiiiimmecmmmnneeeee 33....
3.3.1 Model Structure of the ACRU Model.............euviiimmceeeiiiiiiiiieea 34

3.3.2 Watershed Delineation............cccuuvuiiiieceemmmmeeeeiiie e eeeeeeemmcceeein e 301
3.4 ACRU Data Input RequIrements..............coevvvimmmmmmmmeeeeeeeeeeeeeesieennennneeeeee A0
3.4.1 Daily 10K Gridded Climate Dataset...........cccceeeeveeeeeeeemeevevinneeeeeeeennn 40
3.4.2 Reference Evapotranspiration Data.................euiicccccccmeeveiviiniinnaen 43
3.4.30bserved Temperature Data...........cccooeeeevieeemmccceiiiiieeeeeeevvmmceeeen 4D
3.4.4 HydrometriC Data...........ccuvuuiiiiieceemmmmeeeiiin e nemmmmsin e e eeenn e 4O
3.4.5 Air Temperature Lapse Rates............ccovvvviiiccceeeie e eeeeeeenee 2 A6

3.4.6 Land coverbased data.............cceeevvimiceeeemneeeeeiinn s eeeeremmme e A8
3.4.7 BiasCorrected Regional Climate Model Dataset....................cceeeeee.. 50
3.5 The ACRU Agr#lydrological Modelling Framework.......................vceeeee.. 52
3.5.1 Model Performance Bategy.........ccccuvveeiieiiieemmmmmmeriiiieeeeeeevvimmmmneeee e D4
c8u8p8p +1 AT AH - 1T.AAL...4AQQEIl.C..3.AEA4 A
3.5.1.2 Performarte Crteria..........couvreruunesceeeeeemmeeeeeinneeeeeeinnnmmmmmeeee e eeeeeees 51....
3.5.2 Future Climate Change Projection...............coovvieemmmcciiiieeeeeeeevvvceeesn 82
3.6 SUMIMAIY....coiiiiiiieiieiii s eeeeeee e e eeeei e e s emmmnmmmme s e e e e ee s mmmmmms e e e e eeennnenORBens
4.1 Introduction .. PP UPPPRRRRUPPPRRUPPIN ¢ 72 SO
4.2 The Need for Improved Utlllty Tools.. PPN o7 !
4.3 Data Processing Tools.... PP PPUPPPPPPRRRRRN o |
4.3.1 ACRU Hydrd:llmatologlcal Data File Generatat... SRR o ¥ 4
4.3.2 HRU Delineation TOOL...........cooveeiiiiimmmceiis e rmmreeeen e e eeeen e 09,
4.3.3 ACRU Correction Fact® TOOL.........ccoeeiiiieeiiiicceeeeeeiiiiee e veeeeeeeen . 20
4.3.4 RCM Downscaling Toal...........ccoiieiiiicemmciie e eeeeemmceeeee e eeennn o d 2
4.4 Parameterization TOOIS........coouuueiiiiii oo e D
4.4.1 ACRU MenuBuilder v2.Brogram...........cccoeeevvuiieemmmmecieeeeiineeeessmmeeennnd D
4.4.2 ACRU SubMenuBuilder Program...............ccuuvummmmmmmmeeeeeeeeeeeeevvinennnea 49
4.5 Evaluation Tools... R UUPPPPTTRRRRERRRSPPRPIRE o 10 B
4.5.1 The Canadian Climate Data Scraplng TAQl....coeiiiiiiiiieee 80...
4.5.2 ACRUCCDST Temperature Verification Toal................cccveceeeeeee... 82,
4.5.3 ACREHYDAT Streamflow Verification Tool.............coeveivviieeeccccmennnnnn. 83..
4.5.4 ACRERCM Analysis TOOL........cooeiiiiiiiiicceeeee e cermmmeen e 8D



SIS 11 =] PP URPPPPSR =] o N
5.1 Introduction .. RSO PO PORR R RRRRSPTRTRRRE < ¥ A
5.2 Model Validation Results... PP TUPPPRRPTRUPPPRRPPRTY 1 I
5.2.1 Temperature89
5.2.2 SreamflOW........ooviiiiiiiiiiiimmmmmccce e e D
5.2.2.1 The SplHsample TeSt........coviiiiiiiiiiie e 94....
5.2.2.2 The Proxybasin TeSt.........cccvvvviiiiiiceeeeememreeeiiie e eeevieemmmmenenne e L0
5.2.2.3 The Differential SplHSample Test.........oooiiiiiiiiiimcc e 106
5.2.2.4 The ProxyBasin Differential SplitSample Test............ccccovviieeenn 112
5.3 Model Simulation Results... e et ————————————— cerrrnnnnnnnn 120,
5.3.1 Comparison of Baseline and RCM projection for 19-2D00 perlod .120

5.3.2 Projected changes using the RCM Historical (]_’92000) and Future
(2041-2070) periods... PSPPI 12 |

5.3.2.1 Temperature123
5.3.2.2 PreCipitation.........cccovvviiii i ceeeeeemme e e e ssemmmmcesee e e e e es s smmmeneeen . L28
5.3.2.3 StreamfloW........ccoeuuuiiiii it e L33
5.4 Discussion.. PP PPPRTN 1 1 B
54.1 Hydrologlcal Model Validation... PO £ 1°)
5.4.2 Projected Changes in Temperature, Precipitation and Streamflow..142
5.4.3 Uncertainty in Hydrological Modelling...............oeiiiiieeeiemeci, 144.
5.4.3.1 Rrrameter ldentification and Estimation.............cccoooevvvieeeccccennnnnn. 144
5.4.3.2 DAta SOUICES......ccuuuiiiiiiieieemmaee e e et e e eeismeeemmmee e eeenn e e e e emmmmneene . LAOD
5.5 SUMMAAIY....coiiiiiiiiiiiii s seeeeeee et emmeenmmme e e e e e s mmmmmmmse e eeeeenn s LA
6.1 SUMMANY....ccmiuiiiiiiiiiiiisiceeeeeene e e eeeei e e e emmenmmmmeeesnn e e e s eessmmmmmmmnssnnneeeeeeenn s LADL
6.2 RECOMMEN@ALIONS. .....cuviiiiiiiiii e ceeeeeei e eeseense e enenens s LDO

Vi



LIST OF FIGURES

Figure 2-1. Hydrological Modelling Framework (Refsgaard, 1997).... .16
Flgure 2-2. Major components of the ACRU agttoydrological modelllng system (Forbes et
, 2011).... --.20.

Frgure 31. Spatral drscretlsatron of a hypothetrcal watershed usrng the d|str|buted version
of the ACRU Model: a) Delineation of watershed boundaries and b) Simplified cell

configuration of the subwatershed as found in Schulze (1995).................. Y%
Figure 3-2. Directing streamflow downstream in distributed mode of ACer:hodeI found in
Schulze (1995).... y .35..
Figure 3-3. Map of the Oldman Reserv0|r Watershed . 38
Figure 3-4. Daily 10K gridded dataset map for the OIdman Reservorr Watershed..........42.
Figure 3-5. Final land cover classification for the Oldman Reservoir Watershed............. 49.
Figure 3-6. Modelling Framework for the Oldman Reservoir Watershed using the ACRU
agro-hydrological model (yellow boxes are comments)... D3
Figure 3-7. Model Calibration Procedure of the ACRU model (yeIIow boxes are commeﬁtls)
Figure 3-8. Regional Climate Model Applicatin using ACRU Model... .62

Figure 4-1. Unformatted output file from the ACRU Composite File Generator TooI It
includes: year, monthday, precipitation, Tmax, Tmin, solar radiation, relative humidity,
sunshine hours and wind speed... . ....08.
Figure 4-2. Formatted input for the ACRU Model The f|Ie mcludes Year month day,
precipitation, Tmax, Tmin, observed streamflow, solar radiation, relativbumidity, sunshine
hours, and wind speed............ ...69
Figure 4-3. Precipitation Correctlon Factor for each of the 1706 HRUs ICEL4LIDI |sthe HRU
number, GRIDID is the 10K grid number, and ICELLYGRID is concatenating the two

individual numbers.. —l
Figure 4-4. Two reglonal cllmate data 1) HRM3 (Warmer/drler) cllmate prorectlon drlven

by GFDL and 2) RCM3 (cooler/wetter) climate projection driven by CGCM3..................14...
Figure 4-5. Merged data file for Castle climate station using CCDST...............cc.vceeeeeeen...82
Figure 4-6. Summary sheetreated by the ACRUHYDAT Streamflow Toal....................... 85...
Figure 5-1. Results of the ACRU model output of mean monthly simulated and observed
temperatures for 10 climate stations in the Oldman Reservoir Watershed...................... 89....

Figure 5-2. Results of the ACRU model output ofonthly a) maximum, b) mean and c)
minimum simulated and observed temperatures for 10 climate stations in the Oldman
Reservoir Watershed... —k
Figure 53. Regression scatter pIot results for srmulated and observed mean dally air
temperature. The solid blue line represents the 1:1 line. The red dotted line is the slope of

the regression... ..92..
Figure 5-4. Comparrson of frve darIy row duratron curves of the gauged subatersheds
during the 1970-1980 calibration period... . ]}
Figure 5-5. Comparison of five daily flow duratron curves of the gauged subatersheds
during the 1981-1990 validation period ... =99
Figure 5-6. Daily flow duration curves for a) SubNatershed l valldated at SubNatershed 5
and b) SubWatershed 5, validated at SutWatershed L...........ccccoooeeiiiiimcee e 104

Figure 5-7. Regression scatter plot for simulated and observed streamflow for a) Sub
Watershed 1 and b) Sub/Vatershed 5. The alid blue line represents the 1:1 line. The black
dotted line is the slope of the regression... ...105.

vii



Figure 5-8. Daily flow duration curves for simulating a wet climate scenario, showing a)
calibration on LAPP and b) validation on HAPP for StNvatershed 1 and the c) calibration
on LAPP and d) validation HAPP for St/atershed 5... ...109
Figure 5-9. Daily flow duration curves for simulating a dry clrmate scenario, showmg a)
calibration on HAPP and b) validation on LAPP for StNWatershed 1 and the c) calibration
on HARP and d) validation on LAPP for SuliVatershed 5...............ooooviiicecemmemecciieee e 112.
Figure 5-10. Daily flow duration curves for simulating a wet climate scenariander the
PBDSS test using a) calibration of LAPP on SwWatershed 1 and b) validation of HAPP on
Sub-Watershed 5 and c) calibration of LAPP on StN¥atershed 5 and d) validation of HAPP
on SubWatershed 1... ...116
Figure 511. Daily flow duratron curves for srmulatlng a dry cllmate scenario under the
PBDSS test using for a) calibration of HAPP on SWatershed 1 and b) validation of LAPP
on SubWatershed 5 and c) calibration of HAPP on StéWatershed 5 and d) validation of
LAPP on SubNatershed 1... . .119..
Figure 512. @mparison of baselrne and hrstoncal (19712000) RCM trme series for aII SiX
sub-watershed using the RCM3 (cooler/wetter) regional climate projection, driven by
CGCM3 global climate model... ettt et mmmm—m—m e eeeeeeeeeesimmmmmmmnttstttettnnnn e ammmmmmm— e aeeeeees 121
Figure 5-13. Comparison of baselrne and hlstorlcal (197]2000) RCM t|me series for all six
sub-watersheds using the HRM3 (warmer/drier) regional climate projection, driven by
GFDL global clim& model... w122,
Figure 5-14. Mean temperature dlfferences (|n °C) maps of RCM3 (cooler/wetter) cllmate
projection for the winter, spring, summer and fall months..............cccvvimmmme e, 125..
Figure 5-15. Mean temperature differences (in °C) maps of HRM3 (warmer/drier) climate
projection for the winter, spring, summer and fall months.................ooviieeeeeeee s 127..
Figure 5-16. Comparison of monthly precipitation average for historical (19Z-2000) and
future (2041-2070) period for all six subwatersheds using the RCM3 (cooler/wetter)

regional climate projection, driven by CGCM3 global climate model.....................ceeeeee 129
Figure 517. Mean annual percent change in precipitation (mm) of RCM3 (cooler/wetter)
climate projection for the Oldman Reservoir Watershed.............oooo oo 130

Figure 518. Comparison of monthly precipitation average for historical (19742000) and
future (2041-2070) period for all six subwatersheds using the HRM3 (w&rmer/drier)

regional climate projection, driven by GFDL global climate model... -...131
Figure 519. Mean annual percent change in pragitation (mm) of HRM3 (Warmer/drler)
climate projection for the Oldman Reservoir Watershed.............oooo oo 132

Figure 5-20. Comparison of averagstreamflow of historical (1971-2000) and future (2041-
2070) period for all six subwatersheds using the RCM3 (cooler/wetter) regional climate

projection, driven by CGCM3 global climate model... ..135
Figure 5-21. Mean annual percent change in streamflow (mm/day) of RCM3 (cooler/wetter)
climate projection for the Oldman Reservoir Watershed.............oooo oo 136

Figure 5-22. Comparison of average streamflow of historical (1972000) and future (2041-
2070) period for all six subwatersheds using the HRM3 (warmer/drier) regional climate

projection, driven by GFDL global climate model... S I ¥ £
Figure 523. Mean annual percent change in streamflow (mm/d;:) of HRMS
(warmer/drier) climate projection for the Oldman Reservoir Watershed......................... 138.

viii



LIST OF TABLES

Table 21. Differences in spatialesolution between GCMs and RCMS..............c.cvvveemmeeee. 9
Table 22. Common performance criteria for hydrological studies (Moriasi et al., 2007)..26
Table 3-1. Overview of the subwatershed in the Oldman Reservoir Watershed............... 37.
Table 3-2. Data Sources fothe Oldman Reservoir Watershed...............eevviiicccccee s 39..
Table 33. Summary of Evapotranspiration Data Sources using various climate station data
Table 34. L|st of Cl|mate stat|ons downloaded from EnV|ronment Canada ..................... 45...
Table 35. HYDAT Gauging Stations from Environment Canada...................ueemmmmmereenn.... 46..
Table 36. Monthly maximum and minimum temperature lapse rates for each month used in
the Castle River Watershed... e A8
Table 3-7. Percent of each land cover found for each surlnatershed in the ORW .............. 50.
Table 38. List of Regional Climate Model Sources and Future Projections used in ORV$1
Table 41. List of hydro-climatological parameters in the MENU file...............cccvvvceeeeeee A7
Table 4 2. List of biophysical parameters in the MENU file..............ooovviceeeeeemecciiieneeeeee 78...
Table 51. Combined performance criteria for daily and monthly time series (Moriasi et al.,
2007; Schulze & Smithers, 1995)... eeenn 88,
Table 52. Daily performance statrstrcs for air temperatures usmg ten cIrmate statlons for
four different lapse rate parameters... e 92
Table 53. Monthly performance statrstrcs for air temperatures usrng ten cllmate statrons for
different lapse rate parameters... o930
Table 54. Daily model performance results of aII frve gauged sulvatersheds usmg the
split-sample test under calibration period, 19711980... S 11
Table 55. Monthly model performance results of all f|ve gauged suln/atersheds usrng the
split-sample test under calibration period, 19711980... .97
Table 56. Daily model performance results of all five gauged sulwatersheds usmg the
split-sample test under validation period, 19811990.. veeeenn98
Table 57. Monthly model performance results of lahflve gauged sulawatersheds usrng the
split-sample test under validation period, 19811990.. — 00
Table 58. Daily performance calibration and valrdatron for twoproxy basrn test of Sub
Watershed 1 and SubNatershed 5 for an ungauged watershed... ... 102
Table 59. Monthly performance for the proxybasin test of Sub\Natershed 1and Sub
Watershed 5 for an ungauged watershed... 103
Table 510. Daily and monthly performance results for the dlfferentlal slesample test for
simulating a wet dimate scenario for SubWatershed 1...........ccccooeeiiiiiccceee e 107
Table 511. Daily and monthly performance results for the differential splitsample test for
simulating a wet climate sceario for Sub-Watershed 5............ccoeviiiiiiime e 108
Table 512. Daily and monthly performance results for the differential splitsample test for
simulating a dry climate scenario folSub-Watershed 1 (Castle Watershed)................... 11Q.
Table 513. Daily and monthly performance results for the differential splitsample test for
simulating a dry climate scengo for Sub-Watershed 5... S |
Table 514. Daily performance results for the proxybasrn dlfferentlal spllt sample test for
simulating a wet climate SCENANIQ................euvvirieemmmmmmieeeeeeeeeeeeessmmsmreeeeeseessssssommmmmmmns ool L4



Table 515. Monthly performance results for the proxybasin differential split-sample test
for simulating a wet climate scenaria.. S—
Table 516. Daily performance results for the proxyoasm dlfferentlal spllt sample test for
simulating a dry climate scenaria.. v S iy
Table 517. Monthly performance results for the second part of the proxjoasm dlfferentral
split-sample test for simulating a dry climate scenario.. - ...118
Table 518. Monthly absolute maximum temperature dlfferences (|n °C) for 204(«1070
period relative to the 1971-2000 period for the RCM3 (cooler/wetter) regional climate
scenario for all watersheds foreach month... 124,
Table 519. Monthly absolute minimum temperature dlfferences (|n °C) for 204(2070
period relative to the 1971-2000 period for the RCM3 (cooler/weter) regional climate
scenario for all watersheds for each month... 124,
Table 520. Monthly absolute maximum temperature dlfferences (|n °C) for 204(«1070
period relative to the 1971-2000 period for the HRM3 (warmer/drier) regional climate
scenario for all watersheds for each month.... e 126,
Table 521. Absolute minimum temperaturedlfferences (|n °C) for 204@2070 penod
relative to the 1971-2000 period for the HRM3 (warmer/drier) regional climate scenario for
all watersheds for each month... ..126
Table 522. Mean monthly percent change in precrpltatlon (mm) changes for both reglonal
climate projections for the Oldman Reservoir Watershed..............cccceevivme e eeeeeeeen, 128..
Table 523. Mean annual percent change in streamflow (Q) changes for both regional
climate projections for the Oldman Reservoir Watershed..............cccceevivme e eeeeeeeee, 133..
Table 524. Monthly percent change of streamflow (mm) for 20402070 period relative to
the 1971-2000 period for the RCM3 (cooler/wetter) regional climate scenario............... 134
Table 525. Monthly percent change of streamflow (mm) for 20462070 period relative to
the 1971-2000 period for the HRM3 (warmer/drier) regional climate scenario............... 134
Table 526. Comparism of Temperature validation daily performance results between
Oldman Reservoir Watershed and Castle River Watershed (Anderson, 2014).............. 140.
Table 527. Comparison ofStreamflow validation daily performance results between
Oldman Reservoir Watershed and Castle River Watershed for calibration (192P80)
period and validation (1981-1990) period (Anderson, 2014).........ccccoviiiiivieeeemmeneeeeeeenn 141



AAFC
ACRU
ANUSPLIN
CCDST
CRM3
CRW
d
DSST
GCM
GFDL
GIS
HRM3
km
LNID
mm
MODd
MODnse
NLWIS
NSE
ORB
ORW
PBDSST
PBIAS
PBT
PPT
PRISM
Q
r
r2
RCM
RMSE
RSR
SSRB
SST
Tmax
Tmin
UNSRB
VACEA

LIST OF ABBREVIATIONS

Agriculture and Agri-Food Canada
Agricultural Catchments Research Unit
Australian National University Splines
Canadian ClimateDataScraping Tool
Third Canadian Regional Climate Model
Castle River Watershed

Index of Agreement

Differential Split Sample Test

Global Climate Model

Geophysical Fluid Dynamics Laboratory
Geographic Information System

Hadley Regional Climatéodel Version 3
kilometres

Lethbridge Northern Irrigation District
millimetres

Modified Index of Agreement

Modified Nash Sutcliffe Efficiency Index
National Land and Water Information Service
NashSutcliffe Efficiency Index

Oldman River Basin

Oldman Reservoir Watershed
Proxy-Basin Differential Split Sample Test
Percent Bias

Proxy-Basin Test

Precipitation

Parameterelevation Regressions on Independent Slopes Model

streamflow

0OAAOOT 180 AT OOAI AOCEIT I
Coefficient of determination

Regional Climate Model

Root Mean Square Error
RMSEobserved standard ratio

South Saskatchewan River Basin

Split Sample Test

Maximum Temperature

Minimum Temperature

Upper North Saskatchewan River Basin

Vulnerability and Adaptation to Climate Extremes in the Americas

Xi

Al AEEEAEAT



CHAPTER 1

INTRODUCTION

There is considerable uncertaity on the future of water resources in Canada.
Onthe Prairies, an everincreasing demand for waterfor agriculture, the industrial
sector and a rapidly growing population have been present{Sauchyn et al., 2008)
Various studies have already reported declining trends in mean annual streamflow
from headwater streams in the Rocky Mountains within the last centur{Byrne et al.,
2006; Gan, 1998; Mote, 2006; Mote et al., 2005; Rood et al., 2008; Rebdl., 2005)
Like many snowpackdependent regions, the projected climate change impacts in
01 OOEAOT 11 AAOOAG O E UdeGdasetsoompadkiaccnbigiani AO ET
earlier spring runoff, increasing winter streamflow, decreasing summer streamflow,
and decreasing glacial melt contributiosj " AOT AOO AO Al 8h ¢mnun *E
2014; Mote et al., 2005; Romerd.ankao et al., 2014; Rod et al., 2008; Rood et al.,
2005). Much of the uncertaintyin the future of water resources is reflected in the
Oldman River watershed, whee projected hydrological impacts can affect current
and future water demands. It is, therefore, crucial to understand the regional
watershed balances in order to assess the current and future water resource in

Canada.

For this very reason, hydrological moels are one of the best tools to examine
the impacts of climate change at a watershed scale. These models provide a
conceptual framework to investigate the interactions and relationships between

regional climate and components of the hydrological cycle foa given watershed
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(Leavesley, 1994; Xu, 1999a). In this research study, the Agricultural Catchments
Research Unit (ACRU) agrbydrological modelling system is applied toassess the
future water availability within the Oldman Reservoir Watershed by utilizng the
available regional climate models (RCM) for the regior(Teutschbein et al., 2010,
2012). RCMs have higher spatial resolution, temporal resolution and aoensidered
to be representative of theregional hydrologic components(Teutschbein & Seibert,
2010). Thus, RCM projections are utilized in climate change impact studiesing

hydrological models, and will be used in this study in southern Alberta.

Moreover, this study focusedonrigorously testing the ACRU agrdiydrological
model using +1 AT AHAH jourdevelp @odel testing scheme for operational
validation for both gauged ad ungauged watersheds within the Oldman Reservoir
Watershed a large upstream watershed of the Oldman River Basin. So far, only a
number of hydrological studies have focused onthe rigorous performance
evaluations of hydrological models (Andreassian et al., 2009; Refsgaard et al., 1996;
Seibert, 2003) Typically, the standard performance evaluations of hydrological
models wse the splitsampling technique, even under the context of a changing
climate. This has been the case for validating the ACRU model in the recent studies of
Canadian watersheds such ashe Cline River Watershed in the upper North
Saskatchewan River BasinNSRB); and of the Beaver Creek Watershed (BCW) and
Castle River Watershed (CRW), in the Oldman River Bag#inderson, 2014; Forbes
et al., 2011; Nemeth, 201Q) Thus, his is the first study that aims to rigorously

evaluatethe performance of the ACRU model undalimate changeimpact studies



Invariably, anyone tasked with a modelling exercise is faced with a number of
limitations. In the operational use of the ACRU model, thack of data pre-processing,
model calibration, model validation and data postprocessing tools, made the
modelling exercise consisting omore than 1000 hydrological response units (HRU)
to be ineffective Originally, the ACRU modelling system operated on a maximum of
150 sub-units (Smithers et al., 1995) With the increasingly computer power, the
ACRU model system was adapted to operate on larger snow dominated watersheds,
with more than 150 sub-units (Forbes et al., 2011; Kienzle et al., 2009; Nemeth et al.,
2012). This adaptation, however, meant that some of the original ACRU routines that
aided in the dataprocessing calibration and validation could no longer be utilized.
Thereby, potentially introducing human errors and decreasing theefficiency ofdata
pre-processing and postprocessing at the cost of havindess time for validation

analyses.

1.1 Research Obectives

The aimof this project is to evaluate the climate change impacts on the Oldman
Reservoir Watershed (ORW) usig the ACRU agrdnydrological modelling system In
order to evaluate the climate change impacts, the following objectives were

completed:

1 To implement a rigorous validation of the ACRU model usinga four-level

model testing scheme that incorporatesthe split-sampling test, the proxy



basin test, the differential splitsampling test and the proxybasin differential
split-sampling test.

To investigate the assessment of climate change impacts using two bias
corrected Regional Climate Model (RCM) that represent a warmer/drier and
cooler/wetter climate scenarios for the future (2041-2070) period. These
future projections were compared to the hstorical baseline (1971-2000)

period in order to determine the future changes within the region.

In addition, before the evaluation of the ACRU modebould proceed, it was

critical to overcome the modelling challenges that any distributed and physicaly

based hydrological models face. These challenges require the data management of

large datasets consisting of bigphysical parameters and hydreclimatological time

series and a more efficient data analysis as part of the ACRU modelling systém.

order to overcome these challenges, it was necessarydevelop a suite of utility tools

that involved automated (1) data pre-processing, (2) model calibration/validation

and (3) data post-processing:

T

1

To develop automateddata pre-processingtools that compile obsened hydro-
climatological data,and delineate hydrological response units within the study
area.

To develop utility tools to aid in automated model parameterization during

calibration and validation of the hydrological model



1 To develop comprehensive verifi@tion analysis tools for emperature and
streamflow results that allows the calculation of comparative statistics
between observed and simulated data, crealene graphs for seasonal changes
over time, scatter plots for linear regression, as well ascreate annual

hydrographs, mean monthly scatterplots and flow diration curves.

1.2 Thesis Organization

This research will be presented in six chapters, beginning with the
introduction that describes the thesis topic and research objectives. The second
chapter presents the current literature review ofthe major concepts, methods and
background information onvarious topics of this research project. It covers topics on
global climate change and its impacts on North America, particularign the Prairie
Provinces, use of hydrological modelling in climate change impact assessment, and
the modelling framework in hydrological modelling. The third chapter describes the
data and methods, which include the study area, hydrological model and data
description as well as the methodological framework used in this study. The fourth
chapter outlines the modelling challengeswith the development of various ACRU
utility tools. The fifth chapter presents and discusses the model performance results
of the ACRU model and the climate models for the Oldman River Watershed. $ix¢h
and final chapter, providesa summary of the findings and the significance of the

research andfurther recommendations.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter will present a review of literature based on the subject of
hydrological modelling of the Oldman Reservoir Watershed, Alberta using the ACRU
modelling system and the regional climate impacts of climate change on water
availability for the region. The review focuses on the climate change impadtsNorth
America and the regional importance of water for southern Alberta. This topic is
followed by the utilization of regional climate models in hydrological modelling
studies. The next topic focuseson the hydrological modelling framework,
summarizing of the hydrological models used in climate change studies followed by a
description of the ACRU model and integrating GIS for climate change studies. Lastly,
three hydrological modelling challenges are ighlighted, especiallyon predicting in
ungauged watersheds under changing climate as well as coding verification and

model evaluation strategies used in hydrology.

2.2 Climate Change

2.2.1 Global Climate Change Impacts in North America
Cimate change poses amicreasing threat to sustainable feshwater resources.
Many changesin the observed climateare unprecedented inthe recent history,

particularly with increasing atmospheric temperatures, rising global average sea



level, widespread melting of snow and glaers and increased greenhouse gas
concentrationsj ) O##h ¢mpon * Ei ADZ RotherodBnkdo & RlizD A O A
2014). According to the recent Intergovernmental Panel on Climate Change (IPCC)
report, there issomerobust evidence on the significant increase of freshwaterelated
risks with increasing greenhouse gas concentrations ) 0 # #h ¢mnpon * Ei ADd A
al., 2014) These chnges have been attributed to the increasing influence of
anthropogenic greenhouse gas (GHG) concentrations since 178BCC, 2007, 2013)
The concentrations of carbon dioxide, methane and nitrous oxide havalready
exceeded the preindustrial levels by 40%, 150% and 20%, respectivel{iIPCC, 2013)
Using information collected from ce cores, there is an unprecedented concentration
of greenhouse gases within the last 22,000 years that have also exceeded the highest
concentrations recorded within the last 800,000 years(IPCC, 2013) Thus, the
continued increase in greenhouse gas concentrations will continue to negatively
impact freshwater resources in the 2%t century.
Climate change impact studies project a doubling of greenhouse gas emissions
to increase temperatures(Barnett et al., 2005; Schindler, 2001) A warmer climate
will result in increasing evaporation, ultimately reducing the availability of
freshwater resources for the region. In many cases, a considerable shift from the
amount of snow to rain, along with changes in the runoff patterns associated with
earlier spring melt, can adversely affect the water availability for pealow demand
j " 00T h pwwtn *EI ADd AU #EO1.Adérs@ risksdfchia® h ¢ mp-
change have been projected for snowependent regions that rely on winter

snowpack and summer melt(Burn, 1994; Sauchyn & Kulshreshtha, 2008)The



western alpine regions of North America are expected to experience increasing winter

flows, reduced snowpack and reduced summer low flowg " AOT AOO AO Al 8h
¢npon *EI ADZ AU # Edrenfe Wbather Ar@ clifdtesphenamera arg

likely to continue in the 21st century (IPCC, 2013) Therefore, the potential adverse

impacts of climate change will exacerbate increasing water demand and supply

these regions.

2.2.2 Regional Hydrological Impacts

The water resources in the Canadian Prairie regioare largely influenced by
snow, glacier and ice fields in the Rocky Mountains. The Rocky Mountains are a
considerable source of freshwater, contributing ® 50-80% of the spring flows
(Barnett et al., 2005; Mueller et al., 2011) Streamflow has already declined in the
northern regions of the Rocky Mountains, with grojected 10% less flow by 2050
(Rood et al., 2005) A diminishing snowpackdecline in the Racky Mountains could
mean altering the magnitude and the duration of peak spring flows for southern
Alberta (Rood et al., 2008) In addition to increasing temperatures and decreasing
volumes of snowpack, earlier snowmelt and decrease in summer soil moisture can
also be expectedBarnett et al., 2005) Spring floods rejuvenate the ripaian and
floodplain areas within the region, where a variety of species depend on freshwater
resources (Rood et al., 2008; Rood et al., 2005Droughtrisk regions that have
experienced heavy precipitation events will continue to experience more frequent
extreme events, and the expected increasing frequency and magnitudé droughts
and flooding will subsequently affect the surface and groundwater quality of the
regionj " AOOT x AO Al 8h ¢ renal.N201%)EGadada willUlikely E OT A Ol
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experience some of the largest climate change impacts due to its geographic location
in the mid-latitudes, and like many regions affected by mught and flooding, water

stress issues are likely to become a future trend.

2.2.3 From Global to Watershed Scale: Regional Climate Models

In order to project the hydrological impact of climate change, models require
reliable sources of climatological data. IBbal Climate Models (GCMs) are commonly
used to estimate the future climate change impacts on hydrological response in
combination with a hydrological model. However, model outputs from GCMs have a
much coarser resolution compared to the climate data avable at a finer, e.g. 14&m,
resolution. GCMs resolutions are at 16@50-km scale and, therefore, lack the detailed
information needed in regional hydrological modelgFowler et al., 2007; IPCC, 2007;
Salathe et al., 2007)Thus, there is a great need for a higher spatial resolution input

for hydrologic models.

Table 2-1. Differences in spatial resolution between GCMs and RCMs

RESOLUTIOKM) SOURCES

GlobalClimate Models ~125¢ 600 Ali et al. (2014); Barrow and Yu (200!
Barrow and Yu (2005); Graham,
Andréasson, et al. (2007)

Regional Climate Models ~25¢ 50

The downscaling of GCM output from global to watehed scale is typically
carried out using either statistical or dynamical downscaling techniquesPrevious
studies have focused on comparing both downscaling techniquékapp et al., 2009;
Murphy, 1999, 2000; Teutschbein et al., 2011; Wilby edl., 1997) emphasising the
advantages and disadvantages of bothStatistical downscaling method utilizes

9



statistics in order to build relationships between the largescale data against the
regional variables(Beckers et al., 2009; Fowler et al., 2007; Wilby et al., 2004jhese
methods are computationally efficient, thus, making it an attractive option for climate
impact studies(Fowler et al., 2007; Teutschbein, 2013; Wilby et al., 2002Conversely,
the dynamical downscaling method focused on the developme of limited-area
models or regional climate models RCMs) (Teutschbein & Seibert, 2010) The
extraction of local climate information using GCM output data as a boundary condition
allows the local scale climate processes to be capturéfeutschbein & Seibert, 2010;
Wilby et al., 2002) Despite these advantageshe main disadvantage of the dynamical
downscaling method is its relatively expensive computational requirement textract
useful climate data and its dependency on boundary condition§Teutschbein &
Seibert, 2010) Satistical downscaling, on the other handjs more desirable in tems
of required computational power. Wilby et al. (2002) recommended the use of
statistical downscaling method for highly localized climate even if the reproduction
of decadal and interannual climate variability is not quite appropriate (Fowler et al.,
2007; Loukas et al., 2002)

Recently, much progress has been made with regional climate models (RCM)
(Teutschbein & Seibert, 2010, 2012)RCMs have the ability to produce climate data at
a much higher spatial and temporal resktion, using either downscaling techniques.
Although most RCM output are at 250km spatial resolution, these datasets are still
representative of the hydrologic components such as surface rungff* Ei ADd AU # E Ol

et al.,, 2014; Teutschbein & Seibert, 2010)Thus, RCM simulations attract more
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consideration for climate change impact studies using hydrologic models, and thus
will be used in this study in southern Alberta.

Caution must be exercised, however, whenredling with the RCM data as these
often have biasesTeutschbein and Seibert (2010)highlighted various RCM biases
with a special focus on model errors. In particular, biases can occur with inaccurate
conceptualisation framework used by the model itself as well as the discretization and
the spatial averaging within grid cells. In order ¢ correct these biases, it is
recommended to apply a bias correction technique to an ensemble of RCM
simulations (Teutschbein & Seibert, 2010, 2012)Previous studies have shown that
uncorrected RCM simulations are a large source of uncertainty in modelling
hydrological response to climate change. Recentlfeutschbein and Seibert (2012)
have shown that the use of highly biasorrected RCM climate data performed
considerably better than other corrected RCM climate data. Therefore, the bias

corrected RCM dta will be applied in this study in southern Alberta.

2.3 Irrigation and Agriculture in Alberta

Water demand continues to increase within Western Canadan Alberta,
irrigation and agriculture play animportant part of its cultural history. The economic
vitality of the region is reflected by the amount of water provided for irrigated
agriculture. Nearly 50% of water use over the prairies has been used for agriculture
through irrigation infrastructures (Barnett et al., 2005) According to Alberta
Agriculture Rural Development (AARD)2015), irrigation is formally organized into

thirteen irrigation districts. In 2014, all irrigation districts provided water to
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1,413,836 acres of agriculture within southern AlbertaThere are currently ten major
irrigation districts situated within the downstream of the Oldman River Basin (ORB)
(AARD, 2013). Therefore, any perturbation in the hydrological system could have

massive impacts for the irrigation and agriculture within southernAlberta.

Southern Alberta encompasses 60% of irrigated agriculture in Canada
(Russenberger et al., 2012)More than 70% of the licensed water withdrawals are
used to irrigate about approximately 4000 kng of land within this region
(Russenberger et al., 2012; Schindler et.a2006). According to the AAR2014b)
report on irrigation, the total volume of water diverted was approximately 3451
million m3 and the total irrigated land has increased to 5017 kra If the future
projected streamflow is expected to decline then future water availability for the
irrigation districts is uncertain (Sauchyn & Kulshreshtha, 2008; Schindler & Donahue,
2006). For this reason, the distribution and availability of water under climate change
between watersheds will be quite uncertain and may lead to increasing water
conflicts between irrigation managers and consumers(Sauchyn et al.,, 2009)
Therefore, it is essential to understand the watershed balances fdne current and

future water resources within the region.

The irrigation sector alone is a major economic staholder in the Province of
Alberta. In 2002, it contributed approximately $832 million or 18.4% gross domestic
product to the provincial economy (Irrigation Water Management Study Committee,

2002). Due to the inherent moisture deficiencies in the region,hie utilization of
EOOECAOQOEIT EO AOOAT OEAI ET OEA Ai1 OET OAA
production. There are two provincially owned and operated reservoirs that supply
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the Lethbridge Northern Irrigation District (LNID). The Oldman Reserwir is the
larger of the two reservoirs. It was built in order to regulate flow of the Oldmaiiver
(de Loég, 1999)and has the storage capacity of approximately 491 million frof water.
On the other hand, Keho Lake has the storage capacity of 96 millior? of water
(AARD, 2014b) Although, the available water licence allocation for the LNID is
approximately 413 million m3, it has the capacity to store a total of 586 rtion m3 of
water. Although the averagegross annual diversion of LNIDfrom 1976-2014
operated at 50% of the water allocated for the district, the actual irrigated land within
has steadily increased, with approximately 725.59 k@ of irrigated land in 2014
(AARD, 2015) Thus, water in irrigation and agricultue play a significant role in

southern Alberta.

Water is also an important aspect of rural communities and urban centres in
southern Alberta. Commercial use of water only accounts for 4%, while municipal use
accounts for 3% of the licensed water allocatiom within the Oldman River Basin.
Meanwhile, habitat and recreation accounts for 0.5% of the total water allocations
(Rock et al., 2007) Although agriculture and irrigation aresignificant consumers of
water in the ORB, water quality for human consumption and sustaining a healthy

aguatic are considered a priority for any watershed management.
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2.4 Hydrological Modelling

2.4.1 Linking Hydrological Models to Climate Change Studies

Climate change can severely perturb the hydrological cycle. The substantial
effects of climate change on the hydrological cycle should be an important focus for
regional water resource assessment, becaus# the potential severe hydrological
impacts to the cultural and economic vitality of any region. However, as a result of
limitations on observed hydro-climatological data and data management techniques,
the concept of utilizing models for climate change impact studies is proven to be
attractive (Beckers et al., 2009; Beven, 2012; Warburton etl., 2010; Xu, 1999a)Xu
(1999a) lists four characteristics of hydrological models when used in climate change
impact studies: 1) the flibility to allow for usage in various climatic conditions,
spatial scales and hydrological representations2) the available data tha can be
tailored for the model; 3) the ease of manipulation of regional hydrological model
compared to general circulatim models, and 4)the AOAT OAOET T 1T £ A xA
sensitivity to climate changes and predictions.

Hydrological models attempt to predict the partitioning of water as it flows
within and through the hydrologic cycle. A hydrological model consists of a simplified
mathematical equation that represents components and processes at a watershed
scale (Leavesley, 1994; Xu et al., 2004)According toLeavesley (1994) the water

balance equation can be expressed as the following:

FolFord A
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where Q represents runoff, P represents precipitation, ET represents
evapotranspiration and 3-S represents change in the water stage as reservoirs,
snowpack, soil moisture or groundwater storage. A wide range of hydrological models
has been developed in order to solve this water balance equatigheavesley, 1994;

Xu & Singh, 2004)

2.4.2 The Hydrological Modelling Framework

A hydrological modelling framework provides a way to investigate the
relationships between climate and the hydrological processes within a watershed
(Leavesley, 1994; Xu, 1999c)Indeed, the coupling of hydrological models with
climate change progctions is one of the best tools in order to determinghe
hydrological impacts of climate changes(Leavesley, 1994; Xu, 1999a, 1999c)
Refsgaad (1997) best describes sequential steps to undertake climate change
assessment on hydrological impacts, as illustrated ifrigure 2-1. Beven (2001b),
Wagener, Wheater, et al. (2004)and Bennett et al. (2013)have also discussed the
modelling framework in detail. Typically, the climate scenario approach is used for
modelling hydrological impacts under a changig climate (Chiew, 2010; Peel et al.,
2011). This approach applies modelling techniques on a calibrated model with either

downscaled or biascorrected GCM or RCM data.
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Code
development

Figure 2-1. Hydrological Modelling Framework (Refsgaard, 1997)

2.4.3 Classifications of Hydrological Models

There are various modelling approaches used with hydrological models.
Watershedscale hydrological models can be classified according to their model
spatial discretization, functionality and hydrologic process descriptior{Beckers et al.,
2009; Beven, 2012; Wagener, Wheater, et.a2004). Beven (2012)describesthat the
first consideration when selecting a hydrological model is whether to uselampedor
distributed modelling approach. The second consideration is whether to use a
deterministicor stochasticmodel (Refsgaard, 2007)

The basic classification of hydrological models is its spatial discretization
approach(Beckers et al., 2009) Alumpedmodel treats the watershed as a single unit.
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In other words, this model does not take into consideration the bigphysical and
hydro-climatological heterogeneity of the watershed. Conversely,distributed model
best represents the spatial variability of tle input variables and thebio-physical
parameters by dividing the unit into smaller, relatively homogenous units, which
represents the overall heterogeneity of the watershed.

Deterministic models are described as permitting one outcome for one set of
input variable and model parameter values, whereastachasticmodels are described
as permitting uncertainty in its outcomes(Beven, 2012) Refsgard (2007) argues
that deterministic models should be further classified according to their process
description: empirical, conceptuallumped and physicallydistributed (or process
based models.

Empirical models are statistical models that consider only the mathematical
relations among the hydrological component of the water balance equation, rather
than the physical laws between then{Leavesley, 1994) Lumpedconceptualmodels
are simplistic in their attempt to account for the relationship béween the physical
laws of the hydrologic cyclgBeckers et al., 2009; Leavesley, 1994)hese models use
empirical process descriptions of the hydrological processes, artieir parameters
are not usually directly related to the physical observations for the regiomistributed
physicallybasedmodels, on the other hand, represent the physicéws governing the
watershed. These models have the ability to simulate the spatial patterns of
hydrological responses within a watershed by using a grid cell or other topographic

element (Beckers et al., 2009; Leavesley, 1994t is important to note that there are
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major limitations for this type of model, which include the availability ancdthe quality
of data at finer spatial and temporal resolutions.

It needs to be emphasized that therds a plethora of hydrological models
available in Canada. The choice simply depends on major factors such as the purpose
of the project as well as the modeand data availability for the researcherqBeckers
et al., 2009; Xu, 1999a)The ability of the distributed processbased model has been
acknowledged in various climate impact studie¢Barnett et al., 2005; Barrow & Yu,
2005; Bathurst et al., 2004) Numerous hydrological models exist that focus on
watershed hydrology. Beckers et al. (2009)reviewed a list of all models used for
climate change and forest management studies for British Columbia and Albertia
comparison to other modek, the ACRU model has been extensively used in various
climate change studies and water resource assessment studi@=orbes et al., 2011,
Graham et al., 2011Nemeth et al., 2012; Warburton et al., 2010)The ACRU model is
described as a highly complex agrtrydrological model originally developed for South
African condition since the late 19709Beckers et al., 2009)One of the key reasons
for selecting the ACRU model in this study is the availability of the entire source code
so that new routines can be created, when deemed necessdKienzle, 2008, 2011;
Kienzle et al., 2008; Nemeth et al., 2012Wlajor improvements have been made with
the addition of the snow routines developed for modelling in coletlimates such as
Canada(Forbes et al., 2011; Kiend et al., 2012; Nemeth et al., 2012 Itimately, the
selection of the ACRU model overtioer available models in Canada was its inherent

ability to simulate under a distributed physically-based modelling environment.
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2.4.4 The ACRU AgraHydrological Modelling System

The ACRU model is a muHpurpose, multi-level, integrated physicai
conceptual model that haste capability of simulating total evapotranspiration, soil
water and reservoir storages as well as land cover and climate change impacts on
water resources. It can be operated as a lumped or distributed model, depending on
the scale of the watershed in qu&tion (Beckers et al., 2009) The model is focused on
a multi-layer soil water budget using specific variables that govern the atmosphere
plant-soil water interfaces. As such, runoff is generated as quickflow, which then
corresponds to the magitude of daily rainfall in relation to the multi-layer soil water
budget.

In the 1970s, the School of Bioresources Engineering and Environmental
Hydrology at the University of KwaZuluNatal in South Africa originally developed the
ACRU modelling system.B2006, a snow model routine was added to ACRU version
300, whichwasAAOAT T PAA AU $08 30AEAT +EAT UI A
capabilities to snowdominated regions. The snow model routine uses a novel
approach in separating precipitation into #iow and rain (Kienzle & Byrne, 2009) This
version of the ACRU model (Version 336) simulates the principal hydrological
processes of rain and snow interception, infiltration, snowpack accumulation and soil
water storages as well as the unsaturated and saturated soil water redistribution and
total evaporation. The subsequent snow processes that underlie the snow routine are
simulated in a physicalbased manner. These processes are described Bghulze
(1995) include canopy interception, sublimation, metamorphosisiesulting in change

in albedo and density. The snowmelt simulation is currently using a degresay factor,
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which is dynamically determined daily fromtemperature, incoming solar radiation

and albedo estimates.
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Figure 2-2. Major components of the ACRU agro-hydrological modelling system (Forbes et al.,
2011)

The ACRU model has been widely used in climate change impact studies on
water resources(Everson, 2001; Forbes et al., 2011; Kienzle & Schmidt, 2008; Schulze
et al., 2004; Smithers et al., 1997; Tarboton et al., 1991he model has been usedhi
South Africa, Chile, Germany, Zimbabwe, USA and most recently in New Zealand and
Canada.The major elements of the ACRU model have been revised to include snow
routines (Forbes et al., 2011; Kienzle & Schmidt, 2008; Nemeth et al., 20k2)d is
illustrated in Figure 2-2. In Canada the ACRU model was applied in the Cline River
Watershed in the upper North Saskatchewan River Basin (UNSRBarts of the

Oldman River Basin which include the Beaver Creek Watershedhd Castle River
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Watershed(Anderson, 2014; Forbes et al., 2011; Nemeth, 2010; Nemeth et al., 2012)
Therefore, this study aims to expand the scope of the ACRU model for hEiman

Reservoir Watershed in southern Alberta.

2.4.5 Integrating Geographical Information System with Hydrological

Models for Water Resource Management

In the last few decades, the technological advancement of computers allowed
the application of geographic ifiormation systems (GIS) along with hydrological
models in water resource management.Tsihrintzis et al. (1996) described GEas a
system consisting of computerAAOAA D OT COAI[ Oaptukidgp #tobingA 1 £
manipulating, analyzing and displaying spatial information in an efficient manr&io
Significant progress in GIS consequently led to the advancement of many physical
based lydrological models (Kienzle, 1993; Leipnik et al., 1993; Tsihrintzis et al.,
1996). Integrating GIS with hydrological models offers both fronend and backend
applications to model users. Frontend application involves watershed, topography,
soil, and land cover parametecomputations whereas backend application involves
the complex map layers as well as model outpuKienzle (1993) have previously

linked GIS with the ACRU model, which usually require considerable spatial

s x oA N =

OADOAOGAT OAOET T 11 OE AsurfAck infoination taOixked A AT A

topography, climate, soils, land cover, reservoirs, gauging station and sub
watersheds. Therefore, linking GIS with hydrological models is essential, as GIS
enables the computation of a wide range of hydralimatological and bio-physical
parameters at a spatial scale required for distributed and physicalpased
hydrological models.
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2.5 Current Challenges in Hydrological Modelling

Most physicaldistributed hydrological models have underlying constraints
inherent in their modelling application (Beven, 2012) These challenges emphasize
the need for a better framework of analysis and a more efficient modelling experience

for the ACRU model

2.5.1 Predictions in Gauged vs Ungauged Watersheds

Most Canadian watersheds are typically poorly gauged or ungauged. In
essence, a gauged watershed is one that heagilable streamflow measurements On
the other hand, an ungauged watershed is one where data not available. The
Prediction in Ungauged Basins (PUB)oses ahydrological challenge forhydrologists
and the modeling community (Buytaert et al,, 2009; Loukas et al., 2014; Sivapalan,
2003; Sivapalan et al., 2003)In 2003, the PUB initiative of the International
Association of Hydrological Sciences (IAHS) was launcheéd order Go improve
scientific understanding of hydrological processes, as well as associated uncertainties
and the development of models with increasing realism and predictive pawer
(Hrachowitz et al., 2013) Typically, most PUB studies employed coeptual and
lumped hydrological models. However, the challenge for hydrological modellers is to
utilize physically-based distributed models asthey account for heterogeneity of
hydrological processed within a watershed(Athira et al., 2016; Cibin et al., 2014;
Sivapalan, 2003) The diversity of these processesat finer resolutions is quite
important for predictions in ungauged watersheds since they occur across a range of
space and timeSivapalan (2003)argues that in order to extrapolate predictions to
ungauged watershed for a specific region, it is important to have a basic
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understanding of thesehydrological processes and to have available dataquired to
enable the predictions. The ACRU model is a physidsdsed agrehydrological model
that has been widely used in climate change impact studies on water resources.
Interestingly, all current literature regarding the ACRU model in Canada is entirely
basedon gauged watersheds. This study in southern Alberta will be the first attempt
to predict climate change impacts on an ungauged watershed in Canada using the

ACRU model.

2.5.2 Model Code Verification

Another challenge to using a distributed and physicalipased model, like the
ACRU model, is the large data requiremethat requires ahigh-level of expertise and,
increasingly, ahigh level of effort for the model uselBeckers et al., 2009) The limited
operational use of the ACRU model during dafare-processing and posiprocessing,
model calibration and model validation can be an overwhelming experience to any
untrained model user. Overcoming these operational challenges, howeveas, an
impetus to make the ACRU model more accessible, particulaftyr the application in
diverse and large watersheds, which require the delineation of thousands of
hydrological response units (HRU). With thesémprovements, the new ACRU utility
programs can be fully utilized in a distributed environment for a large wateshed,
thereby increasing the efficiency and accuracy of processing large input data and

analysing large output data, as demonstrated in this study.

However, the development of utility programs require verification.Kleijnen

(1995b) uses the term verification to determine whether a compter code or program
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performs the tasks or routines it was intended for. Essentially, the final version of the
program should have no programming errors but still have room for improvement
later on. Despite having a great number adriginal (1995) ACRU rouines specifically
designedfor data pre-processing and postprocessing for calibration and validation
purposes, these routines were either no longer available or unsuitable for Canadian
conditions, as they were coded specifically for $th African conditions and dataets.
In order to overcome these obstacles, the automation of several computer routines

was severely needed.

The challenge is to develop programs that follow common programming
guidelines(Kleijnen, 1995a, 1995b; Kleijnen, 2001; Kleijnen et al., 2000; Sargent et al.,
2000). First, general good programming practices are required and involve utilizing a
number of approaches developed bgoftware engineers. Modular programming was
required so that modules can be divided and completed by developers one by one
until the entire computer program has been verified. General documentation is also
imperative, where developers provide informationon model assumptions and test
values. Secondly, the verification of computer code or program for intermediate
OEiI OI ACET1T 1 00DPOO OEIT OI A AA O1 AAGige AT 8 - /
which means manually calculating the intermediate results and copare these with
simulation output. Thirdly, the comparison of simulation outputs with analytical
results using statistical techniques. A variety of statistical techniques can be used in
conjunction with hydrological models. Common ttistics used in hydrology include
the variance, standard deviation, regression coefficient (slope), the regression
ET OAOAADPOh O0AAOOT 1860 AT OOAI AGET 1T 2RindexEAEAEA’
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of agreement (d), NaskSutcliffe Efficiency index (NSE) and their modified versions,
and numerous error index statistics such as root mean square error (RMSE) and
percent bias to name a few. Graphical techniques enhanced the verification by
providing output using hydrograph (daily and seasonal) and exceedance probability
curves. Lastly, the assessment and credibility of the computer code or program is
required. Assessment of the computer program allows for users who did not develop
the program code to determine whether the model can be used with confidencehe
credibility of the program codeis alsodetermined as the level of confidence increases
with which the program can be used for. Consequently, only after the careful
verification of the ACRU utility tools can a successful model evaluation be done, as

required in this study.

2.5.3 Model Evaluation

The calibration and validation is part of arniterative modelling process. Model
evaluation is an important part of the hydrological modelling framework. It starts
with model calibration, which is the process of adjusting parameters un the
simulation results match the observed datdo a certain degreelt is recommended to
have an equal split for longrecords, where @alibration periods will include average,
wet and dry years with an observed recrl, comprising of atleast 35 yearsj + 1 AT AAh
1986; Moriasi et al., 2007) However, if there is a sufficiently long available record,
then the calibration period can be increased to provide a meaningful calibration.
Parameters are initially derived from the previous study of watersheds tlat have
similar topography, land cover and climatology. Then, some of the parameters are
adjusted based on the visual inspection of the hydrographs. Advanced visualization
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tools are often used to support the calibration process. Parameterization is tied thin
this because the process of defining a set of parameter values reflects the
heterogeneous characteristic of the watershed. The complexity of the parameter
interactions is considered in the final stages of the model calibratiorA range of
statistical criteria and visualization tools are combined to find the most suitable
parameter set for the study area. The optimal parameter set is a trad#f between the
different periods of the hydrograph. The calibration process is terminated once the
parameter setis suitable over a number of iterations.Therefore, in order to reduce
uncertainty in model simulations, proper model calibration procedures should be

undertaken.

On the other hand,the ability of a hydrological model to demonstrate its
predictive prowess is donethrough validation. This process isoften the operational

testing of the model on a dataset independent from the dataset used in the calibration

periodj +1 AT AAh pwwen 7ACAT ARsdentidlE dnde@bnodelisAO Al 8

validated under a testing scheme, the accuracy and its predictive capability are
proven to be acceptable within thecommon benchmark. Someof the most common

performance criteria are shown inTable 2-2.

Table 2-2. Common performance criteria for hydrological studies  (Moriasi et al., 2007)

NashSutcliffe efficiency index (NSE) Percent BIAS (Streamflow)
Excellent notrp £ b{9 X PBIAS < £10
Good nbécp £ b{9 X pMn X t. L!{
Satisfactory nedép £ b{9 X n pMp X t. L!{
Unsatisfactory b{9 X nop t. LI { X BH|
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One of the proposed rigorous testing methods ishe + I A iBerarchical
scheme for operational testingof simulation models. Itrequires the use of the simple
split-sample test(SST), whichfor simulating streamflow in an ungauged watershed,
it is usually inadequate. The proxybasin test (PBT) can then be utilized to examine
the ability to spatially simulate streamflow between two similar regions, usually
gauged watershed into a ungauged watershed. For climate change studies where a
model is required to simulate streamflows under a different climate condition+ 1 AT A H
(1986) emphasised the importance of using thdifferential split-sample test (DSST).

If the model is required to simulate streamflow for a wet climate scenario, then it

should be calibrated on the dry period within the time series and validation on the

wet period within the time series. ThistestiODOAA O1T AAiI 171 OOOAOA OEA
to simulate streamflows under changing climate conditions. The proxpasin

differential split-sample test (PBDSST)is applied when a model is required to

simulate streamflow in ungauged watershed under changing cliate conditions. The

test is quite lengthy, and consist of two partso the model testing.Unfortunately, in

most climate change studies the common model calibration and validation

techniques are inadequate

The most commonly known model validation stratgy used is the simple split
sample test(Moriasi et al., 2012) After running the model simulations, a comparison
is made between the observed and predicted hydrograph8even, 1989) Most model
calibration only use the simple split sampling test means of evaluating model, whic
ultimately leads to accepting reasonable but nomigorous model testingj +1 AT AHR

1986; Refsgaard, 1997, Seibert, 2003; Semenova et al., 2016;&Singh, 2004) The
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ACRU model has been validated extensively in a number of applications in various

climates around the world(Chetty et al., 2011; Forbes et al., 2011; Jewitt et al., 1999;

Kienzle, 2010; Kienzle et al., 2012; Nemeth et al., 2012; Schulze, 1995; Smithers et al.,

2013; Smithers & Schulze, 1995; Smithers et al., 1997; Tarboton & Schulze, 1991;
Wangusi et al.2013; Warburton et al., 2010, 2012) Yet, interestingly, the ACRU model

has not yet been tested using the differential spisample test, proxybasin test or

proxy-basin differential split-sample test. Therefore, the foutevel + I AT AAH | p wy ¢ ¢

model testing scheme will be applied in this study in southern Alberta.

The need for improved model evaluation strategies have been emphasized in
many hydrological modelling studies(Bardossy, 2007; Bennett et al., 2013; Beven,
2012; Gupta et al., 2006; Gupta et al., 1998; Hornberger et al., 1985; Kirchner et al.,
1996; Lamb, 1999; Perrin et al., 2001; Refsgaard, 1997; Refsgaard & Knudsen, 1996;
Saloo et al., 2006; Wagener, Wheater, et al., 2004; Winsemius et al., 2009; Xu, 1999b)
However, there are currently no universally accepted guidelines for evaluating
hydrological models in climate change studieasing performance criteria(Moriasi et
al., 2012) There is still much debateon the acceptance of evaluation guidelines for
both model calibration and validation in the modelling community.For this study,a
multi -objective performance criteria will be applied during the calibration and

validation of the ACRU model.
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2.6 Summary

Hydrological models provide an important conceptual frameworlkfor climate
change studiesUtilizing global climate scenariods still a large source of uncertainty
in modelling hydrological response to climate change. However, regional climate
scenarios hae been proven to be more reliable.Moreover, a fundamental
understanding of the crucial steps in model evaluationss required in order to
simulate the regional climate scenarios appropriately. In addition, linking
hydrological models with GIS allows forthe surface and suksurface hydrological
application due to the large spatial data requirement. The rigorous testing of
hydrological models under changing climate conditions is crucial but often neglected
in many climate change studies. The current litetare on ACRU model is not an
exception, focusing on standard simplsampling test on gauged watershetut not in
an ungauged watershed. Furthermore, the utilization of the hierarchicgl + 1 A& AHQ
model testing scheme allows the prediction of the ACRU model in ungauged
watershed, like the Oldman Reservoir Watershed in southern Alberta. Thereby, a
thorough understanding of the framework and challenges for using hydrological

models are essential foreducing modelling uncertainty in climate change studies.
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CHAPTER 3

STUDY AREA)ATAANDMETHODS

3.1 Introduction

This chapter introduces thedata and methods used in this study. Fir§, the
Oldman Reservoir Watersheds presented as the study area. Secondiye utilization
of the ACRU agrdhydrological modelis presented. Thirdly,various model input data
are discussed. Lastly, théhydrological modelling framework is discussed in this
chapter, particularly, the extensive calibration and validation proceduress well as
sampling procedure undertaken in a largesize watershed study. Hence, it is
important to outline the importance of utilizing the ACRU model in this studyas well

as the various data properties and modelling procedures used in this study.

3.2 Study Area

The Oldman Reservoir Watershed, which is defined here as the watershed
upstream of the Water Survey Canada stream gauging station 05AA024 (Oldman
River near Brocket), is located in southwesrn Alberta, Canada. It is comprised of
sub-alpinelandscd® A0 11T AAOGAA 11 OEA AAOGOAOT OI 1 PAO
gradually transitions into a foothill region. It is approximately 4380 km2, with
elevation ranging from 1037 m to 3099 masl. The western part of the watershed
mainly consists of coniferows and deciduous forest and barren rock (Rock et al.,

2006). In contrast, the eastern part of the watershed predominantly consists of

grassland and agricultural areas.
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3.2.1 Regional Climate and Hydrology

The Oldman Reservoir Watershed (ORWS an important upstream watershed
of the Oldman River Basin(ORB) The ORB is a major sub-basin of the South
Saskatchewan River Basin (SSRB) withn area ofapproximately 26,000 km? and
predominantly semiarid climate. (Alberta Environment, 2007; Byrne et al., 2006;
Rock & Mayer, 2006) According tothe availableParameter-elevation Regressions on
Independent Slopes Mode{PRISN surfacesdeveloped by Daly(2006; 2008; 1997),
the mean annual precipitation (197%2000) is 755 mm, ranging from 1665 mm to 511
mm at the outlet. Although precipitation increases with elevation, acctate observed
precipitation data is difficult to determine due to the data measurement uncertainty
and scarce data measurements found in mountainous regions, where the mean annual

precipitation could reachmore than 1500 mm at higher elevations.

Theimportance of mountain hydrology s quite evident for this study since the
ORW represents about 17 percent of the totalORBarea. However, it contributes
approximately 39 percent of water for the entire region of theORB(Kienzle et al.,
2013). The tributaries that originate in the Canadian Rocky Mountains are the Oldman
River, the Crowsnest River and the Castle Rivewhich eventually flow into the
Oldman Dam reservoir (Environment Canada, 2014; Glenn, 2000)These upper
tributaries along with the Waterton and Belly Rivers contribute to the surface and
groundflow of water through snowmelt, and rainfall runoff across the entire region
(Byrne et al., 2006; Glenn, 2000; Jokinen et al., 2011; Rock & Mayer, 2006, 2007g
St. May River, a major tributary originating in Glacier National Park in Montangpins

the Oldman River south of the City of Lethbridge. The easterly flow of the Oldman
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River converges with the Bow River to form the South Saskatchewan River, which
eventually drains into Hudson Bay. Thereforeit is critical to study the ORW and the
implication of potential impacts of climate change on a criticalipstream watershed

within the ORB and SSRB

3.2.2 Importance of Water for Irrigation and Agriculture

Water storage is necessary for irrigation purposes in the senarid regions like
the Canadian pairies. According to Environment Canadg2004) report, agriculture
represents 70% of the water withdrawals from rivers, streams and reservoirand
75% of all agricultural withdrawals occurred in the Prairie Provinces(Environment
Canada, 2004) Due to the moisture deficiencies inherent in sermparid climate,
irrigation became essential in a region that fogses on agriculture and agriculture-
related activities (Sauchyn & Kulshreshtha, 2008)Evidently, the eastern slopes of the
Canadan Rocky mountains that coverthe Oldman Reservoir Watershedorovided
79% of water within the Oldman River Basin during the period 19732000 (Kienzle &
Mueller, 2013). In southern Alberta, more than 1,248,000 acres of land are serviced
by 13 irrigation districts (Oldman Watershed Council, 2013)Irrigation provides
water to many intensive livestock operations, rural towns and major urban centres as
well as wildlife and recreational facilities within southern Alberta (AARD, 2014a)
Following its completion in 1992, the Oldman Reservoir wascommissioned to
regulate flow of the Oldman River Basin. It ibcated upstream of theLNID, where the
Oldman, Crowsnest, and Castle rivers converge. It has a capacity to store 491 million
m3 of water. Therefore, any futurechanges in the availability of waterwill have
serious implication on agriculture and irrigation for this region.
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3.3 ACRU AgraHydrological Modelling System

In 2006, asnow model routine was added to the ACRU model. This new version
is ableto simulate snow melt routines in snowdominated regions like theOldman
Reservoir Watershed ORW. The primary objective of thisstudy is to estimate the
future water availability under climate change conditions by simulating streamflow
under historical andfuture climate change scenarios using tw&® CMtime-series from
1971-2000 and 2041-2070. However, a hydrologicamodel can only be applied after
a successfulzalidation of the model is completedin order to apply the RCM using the
ACRU agrehydrological model, it is important to validate the model performance
within the ORW. Like other hydrological models, the ACRU model requires an
extensive calibration and validation analyses in order to assess the model
performance. The ACRU model calibration requires the refinement of model
parameters within the physical constraints of the watershed in order to optimize the
fit between the observed and simulated variables within phgically meaningful
boundaries. On the other hand, the modeValidation requires the comparison of
observed temperature and streamflow data with simulated data in order to confirm
the acceptable representation of the ACRU model. Once there is reasonable
confidence with multiple model simulation, the ACRU model is then applied for future
simulations usingtwo regional climate model data (Loukas et al., 2002; Nemeth et al.,

2012).
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3.3.1 Model Structure of the ACRU Model

The spatial variability of rainfall, soils and land cover are considered when the
ACRU model is used in a distributed mode. By taking into account the spatial
variability of these variables, a more accurate representation of wher the
hydrological responses are occurring within the watershed and the magnitude of the
hydrological response within the watershed is provided. The ACRU model uses aell
type discretization approach to divide the watershed into smaller celunits. Each @
the cell unit is regarded as a suigatchment The entire watershed is comprised of
sub-catchments numbered sequentially where each one flows into another and
reflects a stream pattern as shown irFigure 3-1a. It is therefore important that the

sequence of the flow of the cell units is defined accurately.

DELINEATION CONFIGURATION

Figure 3-1. Spatial discretisation of a h ypothetical watershed using the distributed version of
the ACRU Model: a) Delineation of watershed boundaries and b) Simplified cell configuration
of the sub-watershed as found in Schulze (1995).
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The inter-sub-watershed flow is depicted inFigure 3-1b of a hypothetical cell
configuration that follows the watershed delineation. The method for directing
streamflow, which is made up of stormflow and bseflow expressed in mm, is
illustrated in Figure 3-2. Schulze (1995)presents an explanation on the method of

directing streamflow downstream between cell units within the ACRU model, where:

1 A represents the area in km of the subwatershed Celli

1 qirepresents the streamflow in mm generated within the subwatershed Cell
i, without any possible flows from upstream subwatersheds

1 N represents the equivalent depth of streamflow in mm distributed over the
entire upstream sub-watershed Cell i

1 Qrepresents the total volume of streamflow in Mleaving subwatershed Cell

i. This meansQu represents the total volume of streamflow in M leaving the

upstream subwatersheds Cells 1+2+3+4

A,
9> 2
a;
A
ar | 1 22 Ay
q'1 Q, Q4
q
4 “-—-i___) Qy
A y >
3
d3 3

Figure 3-2. Directing streamflow downstream in distributed mode of ACRU model found in
Schulze (1995)
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3.3.2 Watershed Delineation

The model structure of the distributed version of the ACRU model allows for
the spatial discretization of the Oldman Reservoir Watershed. The Oldman Reservoir
Watershed was dividal into six sub-watersheds. The delineation was undertaken by
utilizing the locations of the Water Survey of Canada (WSC) gauging stations within
the Oldman River Basin. Essentially, the ACRU model allows the susitersheds to be
run as an independent wateshed for validation purposes. The entire Oldman
Reservoir Watershed was further subdivided into hydrological response units
(HRUSs), which are relatively homogeneous units that are based on similar physical

and spatial characteristics(Flugel, 1995).

The delineation process required a combination of available spatial data that
included: subwatershed boundaries digital elevation model (Figure 3-3), climate
grids (Figure 3-4), land cover data Figure 3-5) and mean annual solar radiation. A
100 m digital elevation model (DEM)was classified into 14 elevation bands by
incorporating two different intervals: 100 m intervals for 2000 m to 2000 m and 200
m intervals for elevations over 2000 m. Climate grids were included, as the area inside
each grid is fed by the climate time sees (Agriculture and Agri-Food Canada, 2013)
The landcover shapefilewas reclassified into eight categories of land cover classes.
Lastly, the mean annual solar radiation was calculated using the Solar Radiation tool
in ArcGIS 10.1, aggregated from quartenour intervals for the entire year for each

100 m grid cell. The ouput was then reclassified into four quartiles.

A total of 1706 hydrological response units were created, based ofi sub-

watershed boundaries, & climate grids, 14 elevation bands, 8 land cover classes and
36



4 mean annual radiation classes. Although theoreticalB§6,768 possible combinations
exist, only 1706 individual HRUs were defined, becausdpr example certain land

covers only are associated with certain elevation bands.

Table 3-1. Overview of the sub -watershed in the Oldman Reservoir Watershed

Sub Area KM?) Min Elevation Max Elevation Mgan Total Number
Watershed (M) (M) Elevation M) of HRUs
1 825.5 1187 2719 1710 314
2 403 1273 2736 1702 178
3 217.8 1448 2716 1854 121
4 142.7 1482 3051 1901 103
5 1086.6 1267 3018 1850 395
6 1702.4 1098 2580 1423 595

The use of HRUs as a spatial unit is a better representation of the regional
characteristics found within the watershed(Beven, 2001a) Both the watershed and
hydrological response unit approaches have been applied in Alberta. The eslpe
spatial discretization approach has been applied for the hydrological impacts of
climate change on tle Beaver Creek Watershedh the Oldman River Basin (ORB)
(Forbes et al., 2011) Meanwhile, the HRU spatial discrezation approach was applied
to the Cline River Watershed in the Upper North Saskatchewan River Basin (UNSRB)
(Nemeth et al., 2012)and the Castle River Watershed (CRW) in the ORBnderson,
2014; Nemeth et al., 2012) All three studies have used the ACRU model in a
distributed mode to simulate the impact of climate change on future runoff. Therefore,
the spatial discretization approach based on HRUs is used for our study bétOldman

Reservoir Watershed in southern Alberta.
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Figure 3-3. Map of the Oldman Reservoir Watershed
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Table 3-2. Data Sources for the Oldman Reservoir Watershed

DATA TEMPORAL SPATIAL VARIABLES OF SOURCE
DESCRIPTION RESOLUTION RESOLUTION INTEREST
National Land and
Water Information
Continuous . Tmin (°C), Tmax Service (NLWIS),
Gridded Dataset Daily 10 2(138 l;:%)gnds (°C), Precipitation Agriculture and AgH
(1951-2010) (mm/day) Foods Canada (AAF(
(Hutchinson et al.,
2009)
serios dat from Wind speed ()
) . Monthly . Relative Humidity Environment Canada
stations of varying Point 0 . ;
length Averages (%),Sunshine Hours
(hr/day)
Observed time Environment Canada
series data from A using CCDST as arn
) . . . Tmin (°C), Tmax .
stations of varying Daily Point °C) extraction tool
length ' (Bonifacio et al.,
2014)
. . . Streamflow Water Survey of
Hydrometric Data Daily Point discharge (75Y) Canada
LiteratureReview
(Anderson, 2014;
TemperatureLapse . Min and Max Lapse Forbes et al., 2011,
Rates Monthly Point Rates Nemeth, 2010;
Nemeth et al., 2012;
Shea et al., 2004)
National Land and
Water Information
Land Cover Data - Raster Land cover Service (NLWIS)
through GeoBase
portal
VACEA under Dr.
Biascorrected Tmin (°C), Tmax Sauchyrand Elain
Regional Climate Daily 22¢ 44 kn? (°C), Precipitation Barrow(University of
Model data (mm/day) Regina)Barrow & Yu,
2005)
Simulatedsolar Solar Radiation ESRI ArcGIS Softwal
radiation for Monthly Raster
Alberta

(WH/m?) using Area Solar

Radiation
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3.4 ACRU Data Input Requirements

The ACRU agrdnydrological modelling system generally requires two types of input:
1) hydro-climatological data and 2) biephysical parameters values for model
parameterization and calibration. The next two sections discuss the data required for
watershed delineation, hydroclimatological input as well as the biophysical
parameters for the model parameterization of the ACRU model. A list of all the data
required to run the ACRU model for the Oldman Reservoir Watershed is presented in

Table 3-2.

3.4.1 Daily 10K Gridded Climate Dataset

Large datasets arerequired for hydrological modelsimulations. Often, models
rely on the availability of hydro-climatological data such asnaximum temperature,
minimum temperature and precipitation . For regional climate change impacstudies,
high-resolution climatological data isfurther required. After much modelling effort,
Hutchinson et al. (2009)produced the daily grids of daily maximum temperature (°C),
minimum temperature (°C) and precipitation for 1961-2003. In 2007, the National
Land and Water Information Serice, under the Agriculture and AgriFood Canada
(AAFC), released the originaDaily 10KM Gridded Climate Dataset for Canafla
1961-2003, known as the 10KGCDGAgriculture and Agri-Food Canada, 2013)The
original dataset contained daily maximum temperature, minhum temperature and
precipitation for Canada (south of 60°N). These data, along with elevation data, were
I AOGAET AA &£OT i1 % OEOITI AT O #A1T AAAGO - AOAT OI
1891-2004 for 7514 climate stations across CanadgHutchinson et al., 2009;
Newlands et al., 2010) The available climate station data were used to create an
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interpolated surface using a thinaplate smoothing spline surface that has been
implemented by Australian National University Splines (ANUSPLIN) 4(8lutchinson
et al., 2009; Sun, 2011)Error estimates for southern Canada were found to be low,
but Hutchinson et al. (2009)reported that the occasionalminor errors were caused
by differences in climatological days.Hopkinson et al. (2011)improved on the daily
climate data by aligning the climate days on the original dig gridded dataset for
maximum temperature, minimum temperature and precipitation. The adjusted daily
gridded dataset now covers the period of 195010. Therefore, utilizing this high

resolution, gridded climate dataset will be valuable to this study.
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Interestingly, the ANUSPLIN dataset could not be easily downloaded anywhere
else excepfor the selected Canadian institutions that received the dataset in the first
place (McGill University, 2013; University of Waterloo, 2010) The original and
adjusted Daily 10KM Gridded Climate Datasebnly contained three climate
information: maximum temperature, minimum temperature and precipitation. The
spatially interpolated surfaces for solar radiation, sunshine hours, relative humidity,
and wind speed were created. Estimated daily values were added into the gridded
dataset for the entire province of Alberta in order to estimate daily reference
evaporation using PenmarnMonteith equation. The revised dataset contains seven
hydro-climatological variables: daily maximum temperature (°C), minimum
temperature (°C), total daily precipitation (mm), sobr radiation (MJ m2dayl),
sunshine hours (hr day?), relative humidity (fraction), and wind speed (km day?) for
the entire province of Alberta. Thisstudy will apply the extendedclimate grid dataset

for the Oldman Reservoir Watershed.

3.4.2 Reference Evapotranspiration Data

The Penman (1948) method for estimating daily APan equivalent evaporation
has been the most widelyused equation for estimating potential reference
evaporation. This method requires incoming radiation, sunshine hours, relative
humidity and wind speedobserved data Climate normal values for sunshine hours,
relative humidity and wind speed were collected mostly from Environment Canada
(2012a). Data were collected for British Columbia, Alberta and Saskatchewan. Some
data were collected from the US National Atmospheric and Oceanic Administration
(NOAA) from the State of Montana. Thesenonthly data points were spatially
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interpolated to create 100 m monthly raster data across the province of Alberta using
spline interpolation tool in ArcGIS.However, there areno available solar radiation
data found for the ORW. Mnthly solar radiation data were extensively calculated
using the Area Solar Radiation Tool in ArcGIS for Desktophe Area Solar Radiation
tool only allows a single latitude input for the entire province of Albertd ESRI, 20123,
2012b). Therefore, it was crucial to calculate the increasing overstimation of solar
radiation at 49°N and 60°N. The corrections were calculateoly comhining these two
datasds into twelve correction surfaces. Overall, all four datasets provided monthly
mean data that were eventually converted to daily values using the Fourier
Transformation method through the Harmonic Analysis tool, a tool originally
provided by the ACRUmodel. These daily values were combined with the Daily 10K

gridded dataset for the entire province of Alberta.

Table 3-3. Summary of Evapotranspiration Data Sources using various climate station data

ENVIRONMENT CANADA STATIONS NOAA STATION¢S

British Columbia Alberta Saskatchewan  State of Montana
Sunshine Hours - 7 - -
Relative Humidity 17 29 15 6
Wind Speed 26 48 25 7
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3.4.3 Observed Temperature Data

Ten aditional minimum and maximum temperature data were obtained from
the %1 OEOT T I AT Qatighdl ClitnAtd\ Batd and Information Archive (NCDIA)
using the Canadian Climat®ata Scraping Tool(Bonifacio et al., 2014) The dailyair
temperature data were used to calibrate the temperature within the ACRU model for

the Oldman Reservoir Watershed, using monthly lapse rates.

Table 3-4. List of Climate stations downloaded from Environment Canada

CLIMATE GRID ELEVATION
STATION LAT LONG ELEVATION ELEVATION DIFFERENC N
Castle 49.4 -114.34 1360 1657.1 297.1 7447
Carbondale Lo 49.43 -114.37 1798 1514.3 283.7 5317
Gardiner Creek  49.3611 -114.5158 1920 1704 216 3035
West Castle 49.2833 -114.3667 1524 1827.4 303.4 2797
Connelly Creek 49.62 -114.22 1249 1462.2 213.2 10914
Willoughby
) 49.55 -114.5 1783 1721.3 61.7 2888
Ridge
Sugarloaf Lo 49.95 -114.53 2514 1874.5 639.5 3439
Hailstone Butte
50.17 -114.45 2372.9 2070.5 302.4 5329
Lo
Bob Creek 49.88 -114.25 1371.6 1536.2 164.6 3889
Pelletier Creek 49.67 -114.48 1646 1781.6 135.6 2293
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3.4.4 Hydrometric Data

Discharge mean daily (@ data for the Canadian hydrometric sites were
I AOGAET AA &£OiI i OEA 7AO0AO 3000AU 1T £ #AT AAA
(Environment Canada, 2012b) The hydrometric daily data were converted fromm?

s units to mm dayl, which is a requirement as an input for the ACRU model.

Table 3-5. HYDAT Gauging Stations from Environment Canada

GAUGING STATION NAME YEARS LATITUDE LONGITUDE
Crowsnest River at Frank 1910- 2012 49.6 -114.4
Castle River near Beaver Mines 1945-2013 49.5 -114.1
Oldman River near Waldron's Corner 1949- 2008 49.8 -114.2
Oldman River nedBrocket 1966- 2012 49.6 -113.8
Dutch Creek near the mouth 1966- 1995 49.9 -114.48
Racehorse Creek near the mouth 1966- 2012 49.8 -114.4
Castle River at Ranger Station 1967- 2012 49.4 -114.3

3.4.5 Air Temperature Lapse Rates

In most hydrological studies, the lack of available measurements of climate
stations at various elevations is a common problem. The interpolation of neaurface
temperature is made possible with the use temperature lapse ra(Blandford et al.,
2008). However, de to a number of influences common in mountainous regions such
as inversions, katabatic winds anabatic windsand diurnal temperature fluctuations,
deriving air temperature lapse rates can be highly aoplicated (Pigeon et al., 2008)
Due to various regional climatolgical studies, the most commonly used

environmental temperature lapse rates also vary. The range of single environmental
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temperature lapse ratestarts with 6.5°C km? (Blandford et al., 2008; Pigeon & Jiskoot,
2008). However, other regional mean monthly lapse rates for raximum and
minimum temperatures were assumed to be at 6°C krh(Gardner et al., 2009; Shea et
al., 2009) Mostly recently, the first application of the ACRU modeh Canadaassumed
the mean monthly lapse rates for maximum and minimum temperatures at 6.2 kin
for the Beaver Creek Catchment(Forbes et al.,, 2011) However, temperature
adjustments using lapse rates are made from tHecation of the base station and away
from mountain peaks For this study, the following approach was incorporatedfrom
the Castle River Watershed (CRWjyhere the mean monthly lapse rates were derived
through the application of a weightel distance calculation to PRISMbased lapse rates
previously determined for the upper Northern Saskatchewan River BasifUNSRB)
(Kienzle et al., 2012) and St. Mary Rer Watershed (Kienzle, 2011). The calculated
temperature lapse rates for the CRW were found to be similar to those calculated by
Blandford et al. (2008). For this reason, the same maxim and minimum
temperature lapse rates were used in the Oldman Reservoir Watershed studys seen

in Table 3-6.
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Table 3-6. Monthly maximum and minimum temperature  lapse rates for each month used in
the Castle River Watershed

Maximum TemperaturdLap® Rate in  Minimum TemperatureLapse Rate

°C/KM in °C/KM
January -5.73 -0.56
February -5.74 -0.75
March -5.75 -2.39
April -6.56 -4.05
May -6.85 -3.83
June -7.16 4.2
July -7.09 3.7
August -6.9 -2.95
September -6.72 -2.89
October -6.9 -3.38
November -6.48 -2.38
December -6.14 -1.35

3.4.6 Land cover-based data
The National Land and Water Information Service (NLWIS) produced
the land cover data at 30 m resolution. The datavere comprised of 36 groups and
sub-groups of land cover classeand were combined according to their classification
for the purposes ofreducing the number of hydrological responseunits for the study
area. The land coverbased classificationswere combined into eight categories:
cropland, grassland, herb, wetland, decichwus forests, coniferous forest, shrubland,

barren and water, as shown in
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Figure 3-5. Final land cover classification for the Oldman Reservoir Watershed
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The establishment of a lanecover based database for the Castle River
Watershed was a crucial step in developing a database that can be applied for the
wider region of the Oldman River BasinAnderson (2014) described the utilization of
various parameter values such as albedo, rooting depth, plant transpiration
coefficients, leaf area idex, forest canopy and soil data in detail’herefore, the same

data were incorporated into the study of the Oldman Reservoir Watershed.

Table 3-7. Percent of each land cover found for each sub-watershed in the ORW

SUBWATERSHED
1 2 3 4 5 6
Water 0.22% 0.77% 0.04% 0.02% 0.01% 1.21%
Barren 9.25% 14.43% 10.36% 13.39% 7.50% 2.27%
Shrubland 10.64% 12.67% 17.59% 14.92% 10.55% 6.44%
Coniferous
59.09% 62.52% 63.60% 62.73% 64.68% 21.11%
Forest
Deciduous
4.32% 3.09% 2.17% 4.04% 2.92% 4.01%
Forest
Wetland 0.15% 0.00% 0.00% 0.00% 0.00% 0.01%
Herb 6.39% 2.56% 1.89% 1.16% 4.67% 13.42%
Grassland 6.72% 3.95% 4.35% 3.74% 9.10% 29.09%
Cropland 3.23% 0.00% 0.00% 0.00% 0.57% 22.44%
TOTAL 100%

3.4.7 Bias-Corrected Regional Climate Model Dataset

Lastly, to simulate the climate change impacts on the Oldman Reservoir
Watershed regional climate scenarios must be selected. The Intergovernmental Panel
on Climate Change (IPCC) recommends a range of future climate scenarios within a
region (IPCGTGICA, 2007)The global climate models (GCMsare downscaled into

bias-corrected regional climate models (RCMs) projection3.hefirst scenario focused
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on a coder/wett er regional climate projection andwas based orthe Regional Climate
Model Version 3 (RCM3)which wasdeveloped in Uhiversity of Carolina-Santa Cruz,

in USA The Third Canadian Regional Climate Model (CRCM3) GCM drives this RCM
The other RCM ighe Hadley Regional Climate Model Version 3 (HRM3) developed at
the Hadley Centre, Ukand is driven by the Geophysical Fluid Dynamics Laboratory
(GFDD, aGCM developdat Princeton University,USAIn partnership with the VACEA
project, prior agreement wasmade with Dr. David Sauchyn (University of Regina) to
provide multiple regional climate model scenarios for theaegion. Due to the scope of

this study, only two regional climate model projections are presented (seBable 3-8).

Table 3-8. List of Regional Climate Model Sources and Future Projections used in ORW

Global Climate Model Regional Climate Regjlongl Ql|mate ClimateScenario
Model Projection
Third Generation Regional Climate
Coupled Global Model Model 3 (RCM3) RCM3cgcm3 Cooler/wetter
(CGCM3)
Geophysical Fluid Hadley Regional
Dynamics Laboratory Climate Model 3 HRM3gfdl Warmer/Drier
(GFDL) (HRM3)

The regional climate model data have spatial resolutions of 22 to 44 RmEach
of the five regional climate model data has two datasets: one historical tirrseries
ranging from 1971-2000, and one future timeseries ranging from 204%12070. All 10
datasets were further downscaled to match the daily 10 kihclimate grid dataset that
was used to drive historical climate simulations in this study, thus ensuring that the
ACRU parameters resulting from the calibration and validation analysis are valid for

hydrological simulations under a range of future climates.
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3.5 The ACRU Agro-Hydrological Modelling Framework

Utilizing Refsgaard (1997) hydrological modelling framework as a key
reference, the modelling framewark for the ACRU model is comprised of the same
model processes; however, additional processes were required in order to fulfill the
objectives of this study (seeFigure 3-6). The scenario approach to hydrological
modelling governs the assessment of climate change impact in an ungauged
catchment. Therefore, the scenario approach will be applied in this study. In order to
make the future climate projectians similar to observations, the climate projections
were adjusted through a variety of methods. The delta method is commonly used,
where the differences between recorded baseline and simulated historical climate are
compared. Forfurther downscaling the biascorrected RCM data, the delta change

method will be applied in this study.

The Modelling Framework:

1.) Define the purpose of the studyThe Oldman Reservoir Watershed,
southwestern Alberta, Canada and approximatel$400 kmz2.

2.) Model Input data construction and managemenbDevelopment of data pre
processing utility tools that were used in the setting up the ACRU model for a
large-size watershed study.

3.) Model Calibration Development of missing calibration and parameteriation
utility tools that enabled faster model calibration for a largesize watershed

study.
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Figure 3-6. Modelling Framework for the Oldman Reservoir Watershed
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4.) Model Validation Validating the ACRU model using historical observed data,
often calibrated. Development of comprehensive validation package tools that
enabled accurate statistical reporting as well as visual graphical techniques.

5.) Model Simulation Simulation of historical and future regional climate model

projections, after satisfactory model validation.

Much emphasis is placed on the development of crucial utility tools for the
ACRU modelling system, especially faa large-sized watershed with more than a
thousand hydrological response units. This step was essentially completed for data
construction and managementmodel calibration and model validationphasesof the
ACRU hydrologicaimodelling framework. Additional in-depth modelling details are

presented in this section.

3.5.1 Model Performance Strategy

Two approacheswere used to evaluate the ACRU model performance in this
study. First, emphasis was placed on an improved rigorous assessment of the ACRU
model. Second, themplementation of a multi-objective model performance criteria

during model calibration and validation.

3.5.1.1+ 1 A MoBel Testing Scheme
The ACRU model was evaluated based on its ability to simulate temperature
and streamflow data on a daily and monthly time scale in the Oldman Reservoir

Watershed. First, the air temperature values were comparet mean air temperature
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values from Environment CanadaThe temperature lapse rates of 6°C krh 6.2°C km
1and 6.5°C knt are typically used in these studies. These temperature lapse rates
were compared against the multilapse rate approach used in previous studies
(Pigeon & Jiskoot, 2008)Unfortunately, due to time constraints, further investigation

regarding influences of inversions were not considered.

Second, the streamflow values were comparet observed HYDAT data from
the Water Survey of Canada Hydrometric Program. Next,1 AT AH fpuplevele q
model testing scheme for operational validation was applied to the ACRU model for
the study area. The testing scheme is comprised of four tests: 1) the sgampling
test for all five gauged watersheds in this study, 2) the proxpasin testfor two gauged
watersheds, 3) the differential splitsampling test and 4) the proxybasin differential
split-sampling test using the same gauged watersheds in order to simulate results for

the entire Oldman Reservoir watershed.

The split-sample test (SST)yequired the splitting of the available streamflow
record into two parts; one segment is used for calibration while the other is used for
validation. Here, the model is considered acceptable if the results are reasonable
according to various statistical ad graphical benchmarks.Annual comparison of
observed and simulated streamflow for 19632000 period revealed the best
calibration period to have low, average and high peak flowso be 1971-1980.
Therefore, the selected calibration period for all five subwatersheds wasa 10-year
period from 1971-1980 and the selectedvalidation period was 1981-1990. Al five

gauged watersheds will be used to test the temperature and streamflow. However,
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due to the limited scope of this studySub-Watershedl1 and Sub-Watershed5 were

used in the model evaluation of the ACRU model for the remaining tests.

The proxy-basin test (PBT) required the ACRU model to be calibrated on
watershed Aand validated onwatershed B and then vice versa if streamflow in an
ungaugedwatershed C is to be simulated. Since the outlet of the Oldman Reservoir
Watershed falls within the reservoir and is ungauged, this test shouldxamine the
concept of nonstationary concept of spatial transferability of the ACRU model
i +1 Al A HA.MHerp Sulpwgatprshed 1 was considered aswatershed A, and Sub-
Watershed 5 was considered asvatershed B for a period of 18years beginning in
1981. According to Table 3-1, thesetwo watersheds were similar in size and total
number of hydrological response units within their boundaries. As shown inFigure
3-5, the dominantland cover classes betweethese two subwatersheds were quite

similar.

The differential split-sample test (DSST) is requiredor gauged watersheds
since the ACRU model is used to simulate streamflows undehanging climate
conditions. Two streamflow periods were identified as high and lowaverage
precipitation periods. The period between 1974 and 1976 were identified as the high
average precipitation period whereas the period between 1982 to 1984 were
identified as lowaverage precipitation period. The ACRU model was required to
simulate streamflow for a wet climate scenario and was calibrated under the dry
period and then validated on the wet period. Low average precipitation period (LAPP)
is used in the cabration run, whereas high average precipitation period (HAPP) is

used in validation of the model.
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This proxy-basin differential split-sample test (PBDSSTas required to
simulate streamflows for the ungauged Oldman reservoir under changing climate
conditions. The testwas implemented where the same two streamflow periods were
identified as high and lowaverage precipitation periods from previous tests.
Essentially, the ACRU model was required to simulate streamflow for a wet climate
scenario, test requires the model to be calibrated under dry period from Watershed
#1 and then validated on a wet period from Watershed #5. Additionally, the dry
period for Watershed #5 was calibrated and then validated using wet period for
Watershed #1. Furthermore, the ACRU adel is also required to simulate streamflow
for a dry climate scenario, the test required that the model to be calibrated under a
wet period for Watershed #1 and then validated on a dry period for Watershed #5. In
addition, the wet period for Watershed #5is calibrated and validated on a dry period

for Watershed #1.

3.5.1.2 Performance Criteria

The recommended performance criteria byschulze et al. (1995)Smithers and
Schulze (1995)and Moriasi et al. (2007) were combined for the calibration of the
ACRUmodel in this study. The percentage difference between the sum of simulated
daily flows (B0 ) and observed daily flows B0 ), percentage differencebetween
standard deviations of simulated daily flows B, ) and observed daily flows B, ),
were combined with RMSEobservations standard deviation ratio (RSR), Nash
Sutcliffe Efficiency Index (NSEJxnd percent bias for streamflow (PBIAS) wereuring

the calibration phases of the performance assessment
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The NashSutcliffe Hficiency index (N&E) is used to evaluate hydrological
model performance(Gupta et al., 2009; Legates et al., 1999s it is one of the criteria
most widely used in model calibration and evaluation of hydrologic models, where
the coefficient indicates how much of percentage of the observed variance can be
explained by the simulated data(Gupta et al., 2009) Nash et al. (190) initially

proposed the equation to be as follows:

3 %

where 9 represents the simulated data,9 represents the observed data and®
represents the mean of the observed valugdicCuen et al., 2006)A value of6 equal
or close to zero indicates thatthe simulated data are not better than the mean
observed streamflow for the entire period used in the analysisMicCuen et al. (2006)
evaluated the NaskSutcliffe coefficient and concluded that its structure is similar to
the Pearson productmoment correlation coefficient. Overall, the Nastsutcliffe
coefficient is a useful index, however, it should be used with caution as it is sengdi
to a number of factors such as sample size, outliers, magnitude bias and thoféset
bias. Unfortunately, the failure to recognize the limitations of the NasButcliffe
coefficient index may lead to reject a good hydrological model on the basis of ades

than ideal index value as it may not be indicative of a poor model.
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Another criterion similar to NSE isthe RMSEobservations standard deviation
ratio (RSR) Itis a ratio of the RMSE and standard deviation of observed dat&his

measurewas initially p roposedby Singh et al. (2005)and is defined as follows:

232

where 9 represents the observed data9 represents the simulated dataand 9
represents the mean of the observed valuegMoriasi et al., 2007) RSR is
recommended as a model evaluation statistic as it normalizes RMSE using observed

standard deviation (Bennett et al., 2013; Moriasi et al., 2007; Singh et al., 2005)

In addition, the percent biascan be used to indicatewhether the model
performance had an underestimation or overestimation bias, meanwhiléhe index of
agreement indicated the degree of model prediction erroMoriasi et al. (2007)found
that NSE and PBIAS statistics were bothsed in model calibration and validation.

Legates and McCabe (1999eportedonOEA ET AA @ 1 ofer-degsivinhtd AT 06 O
high extreme values and suggested the modified indexas an alternative.
Unfortunately, Moriasi et al. (2007) found that this improved statistic is not
extensively used in literature.Although, regression statistics are usually the standard

objective criteria used in most hydrologicastudies, these objective measures indicate
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the linear relationship of the simulated data fits the observed data. Therefore, due to
the nonlinear relationship of hydrological modelling, regression statistics were only

considered during the final calibration runs of the ACRU model.

Moreover, graphical techniques, usually considered subjective measures of
goodness of fit, were coupled with multipleobjective performance criteria for the
Oldman Reservoir Watershed. These evaluation techniques provide wsual
comparison of observed and simulated data. Two most commonly used graphical
techniques in hydrology are hydrographs and flow duration curves. Hydrographs
identify the model bias by providing a visual comparison of observed and simulated
time series plot. Differences in timing and magnitude of peak flows are identified.
Meanwhile, flow duration curves illustrate the frequency of measured daily flows

throughout the calibration and validation periods(Booker et al.,2012).
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3.5.2 Future Climate Change Projection

After the model testing is completed, the regional climate projections ar
applied to the ACRU modelThe second framework §ee Figure 3-8) describes the
process of applying biascorrected regional climate model data using the calibrated
ACRU model. The application of a hydrological model is described as the process
where the vdidated model must demonstrate it is capable of making accurate
projections in the future. No further calibration or validation is required during this

step.

37 Historical Final Menu Input

37 Future Regional
Hydro-climatological
Data Files

Regional Parameter File
Hydro-climatological with 1722 HRUs
Data Files

Run ACRU Run ACRU
Model Model

ACRU OUTPUT
FILES
(Historical)

ACRU QUTPUT
FILES (Future)

Analyze Historical and Future
Hydro-climatological time series

REGIONAL CLIMATE
MODEL APPLICATION
of ACRU MODEL
COMPLETE

Figure 3-8. Regional Climate Model Application u sing ACRU Model

62



3.6 Summary
The application of the ACRU model to the Oldman Reservoir Watershed, a

large-sized semiarid watershed, was describedin this chapter. The spatial
delineation technique of subwatershed, elevation data, climate data, land cover, lso
radiation was applied in this study, resulting in a total of 1706 hydrological response
units. In addition, a rigorous fourlevel model testing was chosen for the study and
was incorporated in the modd evaluation of the ACRU model. Furthermore, the
additional components for modelling hydrological processes within a large
catchment required the utilising a multiple-objective performance criteria. This
allowed for a more efficient and accurate model calibration and validation of the
ACRU agrehydrological model. Thus, the data and methods presented in this chapter
effectively allowed a more rigorous testing of the ACRU model under a changing

climate.
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CHAPTER 4

UTILITY TOOL$FOR THE ACRU MODEL

4.1 Introduction

This chapter presents the utilization of thedistributed version of the ACRU
model. Most physicatdistributed hydrological models have underlying constraints
inherent in their modelling application (Beven, 2012) The current version of the
ACRUmodel in a distributed environment presents a few constraintsAccording to
Smithers and Schulz¢1995) manual of the ACRU modelling system, the model was
configured to operate on a maximum of 150 suinits before it was configured due to
increasing computation power. In 2006,the model was adapted to work with up to
9999 sub-units. This hasled to increasing challenges in utilizing the ACRU model for
regional climate modelling. A distributed andphysically-based model requies a large
number of data, highlevel of expertise and an increasingly high level of effort for the
model user(Beckers et al., 2009)Thus, the development okey ACRU model utility

tools became necessary

4.2 The Need for Improved Utility Tools

Many physically-based hydrological model users face overwhelming
challenges These challenges require therocessing and management of large
datasets, as well as efficiendlata analysis In improving the ACRU modelling sysim,

the main consideration in developing tools has been teenable efficient data
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management, processing and analysis through user friendly interface and faster

processing time.

The ArcGIS for Desktopenvironment usesArcPy, which is asite package for
the software that productively aids in the automatic spatial data analysis, data
conversion, data management, and map creatiofESRI, 2014) It contains alarge
library of spatial analysis tools for integration using Python, thus incorporating
ArcGIS analytical tools in Python without having to run ArcGIS dwefare. On the other
hand, Microsoft Excel is a widely used spreadsheet program, which is commonly used
in commercial and academic enterprisefWalkenbach, 2010) Academicsusually,
gravitate towards tools that are free to use (e.g. Python, and Ryhile others rely on
software programs that have cosly annual licenses (e.g. SPSSMIATLAB). It is
important to note that the level of computing skill can be ninimized with the
operation of the program and a graphical user interfacethat is intuitive and user-
friendly . Moreover, the original ACRUmodelling systemwas written in Fortran77,
which has been freely available since the 1970sSchulze, 1995; Smithers & Schulze,
1995). Many programs written in Fortran77 have been updated to use more modern
or object oriented friendly languages such as C, C++ and @&erland, 2000).
Unforeseen tallenges were faced in adapting Fortran77 script to Fortran95
standards, especially due to compiler availability issuesTherefore, the development
of a variety of utility tools using Python, Visual Basic for Appications (VBA)and
Fortran resolved some of these constraints in order to facilitate the ACRU modslth

increasing efficiency of data processing and analysiseveral thousand hydrological

65



response unitsfor this study. See Appendix | for @etailed look at the code developed

for each utility tool.

4.3 Data Processing Tools

The automation of various data processing proceduresvas crucial in the
model construction of the ACRU model. Since the ACRU model required daily time
step input, all hydro-climatological input files were pre-processed accordingly. This
involved assembling the observed hydreclimatological input time series to
incorporate the following daily climate variables: relative humdity, sunshine hours,
wind speed and solar radiationvariables into the 100 kn? resolution climate grids. It
also involved the development of a GiBased utility to facilitate and standardize the
delineation of hydrological response units (HRUs) for the Oldman Reservoir
Watershed. The calculation of corre@bn factors was also required for precipitation,
solar radiation, sunshine hours, relative humidity and wind speed, in order to transfer
average data values from the 100kfresolution climate grids to the much smaller
HRUs. Before the application of the A&QJ model is undertakenfwo bias-corrected
Regional Climate Model (RCM) time series were further downscaled to the existing
100 km? resolution grids and properly formatted for the ACRU model. The next sub
sections will discuss the several procedures usetb create the data management

utility tools for this study.
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4.3.1 ACRU Hydro-Climatological Data File Generator

The original version of the Daily 10km Gridded Climate Dataset from 1961
2003 (AAFC, 2008) containedclimate information such as daily maximum
temperature (°C), minimum temperature (°C) and total daily precipitation (mm),
(Hutchinson et al., 2009) which was further improved by Hopkinson et al. (2011)
The spatially interpolated surfaces for solar radiation, sunshine hours, relative
humidity, and wind speed have been appended into theriginal data for the entire
province of Alberta. The revised dataset now containsadditional 4 hydro-
climatological variables: solar radiation (MJ n# day?), sunshine hours (hr dayt),
relative humidity, and wind speed (km day?) for the calculation ofPenman Monteith
(Penman, 1948) This tool compiles seven variables for each 10km climate grid in an
ACRU specific file formatBeforecompiling all seven variables into an ACRU formatted
input file, it was important to create a spatially interpolated climate data surface
pertaining to relative humidity, sunshine hours and windspeed This process was
automated by utilizing the ArcPy modules through Microsoft© Excel graphical user
interace. The following outlines the procedures used for this tool:

1.) The Zonal Satistics tool is initiated using ArcPy module for each spatiadata
for 12 months. There should be 48 DBF files found in the foldeat the end of
this step (one for each of the four variables and each month).

2.) The Fourier Transformation method is appliedusing the Harmonic Analysis
tool in order to transform the observed 12 monthly valuesinto daily values.
This tool uses the original ACRWortran77 code Therefore, no changes were

made to code during thisproject.
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3.) Calculations are saved in annformatted output, as a .TXT fileKigure 4-1).
4.) Composite Filesubroutine is initiated to format the .TXT file into the

appropriate ACRU input file Figure 4-2).

7 0168 - Motepad - m] X
File Edit Format Miew Help
1958 1 1 3.1 -29.12 -36.89 3.7 67.37 2.39 221.02 A
1958 1 2 a -28.75 -39.97 3.72 67.38 2.42 221.02
1958 1 3 a -19.8 -42.24 3.75 67.41  2.45 221.06
1958 1 4 a -13.9 -24.87 3.78 67.46  2.48 221.13
1958 1 5 a -108.87 -22.32 3.82 67.54 2.51 221.25
1958 1 ] 8.89 -6.76 -17.91 3.86 67.64  2.55 221.4
1958 1 7 9.43 -13 -21.96 3.91 67.75 2.58 221.59
1958 1 8 6.5 -18.87 -23.67 3.97 67.89 2.62 221.82
1958 1 9 3.13 -21.44 -32.19 4.@3 68.85 2.66 222.09
1958 1 1@ 7.51 -22.97 -38.66 4.1 68.22 2.7 222.4
1958 1 11 4.084 -22.77 -3@.81 4.17 68.41 2.74 222.75
1958 1 12 4.3 -27.55 -33.27 4.25 68.62 2.78 223.15
1958 1 13 3.83 -29.6 -36.31 4.33 68.84 2.82 223.58
1958 1 14 1.69 -30.8 -38.8 4.42 69.88 2.86 224.85
1958 1 15 a -25.13 -41.63 4.52 69.32 2.91 224.56
1958 1 16 a -27.82 -37.88 4.82 69.58 2.95 225.12
1958 1 17 a -19.96 -39.36 4.72 69.84 3 225.71
1958 1 18 a -13.5 -24.35 4.84 78.11  3.85 226.34
1958 1 19 7.25 -14.84 -26.51 4.95 78.39  3.89 227.01
1950 1 28 7.64 -6.09 -20.74 5.87 78.67 3.14 227.71
1950 1 21 9.83 3.5 -16.14 5.2 78.94 3.19 228.45
1950 1 22 15.9 -18.34 -28.97 5.33 71.22  3.24 229.22
1950 1 23 9.68 -24.66 -28.49 5.46 71.5 3.29 230.63
1950 1 24 @ -29.92 -37.84 5.6 71.76  3.35 230.86
1950 1 25 @ -21.89 -38.64 5.74 72.83 3.4 231.72
1950 1 26 1.91 -28.45 -28.96 5.88 72.28 3.45 232.61
1950 1 27 1 -19.35 -33.1% 6.@2 72.53 3.51 233.53
1950 1 28 @ -28.29 -32.26 6.17 72.76  3.36 234.46
1950 1 29 8 -17.26 -33.5 6.32 72.98 3.6l 235.41
1950 1 30 8 -19.82 -37.45 6.47 73.18 3.67 236.38
~

Figure 4-1. Unformatted output file from the ACRU Composite File Generator Tool. It includes:
year, month, day, precipitation, Tmax, Tmin, solar radiation, relative humidity, sunshine
hours and wind speed.
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| comp_0168 - Notepad — O X
File Edit Format View Help
19560104 @9.9 -13.9 -24.1 -99.90@ 3.78 67.46 2.48 221.13 &
19560185 @0.0 -168.9 -22.3 -99.908 3.82 67.54 2.51 221.25
19560186 @88.1 -86.8 -17.9 -99.908 3.86 67.64 2.55 221.48
19500107 @89.4 -13.8 -22.8 -95.908@ 3.91 67.75 2.58 221.59
195600188 @6.5 -18.1 -23.7 -99.90@ 3.97 67.89 2.82 221.82
195601@9 @3.1 -21.4 -32.2 -99.90@ 4.93 68.95 2.66 222.89
195e@110 @87.5 -23.8 -308.7 -99.908 4.1@ 68.22 2.70 222.48
1950111 @4.@ -22.8 -30.8 -95.908@ 4.17 68.41 2.74 222.75
19500112 4.3 -27.6 -33.3 -99.90@ 4.25 68.82 2.78 223.15
195600113 @3.9 -29.6 -36.2 -99.90@ 4.33 68.84 2.82 223.58
19560114 @1.7 -38.8 -38.8 -99.908 4.42 69.08 2.86 224.85
19560115 @8.@ -25.1 -41.6 -99.908 4.52 69.32 2.91 224.56
195e@116 @0.0 -27.8 -37.9 -95.908@ 4.62 69.58 2.95 225.12
195600117 @0.9 -20.8 -39.4 -99.90@ 4.72 69.84 3.8@ 225.71
195600118 @0.9 -13.5 -24.4 -99.90@ 4.84 78.11 3.95 226.24
19560119 87.3 -14.8 -26.5 -99.908 4.95 78.39 3.09 227.81
195600120 @7.6 -86.1 -208.7 -99.908 5.87 78.67 3.14 227.71
195e@121 @9.@ @3.5 -16.1 -99.90@ 5.20 78.94 3.19 228.45
19500122 15.9 -18.3 -21.@ -99.90@ 5.33 71.22 3.24 229.22
19560123 @89.7 -24.7 -28.5 -99.908 5.46 71.5@¢ 3.29 230.83
195600124 @8.0 -29.9 -37.8 -99.908 5.68 71.76 3.35 230.86
19500125 @0.@ -21.9 -38.6 -95.908@ 5.74 72.83 3.48 231.72
1956008126 1.9 -28.5 -29.8 -99.90@ 5.88 72.28 3.45 232.6l
195600127 @1.9 -19.4 -33.2 -99.90@ 6.92 72.53 3.51 233.53
19560128 @0.0 -208.3 -32.3 -99.908 6.17 72.76 3.56 234.46
19500129 @8.@ -17.3 -33.5 -99.908 6.32 72.98 3.61 235.41
1950130 @0.@ -19.8 -37.5 -95.908@ 6.47 73.18 3.67 236.38
19500131 @9.e -17.1 -24.7 -99.90@ 6.83 73.37 3.72 237.36
v

Figure 4-2. Formatted input for the ACRU Model. The file includes: Year, month, day,
precipitation, Tmax, Tmin, observed streamflow, sola r radiation, relative humidity, sunshine
hours, and wind speed

4.3.2 HRU Delineation Tool
The ArcPy module was utilized in order to develop a standlone script that
did not require ArcGIS software to be used, which decreadethe overall data
processing time. The delineation of the hydrological response units required the
following steps:
1.) Five spatial raster layerswere selected in order to delineatehydrological
response unitsfor the watershed.
2.) A aategory of values for eachldata was created For instance, therewere six
sub-watersheds for this study and, therefore, analyses required the processing

to be resampled tosix categories.
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3.) Data were resampledinto the same resolution.For this study, most of the
raster imageshad akeady been resamplednto 100 m resolution. This process
repeated for all the layers.

4.) The standalone Python script were used to automatically delineate the
hydrological response units. Note, that someunits are too small to be
considered as an HRUWFor instance,the creation of an HRUwhich is one ha in
size represents less than a 1000s of one percent, and is thus insignificartat
specific HRU is then aggregated into a neighbouring HRWhis step is
important as it reduced the total amount of HRUs for the Oldman Reservoir

Watershed

4.3.3 ACRU Correction Factors Tool

The spatial variability of precipitation, solar radiation, sunshine hours, relative
humidity, and wind speed in the mountainous regions can be significanKienzle
(2008) notes the underestimation of rainfall measurements h Canada Therefore,
correction factors needed to be calculated in order to make up fohé differences due
to elevation as outlined below.The calculation of the correction factors are outlined

below:

1.) CalculateXsrui meanvalue using theZonal Statisticsmodule for the HRU
shapefile andthe specific variablefor each month(i.e. precipitation, solar
radiation, sunshine hours, relative humidity, and wind spee

2.) CalculateXioki meanvalue for the daily 10km gridded dataset using thesame

variable for eachmonth.
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3.) Calculate correction factors as monthly mean value for each HRU by dividing
them by the monthly means value for each 10 KM grids.

CORFAG Xnrui/ Xioki

4.) Theresults are saved inan .XLSX file, which contains corresponding monthly

values for each HRUKigure 4-3).

A B C D E F G H | 1 K L M N s}

ICELLN_ID GRID_ID ICELLN_GRID JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
2 1 185 1 185 156 1.5 1.08 1.1 111 1.19 1.13 1.21 133 1.5 117 1.53
3 2 952 95 251 217 1.73 2.34 1.4 151 1.19 1.34 155 1.5 155 2.3
4 3 87 3 87 2.27 206 1.68 2.16 1.46 1.47 1.2 1.31 1.57 1.53 1.68 2.19
5 4 185 4 185 1.55 1.4% 1.08 1.11 1.11 1.19 1.13 1.21 1.33 1.49 1.16 1.52
6 3 185 5_185 1.52 148 1.06 1.11 1.1 1.19 112 1.2 1.32 147 115 1.5
7 6 151 6_151 1.59 1.74 1.22 1.59 1.22 1.25 1.09 1.22 1.3 135 115 1.6
8 7 1517 151 1.64 1.78 1.24 1.66 1.23 1.26 1.08 1.22 1.29 1.32 1.14 1.62
g 8 118 8 118 1.73 1.65 1.18 1.81 1.24 1.37 1.09 1.22 1.33 1.21 1.15 1.59
10 9 118 9 118 1.74 1.66 1.19 1.82 1.25 1.38 1.1 1.23 1.33 1.22 116 1.6
1 10 95 10 95 242 211 1.63 2.27 1.34 1.44 1.13 1.28 145 141 147 222
12 11 95 11 95 2.39 211 1.6 2.31 1.35 1.47 1.16 1.32 1.5 1.44 143 2.2
13 12 95 12 95 247 212 1.68 2.28 1.34 1.44 1.14 1.28 1.46 1.43 1.52 2.27
14 13 95 13 95 2,58 2.25 1.75 2.33 1.4 147 118 1.31 1.5 1.49 1.58 2.37
15 14 95 14 95 246 215 1.69 2.28 1.36 1.45 1.15 1.29 1.48 1.44 1.52 2.28
16 15 87 15_87 2,14 1.94 1.55 2.06 1.39 1.45 1.17 1.29 1.48 1.43 1.54 .04
17 16 87 16_87 219 197 16 2.1 1.41 1.45 1.17 1.29 1.52 147 1.6 2.09
18 17 87 17_87 208 1.85 1.5 2.04 1.34 1.43 1.14 1.27 145 1.38 1.5 1.95
19 13 72 18_72 2.6 2.25 1.95 2.34 1.67 177 1.37 1.51 1.54 1.84 1.97 2.49
20 13 7219 72 251 218 1.83 2.31 1.61 1.7 1.32 143 1.57 1.79 1.34 2.38
21 20 7220 72 2,61 224 1.9 2.25 1.64 1.83 1.4 1.53 1.98 1.78 1.96 2.49
22 21 185 21 185 1.52 1.47 1.06 1.11 1.1 118 111 1.2 1.32 1.47 1.14 1.49
23 22 185 22 185 148 144 1.04 1.1 108 117 11 119 1.3 1.44 1.12 146
24 23 185 23 185 1.34 1.37 0.98 1.08 1.07 1.17 1.09 1.18 1.28 1.35 1.05 1.35
25 24 185 24 185 1.34 1.35 0.97 1.09 1.05 1.15 1.07 1.16 1.26 1.33 1.05 1.33
26 25 185 25_185 1.4% 1.44 1.04 1.11 1.08 1.16 1.09 1.17 1.29 1.43 1.12 1.46
27 26 151 26_151 1.63 1.78 1.24 1.68 1.24 1.27 1.08 1.22 1.3 1.33 1.15 1.62
28 27 151 27 151 1.62 1.76 1.23 1.66 1.23 1.26 1.08 1.22 1.3 1.33 1.14 1.61
29 28 151 28 151 1.62 1.8 1.23 1.76 1.25 1.29 1.08 1.23 1.3 1.32 1.14 1.62
20N aa 121 74 181 1TER 172 110 177 122 179 105 1721 1720 170 11 1587

CORRFACTOR_PPT_ 20141124

Figure 4-3. Precipitation Correction Factor for each of the 1706 HRUSs; ICELLNID is the HRU
number, GRID-ID is the 10K grid number, and ICELLN -GRID is concatenating the two
individual numbers
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4.3.4 RCM Downscaling Tool
All of the regional climate model datahavetwo datasets: one historicalperiod
ranging from 1971-2000 and one futureperiod ranging from 2041-2070. The regional
climate model data have spatial resolutions of 22 to 44 kinOne of the requirements
to effectively use the RCM projections i® spatially matchOEA T AOAOOAA AAOQA(
resolution. Essentially the reasors for matching the spatial resolution of the observed
10k climate grid time seriesare to replicate (a) the seasonality and magnitude of the
1971-2000 climate normal streamflow behaviour, (b) the use of the established
parameter input files for the historical and future RCM simulations, and (c) enable the
comparison of dl future RCM projections.Since the regional climate model data and
hydro-climatological data are available in spatily separated time series, it was
important to spatially downscale the regional climate data using an areaeighting
ratio based on the spatial overlay of the 10K climate grids and the RCM climate grids
(seeFigure 4-4). The following outlines the pocedure for downscaling each ofthe
regional climate model datasets
1.) The 10Kclimate gridded datasetand the RCMgrid file are spatially overlayed
2.) The areafor the 10K climate grid and the RCM grid fileare calculated
3.) The average for each temperature (minimum and maximum) and precipitation
for the 10K climate gridare calculatedby spatially overlaying the PRISM grid
with the respective RCM grid, resultig in spatially averaged grids for
determination of correction factors (variable Pok-i and Tiok-i,with i=1-12).
4.) The 1971-2000 mean RCM precipitation and temperaturevere calculatedfor

each month (variable Rcmi and Tremi with i=1-12). The ArcGIS© Zonal
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Statisticsas Table toolis run for each month and each variable on both spatial
data (e.g.12 months for eachmaximum temperature, minimum temperature,
and precipitation) for each regional climate data.

5.) The climate grid spatial data and regional climate grid spatial data are
permanently joined. The ArcGIS UNION command results in a spatial overlay
containing both input grids, and containing all associates data.

6.) Any polygons that were not part of the spatial overlayare deleted You can
distinguish thesepolygons from the rest when the columrcontains avalue of
0.

7.) Themonthly precipitation ratio and temperature differences between the RCM
value and the 10Kgrid based valueare calculatedas follows:

Pratio-i = Pioki / Prcmi
Tratio-i = T1oki - TRCMi

8.) The area of the union plygons in meters squared andhe percent areaare
calculatedas follows:

PperArea: PareaUNION/ ParearcM
TperArea = TareaUNION/ TraareaRCMi

9.) The percent ratiois calculatedas follows:

PperRatio = PperArea* Pratio-i
TperRatio = TperArea + Tratio-i

10.) The RCMbased daily precipitation time series (Rcym and daily temperature
time series (Tren) for each 10K climate gridare calculatedusing the equation

PrcMcorr= Frev* Pratio-i

TrcMcorr= Trem+ Tratio-i
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4.4 Parameterization Tools

The development of parameterization utility tools was a crucial step in
creating an efficient model parameterization for any ACRU model user. The previous
version of the modelling system had the ACRU MenuBuilder program, an interactive
and user friendly program that alloweduser prompts for direct information input on
the parameter file called MENU (Smithers & Schulze, 1995) It operated
independently of the ACRU model and coniaed 250 subroutines. The original
MenuBuilder was rather a teaching tool than an operational tool, as data input was
very time consuming, and filling in data for more than a few HRUs was not practical.
When the ACRU model was adapted tncludesnowmelt routines and a range of other
new variables a combination of spreadsheet (Excel) and Textpad software approach
was used to manipulate the MENU file. Each variable needed to be filled in by the user
for all HRUs at a time. The next subections will discuss the procedures used to create
the new model parameterization utility tools, which allows fora significantly faster,

and automatedcreation of the MENU file

4.4.1 ACRU MenuBuilder v2.0 Program

The newly developed ACRU MenuBuilder v2.0 progm enables the seamless
manipulation of the MENU file without having to manually manipulate the file. The
manual manipulation of the MENU file typically takes several minutes to seip for
each variable one variable at a time It already required testingthe file against the
ACRU model, to check whether the MENU file has not lost its fixed format, a limitation
ushered by the original fixedformat Fortran code. The new utility tool enables a much
more seamless approach to model calibration and parameterizan of the ACRU
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model. The selection of a new parameter set is obtained by changithe parameter
values in the nenu input parameter (MIP) file. Once the Fortan script was called, the
task of manipulating the MENU filevas completed within a few seconds. Esentially,
overcoming this challenge means that the calibration of the ACRU model is now
possible for larger watersheds, especiallywith more than a thousand hydrological
response units. Table 4-1 and Table 4-2 list the parameters used in ACRU
MenuBuilder v2.0. The ACRU model parameterization is famore efficient, thus
allowing more calibration runs, and consequently bettesimulation results within a
given time frame. The Microsoft Excel© spreadsheet is utilized for the MIP file,
instead of relying on other software €.g R, SPSSVIATLAB). This leals to a reduction

of training of the ACRU model user. For accuracy purposes, the Microsoft Excel©
macro calls the initialization and parameterization scripts and contains a log file
system used to veriy the parameterization process. Thefollowing outlines the
procedure for the automated initialization and parameterization of the variables for
this study:

1.) An empty MENU fileis createdwith Xnumber of hydrological response units.

2.) The MIP fileis initiated with Xnumber of rows.

3.) All parameters that need to be initialized once are defined (see Table 4-1)
using the MENU _INITworksheet (e.g. area of HRU, slope of HRU, land cover
code, associated climate fileame,etc.)

4.) The Fortran initialization script is initiated using the Microsoft Excel© macro.

The initialization script adjusts 46 parameters all at once.
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5.) Specific @alibration parameters are defined using MENU_PARAMorksheet

(e.g. flow routing parametersfor surface and groundwater flows, soil depth,

snow melt variable, and many more)which may be required to change more

than once(seeTable4-2). Typically, parametersare updated one parameter at

a time for manual calibration.

6.) The parameterization scriptbased on Fortran throughthe Microsoft Excel©

macro is initiated. The parameteization script is capable of adjusting23

parameters all at oncewithin 2 seconds

Table 4-1. List of hydro -climatological parameters in the MENU file.

HYDRO
CLIMATOGLOGICA DATA / INFORMATIONESCRIPTION UNITS
INPUT DATA
ICELL mode of simulation : lumped or distributed -
ISUBNO total number of subcatchments -
CLAREA area of subcatchment (km2) km?
SAUEF slope area under estimation factor -
ELEV average elevation (m) of subcatchment M
TMAX(I) monthly means of daily maximum temperatures °C
TMIN(I) monthly means of daily minimum temperatures °C
TELEV altitude of base temperature station (m) M
TMAXLR mean regional lapse rate (-ec.1000m1) for maximum oC
temperature
TMINLR mean regional lapse ratg@/-ec.1000m1) for minimum oC
temperature
WINCOR wind speed correction factor relative to base station m
RHUCOR relative humidity correction factor relative to base station -
SUNCOR actual sunshine hours correction factor relative to base stat hours/day
SLORAD radiation adjustment factor for sloped surfaces
RADCOR radiation correction factor relative to base station -
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Table 4-2. List of biophysical parameters in the MENU file

BIOPHYSICAL
PARAMETERS DATA / INFORMATION DESCRIPTION UNITS
MINSUB first subcatchment of simulation -
MAXSUB last subcatchment of simulation -
ICELLN variables to specify layout of subcatchments -
IDSTRM variables to specify layout of subcatchments -
HEAD headerinformation of simulation -
IRAINF name of rainfall or climate data file -
FORMAT option to specify the format of the input data file -
IOBSTQ variable which specifies availability of observed -
ISTRMF daily streamflow data mm/day
DNAMIC name ofstreamflow data file -
IDYNEL indicator whether a dynam_ic_input f_ile is to be used name o i
dynamic input file
IOBSPK variable which specifies availability of observed peak dischal i
data
IYSTRT first year of simulation -
IYREND last year okimulation -
IOBOVR option to replace simulated with observed streamflow -
PPTCOR option to invoke rainfall adjustment factors -
CORPPT(I) rainfall adjustment factors, given montby-month -
FOREST option to invoke enhanced wet canopy evaporation -
VEGINT(I) interception lossinput on a monthly basis mm-1
CAY(D) average crop coefficient, input on a monthly basis -
ROOTA(I) fraction of roots active in the topsoil, input on a monthly basi -
ELAIM(I) leaf area index, input on monthly basis -
DEPAHO;DEPBHC thicknesses of a and b horizon m
WP1;WP2 permanent wilting point of a and b horizon m.m-!
FC1;FC2 drained upper limit of a and b horizon m.m-!
PO1;PO2 porosity of a and b horizon m.m-!
ABRESP "saturated" redistribution fraction from a tb horizon -
BERESP "saturated" redistr_ibution fraction from b horizon to i
intermediate/groundwater store
COIAM(I) monthly input coefficient of initial abstraction -
QFRESP same day stormflow response fraction -
COFRU coefficient of groundwateresponse baseflow -
SMDDEP effective depth of soil for stormflow response m
TPCRIT critical base temperature °C
TRANGE temperature range for snow/rain °C
ICC for Forest HRUs one: monthly values for canopy coverage -
TMCRIT critical temperature for theonset of melt °C
SNOMC snow melt factor for open areas -
SNEREL fraction of upper 5m snow that can evaporate -
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4.4.2 ACRU SubMenuBuilder Program

Smithers and Schulz€1995) reported that in order to run all variables within
the ACRU modelit requires approximately 100 Kb per year of model simulations.
Running the model for 1706 hydrological response units for 60 years is notan
efficient way to calibrate the model, despitethe increasing computer power of
available desktop and laptop hardware today The additional development of the
ACRU SubMenuBuilder program enabled the modehlibration of sub-watersheds
within the Oldman Reservoir Watershedn a less amount of time This tool enhanced
the ACRU model run times for each sulatershed. The following outlines the
procedure for creating a SUsMENU filefor this study:

1. User inputis required for first HRU line, last HRU line, total HRUs, HRU outlet,
andthe last HRU outlet it is connected to.

2. TheFortran script automatically checksf the MENU file exists. Ithe file exists,
the MENU fileis opened and the following variables areead isubno (Number
of HRUSs), minsub (Lowest HRU ID number), maxsub (Highest HRU ID number)
and loopbk values (Lookback option, required for simulating irrigation
scheduling). Otherwise, the programexits.

3. The header lines ér the first parameter block thatcontains X number of HRU
lines is copied and followed bythe range of lines that includes the first HRU
line up to the last HRU lineThe HRUat the outlet is changedto reflect the new
HRU outlet.

4. Newsub-MENU file is createdThis newfile can be usedo run the ACRU model

for a smallersub-watershed.
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4.5 Evaluation Tools

In order to verify the hydrological processes using the ACRU model, the
simulated hydrological variables were statistically compared with the observed
variables in terms of seasonal changes, and daily and monthly time serieghe
development of two comprehensive verification analysis tools for temperature and
streamflow data wasimportant in the efficient analysis of simulation results.The
previous version of ACRUnodel included the ACRU Output Utilities, whiclzontained
a variety of statistical performance criteria for comparing observed and simulated
streamflow values (Smithers & Schulze, 1995) With the adoption of running the
model in distributed mode, this program was rendered obsolete.

The Canadian Climat®ata Scraping Tool (CCDST) was used to automate the
download of all independent station temperature data that were used to verify
simulated temperature data(Bonifacio et al., 2014) The ACRLCCDST Temperature
Verification Tool was developed to work with the CCDST and verify simulated
temperature against observed temperature. On the other hand, the ACRLYDAT
Streamflow Verification Tool was developed to verify the simulated streantiw
against observed streamflow data from the Water Survey of Canada. Both verification
tools use a multitude of statistical and graphic analysis used in hydrological studies.
The next subsections discused the procedures used to create the model validatio

utility tools.

4.5.1 The Canadian Climate Data Scraping Tool
The Canadian ClimateData Scraping Tool (CCDST) was published in the
Computers & Geoscieres durnal (Bonifacio et al., 2014). It automatically fetches,
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downloads and consolidates climate data frona Web database where the data are

contained on multiple Web pages. It was developed to enhance access and simplify

AT AT UOEO 1T £ AT Ei AGA AAOA EOT 1 #AT AAAGO . AOI
(NCDIA). The CCDST deconstructs a URRL a particular climate station in the NCDIA

and then iteratively modifies the data parameters to download large volumes of data,

remove individual file headers, and merge data lés into one output file This

automated sequence enhances access to climate data by substaiy reducing the

time needed to manually download data from multiple Web pageBelow we present

the procedure used for downloading climate data using CCDST for this study:

1.) User is required to enter station name and URL linlEnter specified start and
end date or leave this option blankVisit Environment Canada Climate Data

website athttp://climate.weather.gc.ca. and find the station to download.Go

the address bar on any Internet browser and copy the URL dress. The URL
address is necessary to download all the data in the time series, if available.
2.) A diagnostic summary will inform the user when the program has finished

download and merging all data into one file Eigure 4-5).
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4.5.2 ACRUCCDST Temperature Verification Tool

The ACRUCCDST Temperature Verification ToolATVT) was developed to
work with the CCDST and verify simulated against observed temperature data. The
tool is developed using Visual Basic for Applications usinlylicrosoft Excel®©. It

contains a multitude of statistical and graphic analysis used in hydrological studies

Figure 4-5. Merged data file for Castle climate station using CCDST.

suchasOACOAOOET 1

coefficient (r) and coefficient of determination (12), scatter plot graphs and linear
regression graphs thatvisualize the standard regression statistics in spac&elow is
the procedure for verifying temperature data for this study:

1.) Thedaily CCDST datthat corresponds to the simulated ACRWutput data is

entries.
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2.) A summary statistics worksheetis created to canpare the observed and
simulated resultsin daily and monthly time-steps.

3.) A series of linear graphs are created to show the comparison between
minimum, maximum and mean tempeatures (seeChapter 5,Figure 5-2).

4.) A series of satter plot graphsare created toshow how each of the simulated
temperature data correlates with th e observed valueqsee Chapter 5,Figure

5-3).

4.5.3 ACRUHYDAT Streamflow Verification Tool

The ACRLHYDAT Streamflow Verification Tool was developed to verify the
simulated streamflow against observed streamflow data from the Water Survey of
Canada. This tool also contains a variety of statistical as well as graphic analysis used
in hydrological studies. It contains standard regression statistics such as regression
Al AEFEAEAT O § 011 PAQqh OEA OACOAOOEIT ET OAOA
coefficient of determination (r2). These also included dimensionless statistics such as
index of agreement (d), NaskSutcliffe efficiency (NSE), and their modified versions.
It is also important to include error index statistics such as root mean square error
(RMSE), percent bias (PBIAS), the ratio of the RMSE to the observed standard
deviation (RSR, the percent differences between simulated and observed variances,
standard deviations, and means. Graphical techniques were included such as

analysing hydrograph andflow duration curves. Below is the procedure for verifying

streamflow data for this study:
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1.) A summary statistics worksheetis created to canpare the observed and
simulated resultsin daily and monthly time-steps(Figure 4-6). The number of
observations must match the simulated entries for daily and monthly time
steps.

2.) Adaily and monthly scatter plotis createdto show linear relationship between
the observed and predicted values (se€hapter 5,Figure 5-7).

e) Two hydrographsis created toshow the comparison between peak and low
flows as well as the magnitude and frequency of runofee Chapter 5,Sub-
Watershed 5

3.) Figure 5-4).

4.) Aseasonal line graphs createdto show how each of the simulated streamflow
data correlates with the monthly-observed trends.

5.) An annual graphis createdfor the duration of the model simulation thatshows
the sum of runoff for each year.

6.) A series of annualhydrographs are created for the duration of the model
simulations. For instance, if the calibration period is 10 years, this tb creates
10 annual hydrographs. InACRU modelling system, the first year is considered
as a simulation year where groundwater storage is zero and leads to the under

simulation of the baseflow(Schulze, 1995; Smithers & Schulze, 1995).
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Figure 4-6. Summary sheet created by the ACRU-HYDAT Streamflow Tool

4.5.4 ACRURCM Analysis Tool

The ACRLRCM Analysis Toolwas developed to verify the simulated
streamflow against the future projected regional streamflow values from the
Vulnerability and Adaptation to Climate Extremes in the AmericagVACEA project.
This tool also contains a variety of statistical as well as graphic analysis used in
hydrological studies. It contains graphical techniquesthat compare observed and
predicted values as well distribution clearly The following outlines the procedure for

comparing two different simulated data for this study:

1.) The baselineACRU simulated output fileor the baseline RCM simulated output
file is required in order to compare againsthe future RCMsimulated output

data.
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2.) The simulation valuesare comparedusing pivot tables.

3.) Aseries ofline graphs are created(see Chapter 5, section 5.3)

4.6 Synthesis

The challenges of hydrological modelling are apparent in distributed physical
based hydrological models. The utilization of the ACRU model in distributed
environment presents a few challenges that concerdata managementprocessing,
and analysis The adopion of finer hydrological response units has led to the
increasing operational challenges in utilizing the ACRU model for regional climate
modelling. The model requires an eveincreasingly high level of effort for the model
user. The development of a ste of utility tools resolved these constraintsfor this
study. The tools discussed in this chapter included (1) the ACRU Composite File
Generator Tool, (2) the Hydrological Response Unit Delineation Tool, (3) the ACRU
Correction factors, (4) the Regional [Bnate Downscaling Tool, (5) the ACRU
MenuBuilder v2.0 and (6) ACRU SubMenuBuilder programs, (7) the Canadian Climate
Data Scraping Tool, (8) the ACRUGCDST Temperature Verification Tool, (9) the
ACRUHYDAT Streamflow Verification Togl and (10) the ACRLRCM Analysis Toal
With the development of theseautomated tools, model users can utilize the ACRU

model in increasingly efficient, consistent, and accurate manner.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

The performance of the ACRU model primarily focused on the magnitude and
seasonality of temperature and streamflow data for the Oldman Reservoir Watershed
(ORW). By utilizing the+ I AT A H) tgsingsekgeme, all simulated results for each
subsequent subwatershed were comparel with its corresponding observed data.
The effectiveness of the model simulations during calibration was determined by
using multiple objective functions as well as gaphical technigues common to
hydrological modelling (Krause et al., 2005; Legates & McCabe, 1999; Moriasi et al.,
2007). These objective functions included (1)standard regression statistics such as
regression d AEEFEAEAT O j 011 PAqh OEA OACOAOOEIT
coefficient (r) and coefficient of determination (12) which are quite often used
(Moriasi et al., 2007) (2) dimensionless statistics such as index of agreement (d),
NashSutliffe efficiency (NSE), and their modified versionsand (3) error index
statistics such as root mean square error (RMSE), percent bias (PBIAS), RMSE
observations standard deviation ratio (RSR), and percent difference between the
mean,variance, standarddeviation. On the other hand, gaphical techniquesare often
used to analyse the predicted streamflow response usingydrograph and flow
duration curves. Theseevaluationswere combined, therefore, to provide acceptable

benchmarks.
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Hydrological modelling objectives were outlined for an acceptable model
simulation during the calibration phase of this study The first benchmark was set
according toMoriasi et al. (2007)with a good performance ratings for Percent Bias
(PBIAS)value of less than 15%, RMSEobservations standard deviation ratio (RSR)
value of less than 0.6and NashSutcliffe Efficiency Index (NSE) value of more than
0.65 were considered as acceptable for adequate simulatiofihe secondbenchmark
for an adeguate simulation was set as apercentagedifference between the sum of
simulated daily flows B0 ) and observed daily flows B0 ) of less than 15%
(Smithers & Schulze, 1995)The third benchmark was set using graphical techniques
that compared observed and simulated data using hydrographs and flow duration
curves. Only after careful considerdon of the abovementioned statistics and
graphical techniques of the streamflow data was theZalue of 0.7 for simulated daily
flows considered as an adiional benchmark in this study, however, a detailed
summary can be found inMoriasi et al. (2007) and Bennett et al. (2013) The

performance criteria used in this studyare summarized inTable 5-1.

Table 5-1. Combined performance criteria for daily and monthly time series  (Moriasi et al.,
2007; Schulze & Smithers, 199 5)

PBIAS of -
Streamflow RSR NSE 22 WinQ
noéTp f
Excellent PBIAS<+10 n > w{w 100 no faiz (K p
pmMn XK t nodécp ¥
Good nép f w p fa¥i 1K M
+15 0.75
. BMp X t .
Satisfactory - nbéc £ wndp £ b{ M &nEEIPK N
*
Unsatisfactory PBIASK+25 RSR > 0.7 b{9 X 272 ifQ > 15
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5.2 Model Validation Results

5.2.1 Temperature

The observed daily maximum and minimum temperature data from ten
climate stations were used to verify that the daily and monthly temperatures were
reasonably simulated. These climate stations were downloaded using the Canadian
Climate Data Scraping Tool (CDST) created byBonifacio et al. (2014) In order to
eliminate the elevations bias, the ¢ results of all the climate stations used were
compared against the station elevations (seEBigure 5-1). The result show that there

are no elevation bias with climate stations used.
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Figure 5-1. Results of the ACRU model output of mean monthly simulated and observed
temperatures for 10 climate stations in the Oldman Reservoir Watershed.
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The multiple-lapse rate approach used in Castle River Watershed were
compared to the single temperature lapse rategsee Table 5-2 and Table 5-3).
Although there were essentially no difference between each of the temperature
parameter sets when comparing the daily and monthly performance statistics of the
linear regression as evidered by the slope, coefficient of determination @), Pearson
Correlation coefficient (r) and root mean square error (RMSE). The multiple lapse rate
approach produced slightly stronger results when examining the daily percentage
difference for mean temperatre (3.59%), variance (4.06%) and standard deviation
(2.04%), as evidenced by previous work done bynderson (2014). Essentially, the
daily performance for the mean temperatures was slightly over-simulated.
Subsequently, the percentage difference for the mean monthly temperature (
18.77%) was under simulated, and both the variance(17.69%) and standard
ddeviation (8.49%) were over simulated. Thereis an overall slight undersimulation
of air temperature in the winter months (as seen inFigure 5-2). Therefore, the
multiple parameter approach used in temperature verification for Oldman Reservoir

produced relatively excellent results (sed-igure 5-3) and was chosen for this study.
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Figure 5-2. Results of the ACRU model output of monthly a) maximum, b) mean and c)
minimum simulated and observed temperatures for 10 climate stations in the Oldman
Reservoir Watershed.
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Table 5-2. Daily performance statistics for air temperatures using ten climate stations for four
different lapse rate parameters.

Lirés;ﬁeate Lapse Rate Lapse Rate Lapse Rate-(

Parameters) (-6°C) (:6.2°C) 6.5°C)

Sample Size 47343 47343 47343 47343
Observed Mean 5.57 5.57 5.57 5.57
Simulated Mean 5.37 5.31 5.31 5.29

% Difference 3.59 4.67 4.67 5.03
Observed Variance 77.76 77.76 77.76 77.76
Simulated Variance 80.92 81.70 81.81 81.98

% Difference -4.06 -5.07 -5.21 -5.43
Observed Standard Deviation 8.82 8.82 8.82 8.82
Simulated Standard Deviation 9.00 9.04 9.04 9.05
% Difference -2.04 -2.49 -2.49 -2.61

Slope 0.99 0.99 0.99 0.99

Coefficient of Determination () 0.94 0.93 0.93 0.93
Pearson Correlation Coefficient (r) 0.97 0.97 0.97 0.96
Root mean square error (RMSE) 0.01 0.01 0.01 0.01

30

y=0.9871x-0.1194
R? =0.9362
N=47343
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Figure 5-3. Regression scatter plot results for simulated and observed mean daily air
temperature. The solid blue line represents the 1:1 line.  The red dotted line is the slope of the
regression.
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Table 5-3. Monthly pe rformance statistics for air temperatures using ten climate stations for
different lapse rate parameters.

Li%sai;zeate Lapse Rate Lapse Rate Lapse Rate-(

Parameters) (-6°C) (:6.2°C) 6.5°C)
Sample Size 575 575 575 575
Observed Mean 3.09 3.09 3.09 3.09
Simulated Mean 251 2.45 2.45 243

% Difference 18.77 20.71 20.71 21.36
Observed Variance 56.81 56.81 56.81 56.81
Simulated Variance 66.86 67.52 67.61 67.76

% Difference -17.69 -18.85 -19.01 -19.27
Observed Standard Deviation 7.54 7.54 7.54 7.54
Simulated Standard Deviation 8.18 8.22 8.22 8.23
% Difference -8.49 -9.02 -9.02 -9.15
Slope 1.07 1.07 1.07 1.07
Coefficient of Determination () 0.97 0.97 0.97 0.97
Pearson Correlation Coefficient (r) 0.99 0.98 0.98 0.98
Root mean square errofRMSE) 0.07 0.07 0.07 0.07

5.2.2 Streamflow

The observeddaily streamflow discharge data from five hydrometric stations
were used to verify that the daily and monthly streamflow values were reasonably
simulated. The observed data from the hydrometriclimate stations were initially
converted to mm/day as a prerequisite before using the ACRU model. The ACRU
HYDAT Streamflow Verification Tool (AHSVT) allowed the efficient compariso
between all calibration model runs for the Oldman Reservoir Watershed.The
streamflow verification was expanded to utilize a more robust model testing

procedure.+ I Al AH schemepnpgselected to establish a rigorous testing that
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involved four different sampling tests for the entire Oldman Reservoir watershed for
its ability to test model performance under spatial and climatic transferabilitylt was
found that the percentage difference between the sum of simulated daily flow8(0 )
and observed daily flons (B0 ) was similar to percent bias values and wasemoved

as termination criterion during model calibration and validation.

5.2.2.1 The Split-sample Test

The split-sample test results for calibrating all five gauged watersheds are
listed in Table 5-4 and Table 5-5. Based on the calibration runs for the Oldman
Reservoir Watershed, theACRU model has shown tsimulate streamflow well, where
the PBIASs less than 106 for most of the subwatersheds, although there is aslight
over-estimation in the daily flows in Sub-Watershed 4 (12.86%). The results of the
split-sample test showed thathe percentage difference between standard deviains
to bemostly under 10% between the daily and monthly outputfor all sub-watersheds,
with exception of SubWatershed 5 Overall, the ACRU model performed with a slight
overestimation bias between daily and monthly flows based on the negative values
across all gauged watershedsThe daily flow duration curves showed the best
simulation runs for SubWatershed 1 (seeFigure 5-4). Calibration results for Sub
Watershed 3 revealed a slightly less than ideal simulation with an underestimation of
low flows. The validation results showed how the ACRU model performed with
relatively good ratings. The results of the daily and monthly validation performance
ratings are shown in Table 5-6 and Table 5-7. Indeed,the trends that occurred are

similar to the calibration runs. The daily flow duration curves during the validation
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run revealed similar patterns during the calibration run with an exception to Sub

Watershed 2 with an ove simulation of high peak flows (sed~igure 5-5).

Table 5-4. Daily model performance results of all five gauged sub -watersheds using the split -

sample test under calibration period, 1971 -1980.
SUBWATERSHED
1 2 3 4 5
Sample Size 3653 3653 2379 2145 3653
Observed Mean 1.601 1.065 1.557 1.608 1.051
Simulated Mean 1.609 1.114 1.587 1.802 1.118

Observed Q 5849.670 3889.550 3704.560 3449.360 3839.060

Simulated Q 5877.230 4070.640 3774.770 3866.260 4082.450
Observed Variance 7.888 2.065 6.160 4.174 3.104
Simulated Variance 6.617 2.117 5.489 4.764 2.305
% Difference of Variance 16.111 -2.524 10.895 -14.136 25.762
Observed Standard Deviation 2.809 1.437 2.482 2.043 1.762
Simulated Standard Deviation 2572 1.455 2.343 2.183 1.518
% Difference of STD 8.409 -1.254 5.604 -6.835 13.839
Slope 0.822 0.927 0.855 0.889 0.751
Y-Intercept 0.292 0.127 0.256 0.373 0.328
Coefficient of Determination R 0.806 0.839 0.820 0.693 0.760
Correlation Coefficient, R 0.898 0.916 0.905 0.832 0.872
Root mean square erroRMSE 1.238 0.596 1.059 1.246 0.865
RMSEobserved standard ratio, RSR ~ 0.441 0.414 0.427 0.610 0.491
PercentBias, PBIAS -0.471 -4.656 -1.895 -12.086 -6.340
Nash Sutcliffe Efficiency Index, NSE  0.806 0.828 0.818 0.628 0.759
Modified NSE 0.726 0.677 0.697 0.498 0.640
Index of Agreement, D 0.944 0.956 0.950 0.906 0.926
Modified D 0.861 0.838 0.847 0.751 0.814
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Figure 5-4. Comparison of five daily flow duration curves of the gauged sub
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the 1970-1980 calibration period
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Table 5-5. Monthly model performance results of all five gauged sub

-watersheds using the

split -sample test under calibration period, 1971 -1980.
WATERSHED
1 2 3 4 5
Sample Size 120 120 89 82 120
Observed Mean 1.597 1.061 1.423 1.466 1.048
Simulated Mean 1.605 1.111 1.435 1.611 1.115
Observed Q 191.658 127.344 126.674 120.237 125.792
Simulated Q 192.656  133.359 127.737 132.067 133.752
Observed Variance 5.896 1.677 3.964 2.868 2.317
Simulated Variance 5.671 1.764 3.890 3.473 1.993
% Difference of Variance 3.811 -5.152 1.845 -21.092 13.967
Observed Standard Deviation 2.428 1.295 1.991 1.693 1.522
Simulated Standard Deviation 2.381 1.328 1.972 1.863 1.412
% Difference of STD 1.924 -2.543 0.927 -10.042 7.246
Slope 0.939 0.961 0.944 0.969 0.857
Y-Intercept 0.107 0.091 0.091 0.189 0.217
Coefficient of Determination, R 0.916 0.879 0.908 0.776 0.853
Correlation Coefficient, R 0.957 0.937 0.953 0.881 0.923
Root mean square erroRMSE 0.704 0.466 0.604 0.890 0.585
RMSEobserved standard ratio, RSR ~ 0.290 0.360 0.303 0.525 0.385
Percent Bias, PBIAS -0.521 -4.723 -0.839 -9.839 -6.328
Nash Sutcliffe Efficiency Index, NSE  0.915 0.869 0.907 0.721 0.851
Modified NSE 0.771 0.720 0.776 0.579 0.698
Index of Agreement, D 0.978 0.967 0.976 0.933 0.958
Modified D 0.883 0.859 0.887 0.790 0.845
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Table 5-6. Daily model performance results of all five gauged sub-watersheds using the split

sample test under validation period, 1981 -1990.
WATERSHED
1 2 3 4 5

Sample Size 3652 3652 2215 1942 3652

Observed Mean 1.413 0.870 1.281 1.332 0.811

Simulated Mean 1.454 0.954 1.283 1.506 0.836
Observed Q 5159.280 3179.010 2838.330 2587.080 2962.010
Simulated Q 5308.280 3483.980 2842.440 2925.300 3054.610

Observed Variance 3.867 0.924 3.587 2.484 1.841

Simulated Variance 4.539 1.264 2.628 2.529 1.219

% Difference of Variance -17.398 -36.761 26.742 -1.822 33.788

Observed Standard Deviation 1.966 0.961 1.894 1.576 1.357

Simulated Standard Deviation 2.131 1.124 1.621 1.590 1.104

% Difference of STD -8.351 -16.945 14.409 -0.907 18.629

Slope 1.015 1.054 0.735 0.884 0.710

Y-Intercept 0.020 0.037 0.341 0.329 0.260

Coefficient of Determination, R 0.877 0.812 0.738 0.767 0.762

Correlation Coefficient, R 0.937 0.901 0.859 0.876 0.873

Root mean square erroRMSE 0.749 0.497 0.970 0.808 0.667

RMSEpbserved standard ratio, RSR ~ 0.381 0.517 0.512 0.512 0.491

PercentBias, PBIAS -2.888 -9.593 -0.145 -13.073 -3.126

Nash Sutcliffe Efficiency Index, NSE  0.855 0.733 0.738 0.737 0.758

Modified NSE 0.713 0.589 0.611 0.589 0.665

Index of Agreement, D 0.966 0.941 0.918 0.931 0.922

Modified D 0.859 0.805 0.798 0.796 0.829
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Table 5-7. Monthly model performance results of all five gauged sub -watersheds using the
split -sample test under validation period, 1981 -1990.

WATERSHED
1 2 3 4 5
Sample Size 120 120 84 76 120
Observed Mean 1.410 0.868 1.164 1.253 0.809
Simulated Mean 1.450 0.951 1.169 1.385 0.834
Observed Q 169.154  104.175 97.794 95.239 97.046
Simulated Q 173.966  114.095 98.168 105.236  100.035
Observed Variance 2.968 0.722 2.177 1.463 1.199
Simulated Variance 3.648 0.996 1.839 1.583 0.999
% Difference of Variance -22.907  -37.851 15.534 -8.207 16.689
Observed Standard Deviation 1.723 0.850 1.476 1.209 1.095
Simulated Standard Deviation 1.910 0.998 1.356 1.258 1.000
% Difference o5TD -10.863 -17.410 8.095 -4.023 8.725
Slope 1.068 1.085 0.839 0.957 0.850
Y-Intercept -0.055 0.009 0.192 0.186 0.147
Coefficient of Determination R 0.928 0.854 0.833 0.846 0.866
Correlation Coefficient, R 0.963 0.924 0.913 0.920 0.931
Root mean square erroRMSE 0.526 0.395 0.599 0.510 0.400
RMSEpbserved standard ratio, RSR ~ 0.305 0.464 0.406 0.422 0.365
Percent Bias, PBIAS -2.845 -9.523 -0.383 -10.497 -3.080
Nash Sutcliffe Efficiency Index, NSE  0.906 0.782 0.833 0.820 0.866
Modified NSE 0.766 0.633 0.692 0.640 0.730
Index of Agreement, D 0.978 0.952 0.953 0.955 0.962
Modified D 0.886 0.825 0.839 0.820 0.863
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5.2.2.2 The Proxy-basin Test

The daily performance results for the proxybasin test for the calibration run
produced quite excellent resultsbased on thePBIAS values foilSub-Watershed 1 ¢
0.471%) and Sub-Watershed 5 ¢6.34%), as shown inTable 5-8. Similarly, the daily
performance ratings of RSR and NSE proved to be quite excellent with RSR and NSE
values for SubWatershed 1 (RSR=0.44And NSE=@BO06) and for Sub-Watershed 5
(RSR=0491 and NSE=(r59). The monthly performance ratingsperformed better,
when compared to the daily performanceratings (see Table 5-9). The validation
results of the proxy-basin test showed similar trends with excellent performance
ratings. There is an ovetestimation bias on validating SubWatershed 5 ¢7.208 %)
compared to SubWatershed 1 €0.399%). The total accumulated flows at a daily time
step (Figure 5-6a) revealed median flows are slightly over simulated but the high and
low flows are simulated well for SubWatershed 1. Conversely, Sulvatershed 5
flows (Figure 5-6b) showed a slight over simulation of high and median flow and

under-simulation of low flows.
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Table 5-8. Daily performance calibration and v alidation for two proxy -basin test of Sub-
Watershed 1 and Sub-Watershed 5 for an ungauged watershed s

Watershed 1 Watershed 5
Calibration Validation Calibration Validation
Sample Size 3653 3652 3653 3652
Observed Mean 1.601 1.413 1.051 0.811
Simulated Mean 1.609 1.418 1.118 0.870
Observed Q 5849.670 5159.280 3839.060 2962.010
Simulated Q 5877.230 5179.880 4082.450 3175.500
Observed Variance 7.888 3.867 3.104 1.841
Simulated Variance 6.617 3.817 2.305 1.457
% Difference of Variance 16.111 1.298 25.762 23.301
Observed Standard Deviation 2.809 1.966 1.762 1.357
Simulated Standard Deviation 2.572 1.954 1.518 1.207
% Difference of STD 8.409 0.649 13.839 11.690
Slope 0.822 0.931 0.751 0.777
Y-Intercept 0.292 0.103 0.328 0.240
Coefficientof Determination R 0.806 0.878 0.760 0.762
Correlation Coefficient, R 0.898 0.937 0.872 0.873
Root mean square erroRMSE 1.238 0.697 0.865 0.665
RMSEpbserved standard ratio,
0.441 0.354 0.491 0.490
RSR
Percent Bias, PBIAS -0.471 -0.399 -6.340 -7.208
Nash Sutcliffe Efficiency Index,
0.806 0.874 0.759 0.760
NSE
Modified NSE 0.726 0.742 0.640 0.642
Index of Agreement, D 0.944 0.967 0.926 0.928
Modified D 0.861 0.868 0.814 0.824
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Table 5-9. Monthly performance for th e proxy -basin test of Sub-Watershed 1 and Sub-

Watershed 5 for an ungauged watershed s

Watershed 1

Watershed 5

Calibration Validation Calibration Validation
Sample Size 120 120 120 120
Observed Mean 1.597 1.410 1.048 0.809
Simulated Mean 1.605 1.415 1.115 0.867
Observed Q 191.658 169.154 125.792 97.046
Simulated Q 192.656 169.763 133.752 103.992
Observed Variance 5.896 2.968 2.317 1.199
Simulated Variance 5.671 3.133 1.993 1.195
% Difference of Variance 3.811 5.400 13.967 0.377
Observed Standard Deviation 2.428 1.723 1.522 1.095
Simulated Standard Deviation 2.381 1.770 1.412 1.093
% Difference of STD 1.924 2.701 7.246 0.189
Slope 0.939 0.988 0.857 0.930
Y-Intercept 0.107 0.022 0.217 0.114
Coefficient ofDetermination R 0.916 0.925 0.853 0.869
Correlation Coefficient, R 0.957 0.962 0.923 0.932
Root mean square erroiRMSE 0.704 0.483 0.585 0.406
RMSEpbserved standard ratio,
0.290 0.280 0.385 0.370
RSR
Percent Bias, PBIAS -0.521 -0.360 -6.328 -7.158
Nash Sutcliffe Efficiency Index,
NSE 0.915 0.921 0.851 0.862
Modified NSE 0.771 0.785 0.698 0.708
Index of Agreement, D 0.978 0.980 0.958 0.964
Modified D 0.883 0.892 0.845 0.857
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Figure 5-6. Daily flow duration curves for a) Sub-Watershed 1, validated at Sub-Watershed 5
and b) Sub-Watershed 5, validated at Sub-Watershed 1.
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Figure 5-7. Regression scatter plot for simulated and observed streamflow fora)  Sub-
Watershed 1 and b) Sub-Watershed 5. The solid blue line represents the 1:1 line. The black
dotted line is the slope of the regression.
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5.2.2.3 The Differential Split -Sample Test

Firstly, the ACRU model wasequired to simulate streamflow for awet climate
scenario. The daily and monthly performance calibration run forSub-Watershed 1
(seeTable5-10) and Sub-Watershed5 (seeTable5-11) showedexcellentresults with
PBIAS values forSub-Watershed 1 (-6.705%, -6.798%) and Sub-Watershed 5 ¢
8.278%, -8.170%) during calibration. Moreover, the daily performance for the
calibration runs for both watershedsare quite excellent where SubNatershed 1RSR
value is 0253 and NSEvalue is 0.936. Meanwhile, SubWVatershed 5 RSRvalue is
0.344,and NSEvalue is Q882. In addition, the validationruns showed the decrease in
model performance ratings for these criteria (SubWatershed1: RSR=0.54, NSE=0.74
and Sub-Watershed5: RSR=0.53, NSE=0.72). Similar trends occurred in the monthly
results, with slightly better results. There is an overall slight oveestimation bias with

the predicted data based on thé°BIAS values

Secondly, the ACRU model is also required to simulate streamflow for a dry
climate scenario. The daily and monthly performance results foBub-Watershed 1
and Sub-Watershed5 arelisted in Table5-12 and Table 513, respectively. The daily
performance ratings showed excellent resultsbased on the PBIAS values during
calibration for Sub-Watershed 1 (5.849%) and Sub-Watershed5 (3.279%) There is
an overall slight underestimation bias with the predicted dataas comparedto the
over-estimation during validation run of Sub-Watershed 1 (-8.11%) and Sub
Watershed5 (-11.823%). Furthermore, the RSR and NSE values fasb-Watershed1
(RSR=0.4&, NSE=0.76%and Sub-Watershed5 (RSR=0(b27, NSE=0.22) were good

The monthly performance result for this test also showed similar trends.
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Table 5-10. Daily and monthly performance re sults for the differential split -sample test for
simulating a wet climate scenario for Sub-Watershed 1.

Daily Sub Daily Sub Monthly Sub Monthly Sub
Watershedl  Watershedl Watershedl Watershedl
Calibration Validation Calibration Validation
SampleSize 1096 1096 36 36
Observed Mean 1.242 2.103 1.240 2.100
Simulated Mean 1.326 1.940 1.325 1.937
Observed Q 1361.730 2304.910 44.654 75.594
Simulated Q 1453.030 2126.740 47.690 69.748
Observed Variance 3.537 13.503 2.888 9.654
Simulated Variance 3.942 7.630 3.261 6.950
% Difference of Variance -11.454 43.496 -12.923 28.015
Observed Standard Deviation 1.881 3.675 1.699 3.107
Simulated Standard Deviation 1.986 2.762 1.806 2.636
% Difference of STD -5.572 24.831 -6.265 15.156
Slope 1.026 0.656 1.051 0.822
Y-Intercept 0.051 0.562 0.021 0.212
Coefficient of Determination R 0.945 0.761 0.978 0.938
Correlation Coefficient, R 0.972 0.872 0.989 0.968
Root mean square erroRMSE 0.476 1.858 0.292 0.864
RMSEpbserved standard ratio,
0.253 0.506 0.172 0.278
RSR
Percent Bias, PBIAS -6.705 7.730 -6.798 7.734
Nash Sutcliffe Efficiency Index,
0.936 0.744 0.970 0.921
NSE
Modified NSE 0.797 0.709 0.852 0.754
Index of Agreement, D 0.985 0.911 0.993 0.976
Modified D 0.898 0.845 0.926 0.870
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Table 5-11. Daily and monthly performance results for the differential split ~ -sample test for
simulating a wet climate scenario for Sub-Watershed 5.

Daily Sub Daily Sub Monthly Sub Monthly Sub
Watershed 5  Watershed 5 Watershed 5 Watershed5
Calibration Validation Calibration Validation
Sample Size 1096 1096 36 36
Observed Mean 0.620 1.294 0.619 1.291
Simulated Mean 0.671 1.228 0.670 1.225
Observed Q 679.120 1417.700 22.291 46.460
Simulated Q 735.340 1346.290 24112 44.107
Observed Variance 0.782 4.366 0.672 3.377
Simulated Variance 0.836 2.581 0.681 2.296
% Difference of Variance -6.949 40.870 -1.345 32.023
Observed Standard Deviation 0.884 2.089 0.820 1.838
Simulated Standard Deviation 0.914 1.607 0.825 1.515
% Difference of STD -3.416 23.104 -0.670 17.552
Slope 0.977 0.658 0.981 0.782
Y-Intercept 0.065 0.377 0.062 0.216
Coefficient of Determination R 0.893 0.732 0.949 0.899
Correlation Coefficient, R 0.945 0.856 0.974 0.948
Root mean square errolRMSE 0.304 1.098 0.191 0.622
RMSEpbserved standard ratio,
0.344 0.526 0.233 0.338
RSR
Percent Bias, PBIAS -8.278 5.037 -8.170 5.064
Nash Sutcliffe Efficiency Index,
0.882 0.723 0.944 0.882
NSE
Modified NSE 0.714 0.652 0.789 0.722
Index of Agreement, D 0.971 0.905 0.986 0.964
Modified D 0.859 0.813 0.895 0.851
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Figure 5-8. Daily flow duration curves for simulating a wet climate scenario, showing a)

calibration on LAPPand b) validation on HAPPfor Sub-Watershed 1 and the c) calibration on

LAPPand d) validation HAPPfor Sub-Watershed 5
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Table 5-12. Daily and monthly performance results for the differential split ~ -sample test for
simulating a dry climate scenario for Sub-Watershed 1 (Castle Watershed).

Daily Sub Daily Sub Monthly Sub Monthly Sub
Watershed1 Watershedl Watershed 1 Watershedl
Calibration Validation Calilration Validation
Sample Size 1096 1096 36 36
Observed Mean 2.103 1.242 2.100 1.240
Simulated Mean 1.980 1.343 1.977 1.342
Observed Q 2304.910 1361.730 75.594 44.654
Simulated Q 2170.100 1472.160 71.187 48.324
ObservedVariance 13.503 3.537 9.654 2.888
Simulated Variance 9.195 4.816 8.410 3.958
% Difference of Variance 31.899 -36.155 12.892 -37.057
Observed Standard Deviation 3.675 1.881 3.107 1.699
Simulated Standard Deviation 3.032 2.195 2.900 1.990
% Differenceof STD 17.477 -16.685 6.668 -17.071
Slope 0.724 1.135 0.910 1.159
Y-Intercept 0.458 -0.067 0.066 -0.095
Coefficient of Determination R 0.769 0.947 0.951 0.979
Correlation Coefficient, R 0.877 0.973 0.975 0.990
Root mean square erroRMSE 1.779 0.576 0.699 0.400
RMSEpbserved standard ratio,
0.484 0.306 0.225 0.235
RSR
Percent Bias, PBIAS 5.849 -8.110 5.830 -8.219
Nash Sutcliffe Efficiency Index,
0.765 0.906 0.948 0.943
NSE
Modified NSE 0.736 0.777 0.797 0.809
Index of Agreement, D 0.925 0.980 0.986 0.988
Modified D 0.865 0.893 0.897 0.908
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Table 5-13. Daily and monthly performance results for the differential split ~ -sample test for
simulating a dry climate scenario for Sub-Watershed 5.

Daily Sub Daily Sub Monthly Sub Monthly Sub
Watershed5 Watershed5 Watershed 5 Watershed5
Calibration Validation Calibration Validation
Sample Size 1096 1096 36 36
Observed Mean 1.294 0.620 1.291 0.619
Simulated Mean 1.251 0.693 1.248 0.692
ObservedQ 1417.700 679.120 46.460 22.291
Simulated Q 1371.210 759.410 44.930 24.897
Observed Variance 4.366 0.782 3.377 0.672
Simulated Variance 2.467 0.816 2.163 0.645
% Difference of Variance 43.497 -4.394 35.952 3.970
Observed Standard Deviation 2.089 0.884 1.838 0.820
Simulated Standard Deviation 1571 0.903 1471 0.803
% Difference of STD 24.831 -2.173 19.970 2.005
Slope 0.644 0.950 0.760 0.946
Y-Intercept 0.419 0.104 0.267 0.106
Coefficient of Determination R 0.733 0.864 0.902 0.931
Correlation Coefficient, R 0.856 0.930 0.950 0.965
Root mean square errolRMSE 1.101 0.344 0.629 0.224
RMSEpbserved standard ratio,
0.527 0.389 0.342 0.274
RSR
Percent Bias, PBIAS 3.279 -11.823 3.293 -11.689
Nash Sutcliffe Efficiency Index,
0.722 0.849 0.879 0.923
NSE
Modified NSE 0.640 0.670 0.703 0.756
Index of Agreement, D 0.903 0.962 0.962 0.980
Modified D 0.802 0.837 0.837 0.877
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Figure 5-9. Daily flow duration curves for

simulating a dry climate scenario, showing a)
calibration on HAPPand b) validation on LAPPfor Sub-Watershed 1 and the c) calibration on
HAPP and d) validation on LAPPfor Sub-Watershed 5

5.2.2.4 The Proxy -Basin Differential Split -Sample Test

For simulating awet climate scenario, he daily performance ratings @ the

calibration runs was excellent for both the first test (6.89%) and the second test (

8.278%), as shown inTable 5-14 and Table 5-15. During validation, the daily

performance ratings of PBIAS values remained excellent for the first test (3.279%)

and satisfac¢ory for the second test (18.461%8

3EI El AOI Uh

1 #2580

ratings were very well for RSR and NSE values fdhe first test (RSR=0247

112

AA



NSE=0939) whereas second test results were slightly reduced performance
(RSR=0344 NSE=0882). During the \alidation phase, the performanceratings
showed better results for the first test and less than ideal for second testhe LAPP
validation of SubWatershed 1 using Sub/Natershed 5 HAPP calibration runs were
satisfactory. The underestimation of low peak flavs are apparent inthe validation
runs (Figure 5-10). The monthly performance result forsimulating wet scenarioalso

showed similar trends (see Table 5-15).

For simulating a dry climate scenario, e daily performance ratings @ the
calibration runs was excellent for both the first test (5.849%) and the second test
(5.037%), as shown inTable5-16. During validation, the daily performance ratings of
PBIAS values were unsatisfactory for the first test-84.389%) and excellent for the
second test (8.902%B 3 EI EI AOI Uh ! # @5afins wara ety WellBA O £l O
RSR and NSE values fdne first test (RSR=0484 NSE=0765) whereas second test
results were slightly reduced performance (RSR=626 NSE=0723). During the
validation phase, the performanceratings for the first test revealed similar trends
where the HAPP validation of SuiWatershed 5 using SubNatershed 1 LAPP
calibration runs were unsatisfactory. The underestimation of low peak flowsare
apparent during the calibration runs (Figure 5-11). The monthly performance result

for this test also showed similar trends(seeTable5-17).

113



Table 5-14. Daily performance results for the proxy -basin differential split -sample test for
simulating a wet climate scenario

Daily Sub Daily Sub Daily Sub Daily Sub
Watershed Watersheds5 Watershed5 Watershedl

1 HAPP LAAP HAPP LAAP
Calibration Validation Calibration Validation
Sample Size 1096 1096 1096 1096
Observed Mean 1.242 1.294 0.620 2.103
Simulated Mean 1.157 1.251 0.671 1.715
Observed Q 1361.730 1417.700 679.120 2304.910
Simulated Q 1267.910 1371.210 735.340 1879.410
Observed Variance 3.537 4.366 0.782 13.503
Simulated Variance 3.026 2.467 0.836 6.314
% Difference of Variance 14.465 43.497 -6.949 32.656
Observed Standardeviation 1.881 2.089 0.884 3.675
Simulated Standard Deviation 1.739 1571 0.914 2.513
% Difference of STD 7.515 24.831 -3.416 31.618
Slope 0.898 0.644 0.977 0.599
Y-Intercept 0.041 0.419 0.065 0.455
Coefficient of Determination R 0.943 0.733 0.893 0.767
Correlation Coefficient, R 0.971 0.856 0.945 0.876
Root mean square erroiRMSE 0.464 1.101 0.304 1.946
RMSEobserved standard ratio, RSF 0.247 0.527 0.344 0.530
Percent Bias, PBIAS 6.890 3.279 -8.278 18.461
Nash Sutcliffe Efficiency Index, NSI 0.939 0.722 0.882 0.719
Modified NSE 0.814 0.640 0.714 0.713
Index of Agreement, D 0.983 0.903 0.971 0.895
Modified D 0.903 0.802 0.859 0.846
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Table 5-15. Monthly per formance results for the proxy -basin differential split -sample test for
simulating a wet climate scenario

Monthly Sub Monthly Sub Monthly Sub  Monthly Sub
Watershed1 Watershed5 Watershed5 Watershedl

HAAP LAAP HAAP LAAP
Calibration Validation Calibration Validation
Sample Size 36 36 36 36
Observed Mean 1.240 1.291 0.619 2.100
Simulated Mean 1.156 1.248 0.670 1.712
Observed Q 44.654 46.460 22.291 75.594
Simulated Q 41.603 44.930 24,112 61.629
Observed Variance 2.888 3.377 0.672 9.654
Simulated Variance 2.443 2.163 0.681 5.814
% Difference of Variance 15.406 35.952 -1.345 23.873
Observed Standard Deviatior 1.699 1.838 0.820 3.107
Simulated Standard Deviatior 1.563 1.471 0.825 2411
9% Difference of STD 8.025 19.970 -0.670 22.399
Slope 0.913 0.760 0.981 0.755
Vintercept 0.024 0.267 0.062 0.126
Coefficient olf:gDetermination 0.984 0.902 0.949 0.947
Correlation Coefficient, R 0.992 0.950 0.974 0.973
Root mean square error, 0.256 0.629 0.191 1.007
RMSE
RMSEobserved standard 0.151 0.342 0.233 0.324
ratio, RSR
Percent BiasPBIAS 6.833 3.293 -8.170 18.474
Nash Sutcliffe Efficiency 0977 0.879 0.944 0.892
Index, NSE
Modified NSE 0.875 0.703 0.789 0.752
Index of Agreement, D 0.994 0.962 0.986 0.966
Modified D 0.935 0.837 0.895 0.868
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Figure 5-10. Daily flow duration curves for simulating a wet climate scenario under the PBDSS
test using a) calibration of LAPP on Sub-Watershed 1 and b) validation of HAPP on Sub-
Watershed 5 and c) calibration of LAPP on Sub-Watershed 5 and d) validation of HAPP on Sub-
Watershed 1
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Table 5-16. Daily performance results for the proxy -basin differential split -sample test for
simulating a dry cli mate scenario

Daily Sub Daily Sub Daily Sub Daily Sub
Watershed1 Watershed5 Watershed5 Watershedl

LAPP HAAP LAPP HAAP

Calibration Validation Calibration Validation
Sample Size 1096 1096 1096 1096
Observed Mean 2.103 0.620 1.294 1.242
SimulatedMean 1.980 0.836 1.228 1.132

Observed Q 2304.910 679.120 1417.700 1361.730

Simulated Q 2170.100 915.720 1346.290 1240.510
Observed Variance 13.503 0.782 4.366 3.537
Simulated Variance 9.195 1.495 2.581 3.072
% Difference of Variance 31.899 -91.254 40.870 7.515
Observed Standard Deviation 3.675 0.884 2.089 1.881
Simulated Standard Deviation 3.032 1.223 1.607 1.753
% Difference of STD 17.477 -38.294 23.104 6.806
Slope 0.724 1.322 0.658 0.909
Y-Intercept 0.458 0.016 0.377 0.003
Coefficient ofDetermination R 0.769 0.914 0.732 0.951
Correlation Coefficient, R 0.877 0.956 0.856 0.975
Root mean square erroiRMSE 1.779 0.507 1.098 0.439

RMSEobserved standard ratio,
RSR 0.484 0.573 0.526 0.234
Percent Bias, PBIAS 5.849 -34.839 5.037 8.902
Nash Sutcliffe Efficiency Index,

NSE 0.765 0.671 0.723 0.945
Modified NSE 0.736 0.545 0.652 0.821
Index of Agreement, D 0.925 0.942 0.905 0.985
Modified D 0.865 0.802 0.813 0.908
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Table 5-17. Monthly performance results for the second part of the proxy -basin differential
split -sample test for simulating a dry climate scenario

Monthly Sub Monthly Sub  Monthly Sub Monthly Sub
Watershed 1  Watershed 5 Watershed 5 Watershed 1

LAAP HAAP LAAP HAAP
Calibration Validation Calibration Validation
Sample Size 36 36 36 36

Observed Mean 2.100 0.619 1.291 1.240

Simulated Mean 1.977 0.834 1.225 1.131

Observed Q 75.594 22.291 46.460 44.654

Simulated Q 71.187 30.030 44.107 40.704

Observed Variance 9.654 0.672 3.377 2.888

Simulated Variance 8.410 1.236 2.296 2.519

% Difference of Variance 12.892 -84.044 32.023 8.025

Observed Standard Deviation 3.107 0.820 1.838 1.699

Simulated Standard Deviation 2.900 1.112 1.515 1.587

% Difference of STD 6.668 -35.663 17.552 6.600

Slope 0.910 1.330 0.782 0.927

Y-Intercept 0.066 0.011 0.216 -0.019

Coefficient of Determination R 0.951 0.961 0.899 0.984

Correlation Coefficient, R 0.975 0.980 0.948 0.992

Root mean square erroiRMSE 0.699 0.405 0.622 0.256
RMSEpbserved standard ratio,

RSR 0.225 0.494 0.338 0.151

Percent Bias, PBIAS 5.830 -34.720 5.064 8.846
Nash Sutcliffe Efficiency Index,

NSE 0.948 0.749 0.882 0.977

Modified NSE 0.797 0.554 0.722 0.870

Index of Agreement, D 0.986 0.955 0.964 0.994

Modified D 0.897 0.803 0.851 0.934

118



—OBS —SIM —OBS —SIM
100.0 100.0 T
10.0 ~\\ 10.0 !
- = e — 1
= [ | = |
g - I
310 1 <0 AN .
L] | € I |
5 | =
& o4l ‘ L — LI ;:T‘_L—'-‘_‘_—HL‘_‘
: Hj e
0.0 0.0
0.1 1 5 10 20 50 80 90 95 99 99.9 0.1 1 5 10 20 50 80 90 95 29 99.9
Exceedance Probability Exceedance Probability
—OBS —SIM —OBS —SIM
100.0 1 T 100.0
o0 K h |
s | T = -*\\
g ' = g | Ny
£ [ | £ |
£ \ £
S0 - 0 -
& ’ ' g %
: S~ i ~— |
= i > * L
® 011 | i W B o H_L‘"ML\_ |
0.0 -1 0.0 + L L
0.1 1 5 10 20 50 80 90 95 99 99.9 0.1 5 10 20 50 80 90 95 99 99.9
Exceedance Probability Exceedance Probability

d)

Figure 5-11. Daily flow duration curves for simulating a dry climate scenario under the PBDSS
test using for a) calibration of HAPP on Sub -Watershed 1 and b) validation of LAPP on Sub-
Watershed 5 and c) calibration of HAPP on Sub -Watershed 5 and d) validation of LAPP on Sub-
Watershed 1

119



5.3 Model Simulation Results

The process ofsimulating future climate on a rigorously calibrated ACRU
model using selectedbias-corrected regional climate modeldata is described in
Chapter 3, Section 3.5.2n this section, the simulation results of using the RCM3
cooler/wetter (CW) and HRM3warmer/drier (WD) regional climate scenariosfor the
Oldman Reservoir Watershedare presented First, the observed baseline (1971
2000) period is compared against the regional climate modéddistorical (1971-2000)
period. Second, the regional climate modaéiistorical (1971-2000) period is canpared

against the regional climate model future (20412070) period.

5.3.1 Comparison of Baseline and RCM projection for 1971 -2000 period

The RCMbased historical (1971-2000) and future (2041-2070) time series
required further downscaling in order to match the1OK climate grid. The comparison
showed the successful spatial and temporal downscaling of the biasrrected RCM
based historical (1971-2000) period against the 10K baseline time period, as shown
in Figure 5-12 and Figure 5-13. The magnitude and seasonality are comparable for
both regional projections, however,the bias-corrections for each of the regional

climate models shows pronounced differences in late spring and summer months.
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Figure 5-12. Comparison of baseline and historical (1971 -2000) RCM time series for all six
sub-watershed using the RCM3 (cooler/wetter) regional climate projection, driven by CGCM3
global climate model.

121



—10K (1971-2000) _-+-+RCM (1971-2000) | —10K (1971-2000) _-+-+RCM (1971-2000) |
7 7
=5 =5
o o
o o
hd hd
z z
23 23
£ £
& &
1 1
ﬁ# ﬁ#
1 1
) )
AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC
Time (Month) Time (Month)
a) SubWatershed 1 b) SubWatershed 2
| —10k(1571-2000) ----RCM (1971-2000) | | —10k(1571-2000) ----RCM (1971-2000) |
7 7
=5 - =5
1] - 1]
o N o
Z Z
] ]
23 23
£ £
3 3
iz iz
1 1
0 o
AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC
Time (Month) Time (Month)
c) SubWatershed 3 d) SubWatershed 4
[ —10K(1971-2000) ----RCM (1971-2000) | [ —10K(1971-2000) ----RCM (1971-2000) |
7 7
=5 =5
o o
o o
hd hd
z z
23 23
£ £
& &
1 1
ﬁ# ﬁ#
1 1
) )
JAN EB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC JAN EB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC
Time (Month) Time (Month)

e) SubWatershed 5 f) Sub-Watershed 6

Figure 5-13. Comparison of baseline and historical (1971 -2000) RCM time series for all six
sub-watersheds using the HRM3 (warmer/drier) regional climate projection, driven by GFDL
global climate model
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5.3.2 Projected changes using the RCM Historical (1971 -2000) and

Future (2041 -2070) periods

The predicted changes in the future2041-2070 period for temperature,
precipitation and streamflow were compared against historical 971-2000 period for

the Oldman Reservoir Watershed.

5.3.2.1 Temperature

Predicted changes in temperature for each sutvatershed, relative to the
historical regional climate period, are reflected inabsolute temperature differences
for each month Both regional climate scenarios predicted increased in maximum and
minimum temperatures for the future 2041-2070 period. The RCM3 (cooler/wetter)
scenariopredicted increasesin maximum temperature in spring and summer months
with ranges from 0.5°Cto 3°Cand from 2.2Cto 4.5°C respectively. Whereaghe
HRM3 (warmer/drier) scenario predicted increasesin maximum temperature in
spring and summer months with similar ranges, from 0.5Cto 3.2°Cand 2.5°Cto 5.4°C,
respectively. On the other hand,both climate projections predicted increasesin
minimum temperature in spring and summer months with rangedrom 0.5°Cto 2.4°C
and from 1.9Cto 4°C respectively.Interestingly, the largest predicted temperature

increases occur in the July and December months.
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Table 5-18. Monthly absolute maximum temperature differences  (in °C) for 2040 -2070 period
relative to the 1971 -2000 period for the RCM3 (cooler/wetter) regional climate scenario for
all watershed sfor each month .

SUBWATERSHED
1 2 3 4 5 6
J 1.63 1.35 1.27 1.80 1.72 1.69
F 1.71 1.62 154 2.30 2.11 2.01
M 1.06 0.48 0.45 0.93 0.52 0.47
A 2.30 0.71 0.69 0.76 0.87 0.81
M 3.17 0.90 0.89 1.05 0.95 0.91
J 4.01 2.54 2.39 1.92 2.22 2.27
J 5.07 3.51 3.36 2.68 3.09 3.07
A 4.49 2.98 2.85 2.24 2.71 2.73
S 3.15 2.50 2.19 2.00 1.99 2.12
O 3.17 2.36 2.25 1.86 2.50 2.42
N 1.32 1.47 1.43 1.86 1.70 1.68
D 3.66 2.94 291 3.93 3.82 3.61

Table 5-19. Monthly absolute minimum temperature differences  (in °C) for 2040 -2070 period
relative to the 1971 -2000 period for the RCM3 (cooler/wetter) regional climate scenario for
all watersheds for each month .

SUBWATERSHED
1 2 3 4 5 6
J 2.00 1.72 1.75 1.33 2.06 1.99
F 2.18 2.23 2.23 1.61 2.93 2.88
M 1.44 0.92 0.89 0.48 1.27 1.21
A 2.18 0.66 0.80 0.73 0.99 0.87
M 241 1.02 1.03 0.86 1.05 1.09
J 3.10 1.90 1.92 2.36 1.99 2.11
J 4.00 2.59 2.70 3.34 2.75 2.60
A 3.40 2.28 2.27 2.83 2.36 2.42
S 2.49 1.87 1.93 2.02 1.82 1.94
o 2.44 1.96 2.01 2.32 2.16 2.12
N 1.50 1.91 1.81 1.48 2.14 2.14
D 4.19 3.84 3.83 3.00 4.71 4.65
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Figure 5-14. Mean temperature differences (in °C) maps of RCM3 (cooler/wetter) climate

projection for the winter, spring, summer and fall months
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Table 5-20. Monthly absolute maximum temperature differences  (in °C) for 2040 -2070 period
relative to the 1971 -2000 period for the HRM3 (warmer/drier) regional climate scenario for
all watershed s for each month

SUBWATERSHED
1 2 3 4 5 6
J 1.37 1.53 1.57 1.62 1.66 1.65
F 1.64 1.68 1.76 1.79 1.81 1.74
M 0.49 1.12 0.91 0.92 0.93 1.08
A 0.70 2.84 2.24 2.08 2.08 231
M 0.90 3.24 3.09 3.16 3.16 3.18
J 2.53 4.23 4.02 3.99 4.00 4.08
J 3.43 5.35 531 5.35 5.25 5.17
A 2.94 4.73 4.76 4.75 4.66 455
S 2.52 3.34 3.32 3.26 3.28 3.16
O 2.34 3.21 3.21 3.13 3.24 3.17
N 1.47 1.40 1.54 1.57 1.45 1.29
D 2.89 3.47 3.38 3.45 3.57 3.67

Table 5-21. Absolute minimum temperature differences  (in °C) for 2040 -2070 period relative
to the 1971 -2000 period for the HRM3 (warmer/drier) regional climate scenario for all
watershed s for each month

SUBWATERSHED
1 2 3 4 5 6
J 1.70 1.62 1.64 1.68 1.93 2.03
F 2.20 1.93 2.08 2.13 2.25 221
M 0.93 1.43 1.45 1.50 1.49 1.48
A 0.61 2.08 2.00 1.89 2.01 2.17
M 1.03 2.27 2.23 2.20 2.21 2.36
J 1.97 2.93 2.86 2.87 2.88 3.00
J 2.68 3.73 3.99 4.02 3.96 3.85
A 2.36 3.27 3.38 3.34 3.33 3.26
S 1.96 2.47 2.59 2.56 2.43 241
@) 2.02 2.23 2.44 2.36 2.43 2.39
N 1.92 1.62 1.73 1.72 l1.61 1.48
D 3.76 3.94 3.81 3.93 4.05 4.22
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Figure 5-15. Mean temperature differences (in °C) maps of HRM3 (warmer/drier) climate
projection for the winter, spring, summer and fall months



5.3.2.2 Precipitation

Predicted changes inprecipitation for each subwatershed, relative to the
historical regional climate period, are reflectedas monthly averagesasillustrated in
Figure 5-17 and Figure 5-19. Both regional climate scenariopredicted seasonal shift
in hydrology with increased spring precipitation, decreased summeiprecipitation
and increased early fallprecipitation for the future 2041-2070 period, as shown in
Figure 5-16 and Figure 5-18. Overall, the RCM3 (cooler/wetter) scenarioprojected
increase of up t05.2% of precipitation for the upstream gauged subwatersheds
within the Oldman Reservoir Watershedas shown inTable5-22. Similarly, the HRM3
(warmer/drier) scenario projected reductions of precipitation with up to 8.6% for

some subwatersheds.

Table 5-22. Mean monthly percent change in precipitation (mm) changes for both regional
climate projections for the Oldman Reservoir Watershed.

SUBWATERSHED
1 2 3 4 5 6
RCM3 (wetter/cooler) 0.3 0.3 3.2 3.0 5.2 0.3
HRM3 (warmer/drier) 6.3 8.6 4.2 3.9 4.4 -6.4
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Figure 5-16. Comparison of monthly precipitation
future (2041 -2070) period for all six sub -watersheds using the RCM3 (cooler/wetter) regional
climate projection, driven by CGCM3 global climate model.
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Figure 5-18. Comparison of monthly precipitation average for historical (1971 -2000) and
future (2041 -2070) period for all six sub -watersheds using the HRM3 (warmer/drier)
regional climate projection, driven by  GFDL global climate model
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5.3.2.3 Streamflow

The predicted changes irstreamflow (Q) for the Oldman Reservoir Watershed
are shown in Figure 5-21 and Figure 5-23. The RCM3 (cooler/wetter) scenario
projected significant reductions of streamflow for the Castle River WatershedQub-
Watershed1) of -7.4%, as shown inTable 5-23. However, it projectedan increasein
streamflow for the rest of the subwatersheds,ranging from 0.1% to 7.5%. For the
HRM3 (warmer/drier), significant reductions of streamflow is projectedfor the entire
watershed, with range of-1.4% to 9.7%.In both scenarios, earlier shifts in timing of
mean monthly runoff were predicted across all sulwatersheds asillustrated in
Figure 5-20 and Figure 5-22. More pronounced increases in the winter andearly
spring flows and considerable reductionsin the summer flows for the HRM3
(warmer/drier) climate scenario (seeTable5-25). Although there were considerable
increases of winter and spring flows, the RCM3 (viter/cooler) climate scenario also
predicted reductions of summer flows(see Table 5-24). However, these changes are

less pronounced compared to the HRM@varmer/drier) climate scenario.

Table 5-23. Mean annual percent change in streamflow (Q) changes for both regional climate
projections for the Oldman Reservoir Watershed.

SUBWATERSHED
1 2 3 4 5 6
RCM3(wetter/cooler) -7.4 4.4 2.8 7.5 5.4 0.1
HRM3 (warmer/drier) -1.4 -9.7 -5.5 -4.2 -3.9 -6.7
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Table 5-24. Monthly percent change of streamflow (mm) for 2040 -2070 period relative to the
1971 -2000 period for the RCM3 (cooler/wetter) regional climate scenario.

SUBWATERSHED
1 2 3 4 5 6
J 27.83 12.78 11.42 14.47 12.38 4.07
F 22.54 21.79 32.67 17.76 21.76 17.53
M 29.15 23.62 32.20 26.93 27.11 19.79
A 45.07 7.91 6.22 8.67 8.01 4.64
M 7.92 9.87 11.46 18.03 14.99 9.63
J -74.66 -11.42 -10.85 -0.82 -3.45 -11.07
J -65.30 -6.35 -14.79 -5.73 -9.43 -17.03
A -32.69 -0.25 -5.52 1.19 -0.10 -7.45
S -0.42 3.05 -0.66 4.23 1.44 -4.20
O -28.88 9.83 12.32 10.87 8.21 0.02
N -22.40 0.22 -17.58 2.84 -3.66 -15.48
D 13.51 10.32 12.07 10.66 8.69 -1.10

Table 5-25. Monthly percent change of streamflow (mm) for 2040 -2070 period relative to the
1971 -2000 period for the HRM3 (warmer/drier) regional climate scenario.

SUBWATERSHED
1 2 3 4 5 6
J 12.39 4.13 28.73 28.73 28.73 9.55
F 29.75 4.79 23.00 23.00 23.00 10.84
M 26.23 15.01 37.53 37.53 37.53 18.54
A 7.09 39.39 48.98 48.98 48.98 32.27
M 9.80 -4.72 1.58 1.58 1.58 3.31
J -16.43 -62.44 -62.00 -62.00 -62.00 -50.91
J -33.26 -32.20 -38.68 -38.68 -38.68 -37.67
A -14.28 -19.55 -21.96 -21.96 -21.96 -22.12
S -4.95 -7.08 15.67 15.67 15.67 2.32
@) -0.93 -18.49 -25.11 -25.11 -25.11 -17.09
N -21.15 -17.16 -37.23 -37.23 -37.23 -23.89
D 4.15 -0.86 5.97 5.97 5.97 -5.03
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Figure 5-20. Comparison of average streamflow of historical (1971

e) SubWatershed 5

f) Sub-Watershed 6

-2000) and future (2041 -

2070) period for all six sub -watersheds using the RCM3 (cooler/wetter) regional climate
projection, driven by CGCM3 global climate model.
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Figure 5-21. Mean annual percent change in streamflow (mm/day ) of RCM3 (cooler/wetter)

climate projection for the Oldman Reservoir Watershed
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Figure 5-22. Comparison of average streamflow of historical (1971
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-2000) and future (2041 -

2070) period for all six sub -watersheds using the HRM3 (warmer/drier) regional climate
project ion, driven by GFDL global climate model
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Figure 5-23. Mean annual percent change in streamflow (mm/day) of HRM3 (warmer/drier)
climate projection for the Oldman Reservoir Watershed
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