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Figure 22. Long term (1985-2007) average distribution of green water flow (actual
and potential evapotranspiration).

40



125°0'0"W 120°0'0"W 15°Q'0"W 10°'0"W 1 25“?'0"\«'\" 1 20’?'0"\!’\" 115“9'0"\!\’ 110“9'0"\!‘\-’

£ =
=4 =4
=) o
w w
£ £
= =
=1 1
uy u3
{'e} (e}
£ £
=3 =
o BA
8 8
= £
o =
o &1
[} f=]
Soil water [mm)]
Blue water [mm yr‘1] . Green water storage -
. 225 - 300 _g N 0 - 500 .8
71 301 - 400 2 =9 501 - 1500 =]
1401-450 11501 - 2000
1451 -500 12001 - 2200
% [ 501 - 600 N £ |59 2201 - 2300 N
> 601 - 700 A| &= 2301-2500 A
< | = 701 - 900 ol i 56 ~ | M 2501 - 3000 ol visin e
I 901 -1039 e Kilometers I 3001 - 3300 e Kilometers
115°00"w 10°00W 105°00w 15°0'0"W 10°00"W 105°00"W

Figure 23. Long term (1985-2007) average distribution of blue water (water yield
plus deep aquifer recharge) and green water storage (soil moisture).
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Figure 24. Long term (1985-2007) average distribution of deep aquifer recharge.

6.2 Final results using the CRU gridded climate data as input to the
SWAT model

In general, a poor calibration result from previous section enforced the idea
that i) climate data may have large errors associated with it, or ii) lack of
stations in the northern part of Alberta (Figure 8) has a large impact on the
overall model performance, or iii) the distribution of the observed stations is

such that they are not assigned to the correct subbasins in the SWAT model.

To test some of these hypotheses, we obtained gridded climate data from
Climate Research Unit, UK (CRU) to set up a new SWAT project for Alberta
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taking the effect of glaciers in some subbasins as described in the previous
section. The CRU provides 0.5 degree daily precipitation and temperature
data. We performed calibration, validation, and uncertainty analysis using
the discharge data of 101 stations (Figure 10). The calibration results were
better in terms of P-factor, R-factor and goal function compared to the
results using observed climate data. Table 4 shows calibration results
aggregated at water region level. As shown in Table 4 the R-factor, R* and
goal function were improved from their initial values while having a more
satisfactory P-factor compare to the condition where we used the observed
climate data for Alberta. Figures 25 to 27 show the calibration (1991-2006)
and validation (1985-1990) results for some discharge stations. A high
uncertainty (large R-factor) and small p-factor in some stations relates to
insufficient accounting of agricultural and industrial water use, water
diversion or water transfer projects and the construction or operation of
dams/reservoirs in the province during the period of study. The water
management maps of Alberta Environment (Figures 2, 3, and 4) show some
of the man’s activities influencing natural hydrology during the period of
study. Regions with the highest activities have the worst
calibration/validation results as well as the largest uncertainties. The
construction of dams, reservoirs, roads, and tunnels can affect the local
hydrology for many years. This is an important and often neglected source
of uncertainty in large-scale hydrological modeling. As the extent of
management in water resources development increases, hydrological
modeling will become more and more difficult and will depend on the

availability of detailed knowledge of the management operations.
Using the optimized parameter ranges, Figures 28 to 32 are shown as

example of the type of maps that can be produced based on long-term

averages. These variables are available at monthly resolution and could also
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be tabulated with upper and lower uncertainty bonds for every one of 928

subbasins in the region of study.

Appendix I gives the long-term (1985-2006) average values of hydrological
components for each of 928 subbasins. In Appendix II the location of the

numbered subbasins is shown.

In Appendix III we aggregated the subbasin data into the major subbasins
suggested in Figure 1. Also shown is the graphical representation of these
data. We could not find much measured data to compare with our results.
But water yield (net amount of water contributed to the river by the
subbasin) estimated by SWAT was compared to the values give by
Environment Alberta:

(http://www.environment.alberta.ca/apps/basins/default.aspx?Basin=12)

although we are not sure if both values are referring to the same things.

The water yield Figure shows large uncertainties in the water yield of water
rich subbasins. The reported uncertainty contains natural year to year
variation due to climate as well as water use and water abstraction. The
later information was not available to us. Hence, our reported values could

be taken as naturalized values.
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Table 4. Calibration performance of different water regions while using CRU

Hay & Peac/Slave RB
Athabasca RB

Beaver RB

North Sasketchwan RSB
Red Deer, Bow, South
Sas., Oldman RSB

Milk RB

0.45
0.67
0.56
0.56

0.48
0.28

0.47
0.39
0.31
0.35

0.30
0.55

ridded climate data as input in the SWAT model.

3.36

3.94

4.27
38.61

6.58
108.78

2.87
3.01
3.29
1.95

4.47
3.89

0.27
0.30
0.18
0.29

0.37
0.22

0.28
0.33
0.23
0.37

0.39
0.34

0.21
0.23
0.13
0.23

0.26
0.17

0.21
0.24
0.21
0.29

0.27

0.33
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Figure 25. Comparison of the observed (blue line) and simulated (expressed as

95% prediction uncertainty band) discharges for “Nordegg River at Sunchild Road”
station located in North Sasketchwan River Subbasin (subbasin humber 645).
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Figure 26. Comparison of the observed (blue line) and simulated (expressed as

95% prediction uncertainty band) discharges for “Smoky River Over Hells Creek”
station located in Peace/Slave River Basin (subbasin number 496).
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Figure 31. Long term (1985-2006) average distribution of blue water (water yield
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gridded climate data.
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7. Data gap

What we have produced pertains to more or less natural conditions. More
data regarding irrigation, cropping structure, water transfer, and dams and
reservoirs are needed to produce a more real picture. In the following we
identify some data gaps.

1. A precise water use data is needed to draw a more reliable picture of
blue water resources availability with smaller uncertainty band. An
application of blue water information could be to draw a water scarcity
map of Alberta presenting per capita water availability per year.
Drawing water scarcity map based only on naturalized blue water
resources availability or blue water availability with a high uncertainty

band might not present the real scarcity situation in the regions.

2. Calibration of a large-scale distributed hydrologic model against river
discharge alone does not provide sufficient confidence for all
components of the water balance. We suggest a multi-criteria
calibration (Abbaspour et al. 2007) for a better characterization of
different components and as a way of dealing with the non-uniqueness
problem (narrowing of the prediction uncertainty). For example
because of the direct relationship between crop vyield and
evapotranspiration, we can included yield as an additional target
variable in the calibration process in order to improve the simulation of
ET, soil moisture, and deep aquifer recharge. We assume that if yield
is correct, then actual evapotranspiration and also soil moisture are
simulated correctly. This in turn indicates that deep aquifer recharge is
correct; hence, increasing our confidence on the calculated blue water,

that is the sum of river discharge and deep aquifer recharge.
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3. Water transfer between/in different river systems is another source of
uncertainty in hydrological model results, as it can change the
hydrologic regime from its natural condition. We need this data to use

as another input in the model to improve the calibration results.

4. Agricultural management data is required for the reasons explained

previously to model major crop yields.

5. Future climate change data are useful to use as input in our calibrated
hydrological model to assess the impact of climate change on
hydrological components and water resources availability as well as

crop yield.

8. Suggestion for project continuation

The next phase of this project could combine the water availability (this
project) and water use (the project by Liu et al.) to build a more integrated
model of Alberta. Furthermore, a more refined input database could improve
model calibration. Such a model could be used for analysis of various water
balance component as well as water supply-water demand analysis similar to
the study by Faramarzi et al. [2010a, b]. Using the improved calibrated
model, climate change scenarios could be run for foreseen future
management changes and their impacts on water resources quantified. With

the use of a population map, hot spots of water scarcity could be identified.
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Appendix |

Long-term average (1985-2007) hydrological components at subbasin level
obtained with M95ppu. The M95PPU is calculated at the 50% level of the cumulative
distribution obtained through Latin hypercube sampling.

|
334.16

324.44
|5 HayRe | 33311 | 444 | 823 | 29037
295.67
| 9 | NHayRB | 36614 | 275 | 821 | 32505
295.1
31637
32439
319.99
327.18
356.01
314.16
309.44
345.15
314.25
327.49
33677
364.94
353.13
365.15
365.05

43 Peace RB 364.96 3.71 -7.32 322.31 104.62 43.68 | 46.54 | 3447.99
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Table 5. Continued.

360.19

| peaers | 36es | 624 | 501

91 Peace RB 383.16 6.2 -6.1 336.22 130.4 47.25 | 50.45 | 2343.15
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:

Table 5. Continued.

Peace RB 4.08
Peace RB 6.24
| 99 | PeaceRB 4.01
Peace RB 4.79
Peace RB 6.08
Peace RB 6.12
Peace RB 3.62
Peace RB 4.65
Peace RB 6.21
Peace RB 6.21
Peace RB 6.21
Peace RB 5.97
Peace RB 6.24
Peace RB 6.07
Peace R 5.94
Peace RB 6.2

127 | peaceRB 6.85

129 | Athabasca RB 445

131 | peaceRB 6.85

133 | Athabasca RB 4.55

135 | peaceRB 5.94

137 | peaceRB 6.21
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139 Athabasca RB 376.78 4.65 -6.49 352.87 119.34 7.77 48.48 53.92

141 Athabasca RB 379.76 5.98 | -5.51 | 333.51 80.4 46.74 49.4 | 3004.81
Table 5. Continued.

|
142 | AthabascaRB | 37595 | 5.02

144 | Athabasca RB 376.02 | 4.55
146 | PeaceRB 41471 | 6.12
148 | Peace RB 38579 | 6.68
150 | Athabasca RB 387.21 | 5.64
152 | Athabasca RB 379.76 | 5.98
154 | Athabasca RB 37364 | 6.17
156 | Athabasca RB 395.6 6.07
158 | Athabasca RB 381.59 | 4.45

Peace RB 42215 | 597
Peace RB 435.07 | 594
Athabasca R 3915 | 5.1
Peace RB 394.67 | 626
Peace RB 435.07 | 5.94
Athabasca R 3915 | 5.1
Athabasca RB 396.53 | 5.22
Peace RB 435.07 | 5.94
Peace R 414.81 | 596
Peace RB 3931 | 632

180 | AthabascaRB | 40178 | 476
182 | Athabasca RB 3956 | 607
184 | Peace RB 43507 | 594
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186 Peace RB 397.79 6.85 -6.3 350.84 134.79 47.45 50.55 | 2370.08

188 Peace RB 426.92 5.84 | -6.73 | 378.37 | 149.49 | 48.68 | 51.66 | 2383.37
Table 5. Continued.

390.96
361.64
387.38
349.25
3613
387.67
355.17
368.95
345.66
39217
392.03
360.29
358.69
39211
369.96
392.07
355.91
363.76
387.17
3924
345.84
41657
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233 Peace RB 441.91 7.48 -4.56

392.02

148.31 49.88 | 52.98 | 2314.04

235 Athabasca RB 413.83 5.86 -6.15

366.15

100.28 48.83 | 51.92 | 3707.56

Table 5. Continued.

352 mnbsscoms | 42925 | 49 656
265 mnbsscoms | 42005 | 49 656
268 mnbscome | a3 | 622 601
274 bescems | 44006 | 644 506

343.03

362.29

392.24

368.28

392.12

392.17

366.13

371.03

383.07

342.63

416.24

416.84

365.75

376.17

392.85

382.99

389.35

373.27

445.58

390.33

394.39

416.25

10448 | 48 | 5119 3068.96 |
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280 Peace RB 398.23 7.78 -4.29

348.8

137.76 50.13 | 52.94 | 2354.27

282 Peace RB 465.47 7.61 -4.21

417

151.01 49.28 | 51.88 | 2389.67

Table 5. Continued.

595 vesems | aazas | 745 | 446

371.01

370.7

370.85

349.03

389.43

349.09

398.47

396.71

445.18

385.43

444,58

402.98

401.07

398.88

362.29

416.19

394.64

377.99

445.03

388.44

445.13

403.57
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327 Athabasca RB 452.8 6.33 -5.66

148.22 49.95 | 52.67 | 3070.98

329 Athabasca RB 454.41 6.87 -5.3

93.42 50.19 | 53.46 | 2205.74

Table 5. Continued.

358 bescems | a3 | 86 368
362 pescems | aasoa | 745 446

404.61

407.94

403.99

403.48

393.81

407.8

438.12

407.64

399.67

403.66

403.51

407.66

420.67

376.85

425.83

393.72

398.53

503.8

400.26

401.18

432.72

502.28
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374 Athabasca RB 448.36 5.98 -5.75

399.9

104.66 49.75 53 2710.09

376 Peace RB 444.48 7.18 -4.37

393.61

205.32 51.25 54.6 2318.31

Table 5. Continued.

405 mnbsscome | 45053 | 664 54
409 pescems | sseos | sas | 37
417 bescems | a3 | 86 368

422.33

447.72

432.95

423.07

401.75

423.57

413.33

470.26

416.41

413.42

448.63

414.81

467.72

405.69

405.66

503.37

503.94

503.81

467.81

502.71

426.92

434.55
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421 Athabasca RB 453.56 6.84 -5 403.74 119.42 50.8 53.76 | 3028.44

423 N_Beaver 451.31 6.49 | -5.36 400.1 158.6 50.85 | 53.66 | 2466.82
Table 5. Continued.

424 | N_Beaver 45131 | 6.49
426 | Athabasca RB 479.2 7.77
428 | Athabasca RB 45453 | 6.64
430 | N_Beaver 45131 | 6.49
432 | Athabasca RB 465.81 | 7.28
434 | Athabasca RB 465.81 | 7.28
436 | Athabasca RB 51092 | 823
438 | Athabasca RB 47124 | 635
| 440 | PeaceRB 474.19 | 876
Peace RB 514.11 | 883 | -4 | 46211 | 17843 | 5208 | 5561 | 236201 |
| 444 peaceRB 502.36 | 888
| 446 | Athabasca RB 464.27 | 622
448 | Athabasca RB 47124 | 635
450 | Athabasca RB 485.94 | 6.69
452 | Athabasca RB 506.77 | 7.89
454 | Athabasca RB 506.77 | 7.89
456 | PeaceRB 52859 | 9.36
458 | Athabasca RB 511.79 | 7.56
| 460 | Athabasca RB 482.89 | 6.51
462 | Athabasca RB 506.77 | 7.89
Peace RB 540.65 | 9.04
Athabasca RB 487.75 | 6.48
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468 Athabasca RB 471.24 6.35 -5.7 420.98 149.11 50.96 54.38 | 3074.81

470 Peace RB 563.25 839 | -3.88 | 511.47 | 213.38 51.7 55.1 | 2398.41
Table 5. Continued.

464.38
41277
431.72
482.27
42133
43521
543.5
740.63
456.35
643.01
415.11
433.49
428.44
431.05
| 499 | AthabascaRe | 50869 | 869 | -431 | 45593
434.36
739.39
| 505 | AthabascaR® | 48567 | 699 | -5.08 | 43437
426.06
425.98
433.34
426.54
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515 Athabasca RB 508.69 8.69 -4.31 456.33 129.76 52.8 55.78 | 3033.76

517 Athabasca RB 478.97 7.74 -4 426.87 | 103.46 52.5 | 55.26 | 3006.02
Table 5. Continued.

518 | Athabasca RB 583.83 | 9.31
520 | Athabasca RB 577.74 | 7.05
522 | Athabasca RB 580.47 | 9.35
524 | Athabasca RB 481.64 | 836
526 | Athabasca RB 583.83 | 9.31
528 | Athabasca RB 490.67 | 9.27
530 | Athabasca RB 568.77 | 8.51
532 | Athabasca RB 490.67 | 9.27
534 | BeaverRB 456.65 6.5
536 | Athabasca RB 540.7 9.11
538 | Athabasca RB 575.15 | 9.47
540 | BeaverRB 461.74 | 6.67
542 | Athabasca RB 581.91 | 848
544 | BeaverRB 437.9 7.08 | -4.69 | 38264 | 161.69 | 52.15 | 55.04 | 2462.75 |
546 | BeaverRB 461.41 | 8.16
548 | Athabasca RB 50128 | 8.79
550 | BeaverRB 437.9 7.08 | -4.69 | 38277 | 153.15 | 5236 | 55.13 | 245524 |
552 | Athabasca RB 490.67 | 9.27
554 | Athabasca RB 564.5 9.79
556 | Athabasca RB 610.71 | 9.04
558 | Athabasca RB 587.97 | 9.14
560 | BeaverRB 469.9 7.36
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562 Beaver RB 437.9 7.08 -4.69 382.86 152.94 52.43 55.73 2455.17

564 Beaver RB 460.26 7.86 | -431 | 403.65 | 150.36 | 53.13 | 56.37 | 2455.73
Table 5. Continued.

|
| 565 | AthabascaRe | 61071 | 9.04 | -41 | 557.8

4037
749.39
689.75
| 573 |BeaverRB | 431 | 783 | 446 | 3758
| 575 | BeaverRB | 4379 | 708 | -4.69 | 38312
37104
44197
| 581 | BeaverRB | 431 | 783 | 446 | 37512
689.7
| 585 | BeaverRB | 431 | 783 | -446 | 37508
510.22
| 589 | AthabascaRB | 53382 | 969 | 299 | 48042
427.04
425.49
82833
828.04
| 599 | NorthSasRSB | 53063 | 944 | 216 | 47623
440.45
4407
41099
793 61
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609 Athabasca RB 594.06 9.54 -4.83

540.35

189.91 55.38 | 58.11 | 3105.42

611 North Sas. RSB 494,91 9.39 -2.09

438.83

92.28 55.47 | 58.11 | 2874.86

Table 5. Continued.

616 AhabascaRe | 59153 | o7 | 469
6w Nornsasnss | 4943 | 806 | 4
60 Nornsasnss | sens2 | oss | 389
6w Nornsasnss | 62112 | sas | 557
6 Nornsasnss | 42943 | 806 | 4
s Nornsasnss | 42943 | 805 | 4

516.27

427.56

538.28

530.6

428.27

383.25

384.01

449.6

530.86

383.14

376.54

422.56

377.46

535.39

533.64

533.55

569.21

376.66

376.84

377.41

533.74

378.64
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656 North Sas. RSB 589.92 9.88 -3.89

533.06

132.71 55.77 | 58.52 2855.5

658 North Sas. RSB 750.1 6.04 -6.74

702.9

139.76 46.59 | 49.39 | 1818.97

Table 5. Continued.

663 Nonhsaswsp | 50291 | 944 269
665 Nothssswsp | 7501 | 604 674
|67 Nonhssswse | 6906 | 683 6.6
|6 Nohssswse | 42576 | 858 3.37
675 Notnssswsp | 69006 | 683 696
|69 Reapeertss | o989 | 775 5.5

992.97

380.2

448.41

677.39

630.25

373.68

363.55

537.29

645.4

555.26

565.98

447.95

407.7

380.02

375.06

374.69

375.1

406.33

367.09

394.35

609.7

407.98
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703 North Sas. RSB 428.32 8.47 -3.61

373.07

95.65 54.37 | 57.05 | 2866.71

705 North Sas. RSB 420.66 9.08 -3.09

369.6

86.76 51.06 | 57.31 | 2078.78

Table 5. Continued.

366.51

496.87

498.06

447.5

497.16

366.49

503.59

436.65

369.66

373.76

771.71

608.84

771.75

502.08

362.39

363.03

435.92

338.15

415.37

812.87

337.87

336.42
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750 Red Deer RSB 417.55 10.16 | -3.07 366.01 100.06 53.33 | 57.28 2199.3

752 North Sas. RSB 342.91 971 | -3.16 | 291.37 69.14 52.45 | 56.22 | 2851.19
Table 5. Continued.

|
3249

662.08
333.26
333.45
362.64
662.08
5295
323.96
323.93
445.84
289.46
446.82
289.28
44532
282.34
44578
| 785 NN | 33539 | 984 | 302 | 28438
| 787 BowRSB | 56113 | 991 | -4 | 50684
316.94
| 791 BowRB | 56113 | 991 | 4 | 50354
364.03
3417
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797 Red Deer RSB 342.8 10.51 -3.26

288.92

80.5 55.23 | 57.91 | 2168.59

799 Bow RSB 392.77 11.29 | -2.02

339.08

91.91 54.4 58.37 | 2193.52

Table 5. Continued.

| 832 NN | 29266 | 1161 | 161
| 836 (NN | 30693 | 1062 | 246
| 838 (NN | 29266 | 1161 | 161

363.61

337.75

317.74

288.76

616.11

685.06

279.62

279.36

279.32

239.92

279.23

279.02

338.39

252.84

236.13

239.63

239.04

389.4

251.21

238.83

389.55

614.72
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844 Oldman RSB 445.88 11.55 -1.92

387.58

96.9 57.09 | 59.78 | 2193.58

846 Oldman RSB 403.93 12.03 | -1.26

346.57

91.31 56.43 | 60.23 | 2182.73

Table 5. Continued.

| 889 | SouthSas.RSB | 33439 | 1284 | -0.66

387.62

387.74

239.23

438.65

296.21

583.54

257.97

270.39

334.44

300.51

586.77

364.43

269.52

438.34

438.89

737.41

258.03

258.1

257.93

278.45

323.56

278.63

7874 | 5671 | 609 | 2175.08 |
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891 NN 312.27 11.72 -1.6 258.97 72.79 54.33 | 60.09 | 2175.24

893 Oldman RSB 523.48 12.24 | -0.76 | 465.22 | 112.69 | 57.37 | 61.22 | 2195.07
Table 5. Continued.

|
| 894 [N~ | 33757 | 1092 | -265 | 280.74

464.75
| 898 NN | 33757 | 1092 | -2.65 | 28449
| 900 | southsas.RsB | 3351 | 1181 | -1.08 | 27988
463.15
| 904 | Southsas.RSB | 3351 | 1181 | -1.08 | 27826
| 906 | SouthSas.RSB | 32266 | 1269 | -042 | 26553
288.82
463.09
693.03
293 59
269.45
26485 | 4478 | 5837 | 609 | 23452 |
287.23
264.21
268.82
266.77

928 Milk RB 323.59 11.77 | -2.48 268.67 43.61 53.99 | 60.96 2344.9

RB: river basin, RSB: river subbasin, N_Hay RB: the modeled subbasins located nearby Hay
River basin which are not part of Alberta main river basins. N_Beaver: the modeled subbasins
located nearby Beaver River basin which are not part of Alberta main river basins, PCP:
precipitation (mm), TMAX: maximum temperature °C), TMIN: minimum temperature (°C),
Blue: blue water and is total water yield plus deep aquifer recharge (mm yr), DA: deep aquifer
recharge (mm yr), SW: green water storage (soil water, mm), ET: %reen water flow (actual
evapotransiration, (mm yr''), PET: potential evapotranspiration (mm yr™).

78



Appendix 11
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Appendix 111

Water balance components aggregated for major subbasins

6.20 14.86 1.28 1.47 59.79 73.21 . . . . .14 10.88
Athabasca 50.72 90.02 7.34 8.45 332.81  506.16 . . 28.30 75.29

1

North Sask. | 30.73 49.01 432 4.95 200.05  277.09 ) ) ) 19.11 40.97
8.92 18.56 1.13 1.51 47.94 61.11 ) ) ) ) 5.68 15.89

South Sask. 3.62 5.69 0.95 1.03 33.94 42.30 : . . . 2.00 454
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