ALBERTA HAIL SUPPRESSION PROJECY
FINAL OPERATIONS REPORT 2016
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1-Jun 0.73 | 10.1]123]|148( 96 | 1.7 31.1 21 7 211 | 385 | 546 | -2 | -1.4 | 273 | 24 289 12 233 13 264 23 246 30 0
2-Jun 1 0.71 10.1] 126152 | 8.7 | 4.1 32.4 21 75| 212 | 814 | 552 -3 | -1.9| 260 | 20 295 12 281 14 268 22 238 32 1
3-Jun |-3] 063 | 108 13.2(16.7| 10.8 [ -0.1 13.9 23 5 203 [ 25 | 464 2 | 2.7 | 310 | 37 328 23 286 25 300 46 303 93 -3
4-Jun [-1] 092 | 11.8]14.2]|17.4[10.4| 3.3 19.6 25 9 243 [ 89 | 483 0 | 0.8 302 29 329 17 280 19 302 37 296 46 -1
5-Jun |-2]| 076 |13.2[159]18.3[10.8] 4.6 33.4 26 9 241 [ 363 52 | -2 | -1.2| 313 | 23 345 13 300 10 316 30 320 50 -2
6-Jun 2 1.05 | 13.9|16.5(18.7| 105 7.7 40.6 29 12 296 [1373|56.3| -4 | -4.4| 285 | 22 298 14 247 16 288 32 281 47 -2
7-Jun 3 098 | 13.9[16.1]|183[11.1] 7.4 40.5 [295] 12 286 [1791]58.9| 6 | -5.3 | 261 26 292 16 238 10 264 37 270 47 4
8-Jun 3 0.97 |129]15.1|17.6| 9.4 9 38.3 26 13 28 1512 | 56.0| -5 | -4.1 | 239 | 29 261 21 223 20 237 40 238 76 3
9-Jun 1 0.77 | 10.4| 13 | 154 82 | 5.7 30.1 20.5 9 19 680 | 55 -3 | -2.1| 261 27 289 15 282 23 245 27 237 44 2
10-Jun [0 | 090 [10.4]132[158] 53 | 9.5 262 [155] 9 15.3 [ 231 | 52 | -2 |-0.9| 208 [ 40 226 27 190 25 205 46 217 82 0
11-Jun |1 0.58 8.8 [106[126| 85 | 0.9 21.0 [175] 5 17 421 | 58.1|-3.0( -2.4 | 217 | 30 241 24 236 12 202 45 213 101 1
12-Jun [-1| 0.58 9.3 [11.5]13.8| 9.7 | -1.1 17.9 20 | 55| 198 | 69 [506] 1 1.4 1270 | 23 309 17 286 24 284 26 303 35 -1
13-Jun | 2 0.71 98 | 119(144]| 86 | 3.4 30.5 20 7.5 19.6 | 584 | 54.4| -3 | -1.1 | 221 20 239 16 170 21 231 27 224 64 0
14-Jun [ 0 0.58 89 | 11.3[136]| 85 [ 1.3 26.2 18 5 18.1 | 311 | 53.8| -2 | -0.4 | 192 | 14 215 22 201 20 189 42 178 64 1
15-Jun [-3| 0.33 9.1 [10.8]12.5(12.3] 9.3 | 183 18 -4 16.7 | 87 |51.7 0 | 0.6 | 244 [ 33 262 27 229 22 227 46 226 53 -3
16-Jun [ 0 [ 0.52 9.1 [10.8[12.6] 9.8 -2 28.1 18 [ 2.5 | 16.9 | 455 | 56.5| -3 [ -1.5| 277 | 26 301 14 260 17 277 23 219 34 -1
17-Jdun [ 0 [ 052 95 [11.1]129(103]| 25| 26.5 19 3 17.8 | 416 | 57.8| -3 | -2.1| 268 | 24 309 15 283 20 281 24 252 57 0
18-Jun | 1 0.83 | 10.4|13.3|16.0| 9.1 3.9 31.6 19.5| 7.5 18 311 527]| -2 |-08]205]| 11 247 13 175 11 232 23 228 73 0
19-Jun [ O 069 |10.2|11.9]|144| 9.4 | 2.1 30.6 19.5 6 18.1 | 580 | 55.6 [-3.0| -1.7 | 332 | 21 348 14 327 16 309 22 279 37 2
20-Jun | O 0.73 | 11.5|13.5|16.0 [ 10.3 | 3.5 31.6 25 9 21.9 | 502 | 56 -4 | -27| 254 | 12 261 6 181 7 245 10 256 61 0
21-Jun | 2 0.67 | 10.9[13.0|152( 87 | 5.9 31.7 21 9 19.9 (1308 | 60.1|-6.0| -5.1 | 205 | 11 262 8 288 10 205 20 234 31 2
22-Jun |1 0.83 | 10.8]13.3[15.8] 9.4 4 34.0 23 9 221 | 659 | 54.1-3.0] -1.6 [ 270 | 21 275 10 230 12 243 16 248 33 2
23-Jun | 2| 090 [11.1]137[16.2] 9.1 | 6.0 32.4 24 11 21 936 | 56.5| -4 | -3.4 | 231 [ 27 253 16 212 15 233 36 239 87 2
24-Jun |1 0.77 10 | 12.3[15.0| 8.3 | 5.2 31.4 19 8.5 18.2 | 812 | 56 -3 | -2.5| 259 5 219 2 128 2 151 5 204 47 2
25-Jun | 2 0.77 | 10.5]13.2|15.9| 8.5 6 34.8 |205( 9.5 18.8 | 901 | 53.9| -3 | -1.7 | 325 | 28 353 18 332 31 316 22 310 25 2
26-Jun |1 0.80 | 10.5|13.2|16.2| 86 | 5.5 35.0 21 8 20.7 | 662 | 529 -2 | -1.1| 325 | 15 2 8 343 15 333 11 307 6 -1
27-Jun [ 2| 0.81 [12.4]151[176] 9.9 | 6.3 36.1 | 245] 10 23.2 [ 973 | 54.8|-3.0| -2.8 | 274 | 14 284 8 213 8 274 17 263 36 1
28-Jun | 3| 095 [12.1]143[16.8]| 8.8 | 8.6 36.3 24 [12.5| 23.2 [1653| 576 6 | -5.1| 256 [ 15 272 8 182 7 265 18 282 48 3
29-Jun | 3| 095 [129]153[17.9] 93 | 86 38.6 25 12 236 (14471562 5 | 41]292 | 10 301 6 190 3 280 16 283 45 1
30-Jun | 4 1.03 |126|149(17.3] 81 [ 10.6| 38.0 24 | 145 23.3 (1853 |56.9| 6 | -5.1 | 227 | 15 240 13 208 19 216 17 236 39 3
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July 2016 _
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1-Jul 2| 116 |13.2]159]18.7| 81 [ 106 403 | 24 | 14 [ 23.7 [1257|52.2| 4 | 24| 265 | 21 286 12 238 14 272 23 267 39 4

2Jul [3] 097 [126[154|17.7[ 85 | 9.8 | 387 |245]| 13 24 1346|569 -5 | 4.8 [266 | 23 279 13 247 15 247 26 253 44 2
3-Jul [ 3] 079 11 [134 (160 8 | 82 | 337 | 23 | 12 | 224 |1451|574| 6 | -4 [ 247 | 26 268 16 252 13 229 34 218 39 5

4-Jul 2| 072 10 [12.1]146] 82 [ 53 | 31.8 19 9 16.1 | 1084 | 57.6 |-4.0| -3.3 [ 270 [ 14 278 9 285 12 21 18 243 37 2
5-Jul 1 0.72 10 [124)1149]| 89 | 34 31.4 19 | 65 | 184 | 572 {550 -2 [-1.8|280| 9 297 5 299 5 254 9 257 32 1
6-Jul 0| 077 | 98 | 124|152 7.8 | 48 | 298 19 8 176 | 483 | 52.3| -2 | -0.3 | 23 8 53 7 13 11 23 9 50 30 2
7Jul 2] 077 [108[132|166[ 85 | 6.9 | 348 | 23 |11.5]| 20.3 | 903 [ 542 -3 | -2.3[269 | 16 299 9 257 15 281 17 297 43 0
8Jul [2] 092 [118[144|171[81 |82 | 358 | 23 | 12 | 232 [1003[53.7| -3 | -25[284 [ 11 306 7 257 8 278 14 248 52 3
9-Jul [3] 104 |[113]| 14 |[16.4[ 71 [ 96 | 358 | 20 | 12 | 18.7 |1059| 54 | -4 | -28 | 163 | 17 197 10 142 10 182 19 216 30 3
10-Jul | 1 072 [10.8| 14 [165]| 7.6 | 6.3 34.3 20 10 | 201 | 572 | 521 -2 | -1.1[283 | 8 326 5 312 18 232 6 205 40 1
11-Jul | 0| 087 [109|13.8]16.7] 7.3 [ 8.1 35.1 19 10 19.3 | 721 | 52.5| -2 | -1.8 [ 337 [ 14 8 11 330 16 346 15 323 4 2
12-Jul | 2| 096 [11.1]143]16.9] 59 [11.0| 354 19 13 20 972 | 524 | -3 | -22 | 19 10 60 6 8 9 73 8 166 17 3
13-Jul | 2| 095 [10.6]|136|166] 6.1 [ 10.1]| 351 17 | 12 [ 159 [ 899 | 522 | -2 [ 17221 | 1 12 2 342 5 323 2 155 28 2
14-Jul | 2| 097 [10.7[135]|164] 5.7 [10.2]| 352 19 | 15 [ 192 [ 847 |51.7]| 3 |-12]| 8 3 352 2 125 4 303 7 291 22 2
15-Jul | 3| 0.89 [10.6|134]16.0]| 55 [10.5]| 34.7 17 [125] 17 | 893 |511]| -3 | 06| 215 | 22 230 1" 196 15 207 18 191 29 1
16-Jul | 0| 0.85 | 10.3| 134|164 | 54 [10.5] 344 15 | 12 | 153 | 527 | 50.2| -1 | -0.5 | 58 7 97 7 30 7 86 12 90 31 1
17-Jul | 1 0.89 11 [13.9)166] 6.7 | 9.8 | 31.1 19 12 17.7 | 778 | 53.4| -3 | -24 [ 162 | 9 147 5 165 8 114 9 104 56 2
18-Jul | 4| 1.02 [127]|148]|172]| 77 [ 11 36.3 23 14 23 [1753 569 -6 [ 4.7 [225| 26 248 18 207 20 235 31 231 59 5
19-Jul | 2| 084 [11.7|145]|170]| 7.7 | 94 34.1 23 | 13.5| 22.5 | 1154 (554 | -4 | -3.7 | 259 | 21 286 14 256 22 248 23 245 53 1
20-Jul [-1]| 0.94 | 11.7[147|17.2]| 87 | 6.3 [ 320 23 | 11 ] 227 | 366 | 52 [-2.0] 1.1 [275| 17 315 11 278 21 277 14 78 30 1
21-Jul [ 2| 0.86 12 1148 (174 9 | 75| 333 25 [ 13 | 246 | 917 | 545]| 4 | 2.6 | 278 | 27 306 17 280 20 276 30 260 65 0
22-Jul [2] 091 [119] 14 |17.3[ 9.0 | 8.1 36.1 24 [11.5| 245 | 1360 | 55.2 |-4.0| -3.4 | 234 | 27 263 16 201 6 217 21 220 53 2
23-Jul [0 | 091 |109[142[167]| 79 | 7.7 | 27.7 22 12 19.5 | 398 | 53.1| -3 | -1.8 [ 297 [ 24 329 16 309 22 289 26 339 41 1
24-Jul [-1] 0.96 | 126[158]18.6]|10.1| 6.2 31.7 26 15 27 364 | 49.5] -2 | -0.2 [ 290 [ 31 302 22 280 24 278 41 274 67 1
25-Jul [2 ] 107 |132[159[186] 9.3 | 85 | 384 24 12 | 249 | 757 | 523 | -3 | -2.1 284 [ 22 299 12 260 11 278 24 263 30 2
26-Jul [3 | 1.06 |128[153[18.1]| 81 | 10.6| 383 | 24 [13.5]| 24.9 |1424[546| -5 [ -3.7 [ 324 [ 14 346 7 317 10 304 14 244 23 2
27-Jul [ 2| 112 |127[152[18.0| 7.7 | 11.6| 384 |255[ 16 | 256 |1641[559| -5 [ 4.7 [300 [ 4 301 3 345 3 263 9 164 10 2
28-Jul [ 3] 117 [12.4[152|17.8]| 6.6 | 11.8] 36.1 |23.5]| 16 | 23.3 [1193|53.8|4.0]|-3.7 321 8 313 6 255 4 296 16 302 49 3
29-Jul [2 | 096 |13.4[157][184]|10.1| 7.6 36.2 27 12 | 26.6 | 783 | 55.4 [-4.0| -3.6 [ 281 | 21 302 10 233 11 293 23 290 43 0
30-Jul | 3| 1.00 [12.8|15.1]17.7] 9.0 | 85 35.8 23 | 12.5]| 238 |1117[55.1] -4 | -3.8 | 250 [ 32 276 19 228 19 251 36 259 56 5
31-Jul | 2] 069 [10.1]123]146] 7.8 | 59 30.1 18 9 18.2 | 953 | 579 | 4 | -36 [ 279 | 27 303 16 282 19 272 26 260 44 3
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August 2016 _
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1-Aug |-1] 067 [11.4]140[16.7] 96 | 3.7 31.7 23 | 95| 235 [ 398 ] 52 [ -1 [-0.6[298| 26 327 17 305 23 293 28 286 50 -1
2-Aug | 3| 081 [124]|147[16.8] 8.1 [ 8.9 33.5 24 | 135 23.8 |1298|58.2| 6 | 49| 246 [ 20 248 11 196 11 228 24 237 65 2
3-Aug [0 1.00 [10.7]13.8[17.0[ 59 | 10.6| 33.7 19 14 17.5 | 661 | 50.5| -2 | -0.8 | 15 18 28 12 16 19 341 16 188 18 1
4-Aug 1 077 | 119|147 |176| 9.3 | 6.2 345 [225] 10 22 565 | 51.5| -2 | -09 298 | 15 319 9 265 6 291 18 291 41 0
5-Aug 2 096 |124| 15 |176] 8.1 | 10.2| 357 25 14 249 (1498 | 55.7 |-5.0| -4.1 [ 207 | 15 220 10 186 19 228 14 256 32 1
6-Aug 2 112 125|152 (17.8 7 11.5| 36.3 |21.5( 14 21.8 [1176| 54 -4 | -35|148 | 35 184 21 149 32 151 33 215 24 2
7-Aug | 3| 095 | 125 15 |17.4] 6.2 | 13.5| 36.8 21 | 15.5| 21.5 |1745[ 56.6 |-6.0] -5.7 | 265 [ 7 265 5 287 5 231 13 227 48 1
8-Aug | 0| 1.05 |12.1[14.7]175] 6.4 | 11.1| 35.2 21 14 | 209 | 784 | 52.2| -3 | -25[ 295 | 4 296 1 297 4 202 3 207 14 2
9-Aug [2| 096 |11.3[141[171[ 6.3 |11.2] 357 |205] 14 | 206 [1235[53.1| -4 [ -3.1 [ 243 | 16 260 10 226 15 239 18 84 15 2
10-Aug | 1 1.01 114|144 1174] 6.5 | 10.2 | 354 19 | 12.5| 18.2 | 742 | 50.1 | -2 | -0.8 | 357 | 21 27 16 360 23 356 22 42 15 2
11-Aug | 2 098 | 11.7|145|17.3| 83 | 7.9 35.4 22 | 11.5| 21.3 [ 864 | 53.1| -3 | -1.9 [ 303 | 14 324 11 278 13 297 21 325 28 2
12-Aug | O 0.87 | 113|142 ]|17.1| 8.4 7 28.6 21 10.5| 20.4 | 241 | 496 [-1.0| 0.2 | 307 | 15 352 12 310 12 323 24 305 40 0
13-Aug | 2| 086 [13.0]|152[17.4] 9.8 | 6.8 37.2 25 | 13.5| 26.5 |1258 | 57.2| -5 | -45]292 [ 18 309 12 293 13 272 28 282 47 2
14-Aug | 3| 1.05 [119]146([17.2] 85 [ 9.3 37.0 | 255 14 24 [171656.7| -5 [ 4.2 [ 273 | 16 308 10 261 8 287 22 285 25 2
15-Aug |-1| 098 [13.1]16.6[19.3] 9.3 [ 87 36.0 25 12 | 232 [ 633 | 514 2 [-19[308 | 18 338 11 290 14 316 22 313 37 -2
16-Aug | 2| 1.02 [13.7]| 16 |184] 9.0 [10.1]| 38.6 [27.5]| 15 | 27.6 [1624| 57.5|-5.0| -5.6 | 275 | 19 309 13 298 13 270 29 274 51 5
17-Aug | O 0.77 | 10.8|13.8|17.2| 83 | 4.8 14.7 19 9 21.4 39 (44610 36 | 289 | 36 327 23 315 22 290 45 301 53 0
18-Aug | O 0.60 9.3 | 123|151 74 | 5.7 29.6 18.5 9 16.6 | 667 | 55.1| -3 | -1.7 0 27 27 19 359 27 360 28 353 57 1
19-Aug [-2| 0.73 [ 11.9|144[17.0]|10.1| 3.7 21.7 23 9.5 | 26.8 39 [498] -1 | 07| 315 | 32 346 21 314 28 319 37 326 82 -3
20-Aug |-2| 096 | 12.9[ 154 ]18.1]10.3| 5.5 32.2 25 [ 10.5]27.25[ 195 | 50.6 [-1.0[ -0.7 [ 304 | 33 328 20 295 27 303 37 305 56 -3
21-Aug |-1| 071 | 13.1[153]|17.4]|10.1| 7.3 39.5 25 14 | 28.3 [1556| 56.9 [-6.0 4.2 [ 255 | 22 275 16 242 16 252 29 255 47 2
22-Aug | 1 055 | 9.3 | 11.1[135] 9.1 [ 0.5 23.7 17 5 18.1 | 345 | 56 | -3 | -1.6[288 [ 26 315 15 283 23 273 25 257 11 1
23-Aug | O 0.97 |10.1]13.3|16.0| 45 | 10.9| 316 14.5] 11.5 15 258 | 49.5[ -1 | 0.6 6 27 30 20 8 32 355 22 19 26 -1
24-Aug | -1 0.59 10 13 |16.2| 6.8 | 7.8 28.1 19 | 11.5| 18.8 | 383 | 50.3| -1 | 0.5 9 18 46 12 359 17 34 22 22 51
25-Aug | 2 0.86 9.5 |123[152]| 56 | 8.8 31.0 16.5| 12 16.9 | 553 | 52.1| -2 | -0.4 | 336 | 21 12 15 349 19 330 23 355 48 1
26-Aug |-2| 1.00 | 11.0[14.2]|17.1] 8.4 | 6.3 23.1 20 11 223 | 26 | 477 1 1.5 286 | 15 306 11 265 15 297 21 329 39 -2
27-Aug | 2| 1.02 |11.2[138]|16.5] 7.1 | 9.7 35.1 20 14 | 21.8 | 993 | 53.3 | -4 | -2.2 [ 250 | 27 273 17 234 15 240 32 237 48 1
28-Aug |-2| 0.61 84 [121]16.0] 6 2.5 7.4 14.2] 56 | 14.2 3 [392] 7| 79[275( 22 314 16 282 22 274 22 285 56 -2
29-Aug [-2| 0.80 | 13.3[155(|17.6| 8.1 | 11.8| 35.0 21 10.3| 27.1 | 363 | 51.2| -2 | -0.8 | 260 | 30 271 16 228 18 255 31 232 44 0
30-Aug | 2 1.02 | 13.7|155|17.8| 124 | 42 40.7 24 14 28.8 [1446|56.3| -5 | -4.8 [ 204 | 21 229 16 185 22 219 26 217 53 1
31-Aug | 3 0.82 | 140|158 |17.8 | 11.7| 5.8 39.2 27 11 30.1 [1246|57.7| -5 | -44 | 212 | 30 235 20 219 17 203 32 217 61 2
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September 2016 _
5 |ol=l2l8 |g |3 N <212 < 5 _ 5 | zs |22
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e |g|8z|&|a|d|82|8c| g2 (22| & |2 | |5 (3|58 |2 |22 |e8| a8 |33 | 38 |3z | as |33 |¢
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£ O ° o = - o n 8 8 [z} - - I x
1-Sep | 0| 082 [109]13.9[166]| 7.7 [ 3.7 | 252 23 [ 86 ]| 225 | 132 [51.7] -1 | -1 [203 | 27 226 20 174 10 203 48 208 67 1
2-Sep |1 059 | 91 |11.1[134]| 88 [ 0.4 | 254 16 | 3.7 | 18.2 | 309 | 56.0 |-2.0| -1.5] 228 | 18 272 13 261 16 236 21 272 13 3
3-Sep |1 0.50 89 [11.1]13.3]| 9.0 [ 0.4 300 |17.3| 5 17.3 | 674 | 549 | -3 | -0.6 | 286 | 18 324 10 285 14 297 15 271 20 1
4-Sep [-2| 0.45 76 [ 11.3]133]| 6.6 | 1.6 8.4 12 | 3.4 | 12.2 4 [502] 1|27 ] 262 8 286 6 212 8 223 9 229 27 -2
5-Sep [2| 065 | 82 [10.8]13.5([ 6.6 | 44 [ 29.4 15 8 13.5 | 513 | 55.5 |-2.0] -1.1 [ 265 | 13 266 9 235 9 258 16 279 27 2
6-Sep |1 0.63 9 [11.3]139] 83 | 2.0 30.3 16 5 16.2 | 444 | 55.4 |-2.0] -1.3 [ 270 | 12 283 8 240 7 263 16 273 44 1
7Sep [0 058 | 86 [109][133] 81 | 15| 227 [165]| 55 | 16.2 | 238 [ 55.7|-2.0[ -1.1 [ 279 | 19 318 14 284 18 290 21 304 51 -1
8-Sep [0 | 061 8.3 [106[13.3| 7.5 [ 2.0 30.1 14 5 14.3 | 363 | 54.4 [-1.0| -0.2 | 347 | 29 7 16 332 34 341 18 302 23 1
9-Sep [-2| 0.61 89 [11.4]146| 76 | 3.4 15.2 17 7 16.2 | 105 | 453 | 3 | 3.8 | 304 | 27 344 20 285 18 325 46 335 88 -3
10-Sep | 2 [ 0.72 96 [11.7]142]| 8.2 | 3.6 20.2 19 8 19.1 | 259 | 52.3 | -1 | -0.1| 284 | 38 306 27 281 23 274 51 283 104 0
11-Sep |-2| 043 [ 66 | 86 [11.1] 6.3 [ -0.2 | 13.6 8 33 [ 109 | 60 498 2 [ 36 |320| 25 349 16 352 33 298 23 279 23 -1
12-Sep |-3| 037 [ 57 | 79 [121] 53 1 10.6 14 | 2.6 9.2 64 | 44.7]16.0] 6.8 4 19 35 16 343 15 10 29 32 104 -3
13-Sep |-3| 052 [12.4]152[181[ 96 | 5.1 12.0 21 8 30.9 0 [395] 5|65 ([319 | 12 324 9 313 12 303 15 304 18 -3
14-Sep |-2| 077 [10.8]12.9[155]11.0[ -0.5 17.8 22 9 232 | 67 |50.2] 1] 0.7 [294 | 19 323 11 296 15 301 21 275 27 -3
15-Sep | 0 [ 063 [11.7]13.9][16.4] 9.7 5 33.7 23 | 85| 22.8 | 844 | 55.8 |-3.0| -2.9 | 287 | 13 332 7 296 13 317 12 16 16 -1
Average |0.9 0.8 11.1 | 136 | 162 8.4 6.2 30.9 21.0 | 100 210 | 7512| 534 | -26| -1.6 | 2476 | 19.9 254.9 13.1 248.7 155 254.2 235 2413 435 0.9
StdDev [1.7 0.2 1.6 17 1.7 16 39 75 38 36 42 5060| 36 | 24| 25 | 808 | 84 95.4 57 747 72 69.2 10.7 735 209 1.9
Maximum | 4.0 12 140 | 166 | 193 [ 124 | 135 407 295  16.0 309 1853 [ 60.1 | 70| 7.9 357 40 353 27 360 34 360 51 355 104 5
Minimum [ -3 03 57 | 79 [111| 45 | -93 7.4 80 | -40 | 92 0 | 392[-60]-57] 0 1 2 1 8 2 10 2 16 4 -3
178
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EXECUTIVE SUMMARY

This report summarizes the activities during the 2017 field operations of the Alberta Hail Suppression Project.
This was the twenty-second season of operations by Weather Modification LLC, dba Weather Modification
International (WMI) of Fargo, North Dakota, under contract with the Alberta Severe Weather Management
Society (ASWMS) of Calgary, Alberta. This season was the second season of the latest 5-year contract cycle for
this on-going program; WMI has been the contractor since operations began in 1996. The program was again
directed for the ASWMS by Dr. Terry Krauss. The program continues to be funded entirely by private insurance
companies in Alberta with the sole intent to mitigate the damage to urban property caused by hail.

The cloud-seeding contract with WMI was renewed in 2001, 2006, 2011, and again in 2016. Calgary, Red Deer
and many of the surrounding communities have seen significant growth in population and area since 1996.
Calgary’s population exceeded 1 million in 2006, and property values have more than doubled since the
program’s inception. In 2008 it was estimated that a hail storm similar to that which caused $400 million damage
in Calgary in 1991 would now cause more than $1 billion damage. New record Alberta hailstorms have recently
occurred in 2009 and 2010, and in 2012. On August 7, 2014, a severe storm hit Airdrie and other areas in
southern Alberta caused more than $580 million dollars damage (IBC Facts 2017), indicating that a billion dollar
storm within Calgary is certainly now possible.

The project design has remained the same throughout the period, but a fourth seeding aircraft (Hailstop 4) was
added to the project in the summer of 2008 to increase seeding coverage on active storm days. In 2013, a fifth
aircraft (Hailstop 5) was added, which is another twin-engine turboprop King Air, the same model aircraft as
Hailstop 1 and 3 have been in recent seasons. This fifth aircraft was based in Springbank (CYBW) with Hailstop 1
and Hailstop 2. Hailstop 3 and Hailstop 4 were once again based at the Red Deer Regional Airport (CYQF).

The program was operational from June 2"to September 15" 2017. Operations were scheduled and intended to
start on June 1st, but delays in government paperwork within the FAA and NAV Canada resulted in the approval
to fly the specially-equipped seeding aircraft being delayed by one day. This is discussed in detail later in the
report, as well as how best to avoid such delays in the future.

Only storms that posed a hail threat to an urban area, as identified by the project’s weather radar situated at the
Olds-Didsbury Airport (CEA3), were seeded. The project target area covers the region from High River in the
south to Ponoka in the north, with priority given to the two largest cities of Calgary and Red Deer. The project
area is shown in Fig. 4.

Seven industry-accredited tours of the operations centre located at the Olds-Didsbury Airport were conducted for
insurance brokers and insurance company staff, as well as one tour conducted for the mayors of the towns and
cities within the target area. At each, a lecture on the history and science of the hail suppression program was
given, the radar facility was explained and demonstrated, and one of the five Hailstop aircraft flew in to provide
first-hand observation of the seeding equipment and allow some interaction with a flight crew. A total of 145
attended in the course of the 2017 tours.

Hail was reported within the project area (protected area and buffer area) on 44 days. Larger than golf ball size
hail was reported north of Olds on July 9™ and on July 23 northwest of Bashaw.

Golf ball size hail was reported or observed by radar signature on July 28" in Olds and on August 24™ south of
Rimbey.

P
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Walnut size hail was reported or observed by radar signature on June 8" in Caroline; northwest of Calgary on June
27" on July 3™ northeast of Rocky Mountain House and east of Lacombe; July 10" southeast of Lacombe;
northwest of Sundre on July 12™; on the 16" of July in northwest Calgary; north of Ponoka on July 27™; July 31
southwest of Cochrane; the 10" of August in Calgary; and at Gull Lake August 13",

The weather during the summer of 2017 produced fewer, but more intense storms (on average). Cloud bases
were higher than usual, a reflection of the warmer and drier summer. There were 25 seeding days, whereas the
mean is 31. A total of 107 seeding and patrol missions were flown, about average.

Of the 25 seeding days, all five Hailstop aircraft flew on eight days, and all five aircraft seeded on six of those eight
days. When the weather was active, it was very active.

In June, 17 seeding missions were flown on 7 days, and an additional 13 flights flown for patrol on six days. A
“patrol” flight is a flight flown to check cloud intensity or in anticipation of clouds becoming intense enough to
warrant seeding, but during which no seeding was actually conducted.

July was the most active month, as is often the case. Fifty-six seeding missions were flown on 14 days, and 9
more patrol flights on 6 days. The most heavily-seeded day of the season occurred on July 23" when two waves
of strong storms moved through the northern portion of the protected area. The Red Deer area was affected by
these storms, as well as Ponoka, Innisfail, and later, Rocky Mountain House. All five aircraft flew and seeded
these storms. A detailed analysis of the July 23™ storm is provided as a case study later in this report.

Activity diminished sharply after the first half of August. A total of 8 seeding missions were flown during the
month, but only two of these occurred after August 14™. Two aircraft flew seeding missions on August 24", the
last seeding missions of the season.

There were thunderstorms reported within the project area on 59 days during the summer of 2017, compared
with 84 days in 2016. Hail fell on 44 days, with hail of walnut size or larger on 14 days. During this season, there
were 224.5 hours in flight accrued on 31 days with seeding and/or patrol operations. A total of 64 storms were
seeded during 80 seeding flights on the 25 seeding days. There were 26 patrol flights, and 13 short “public
relations” flights on which one aircraft was flown to the Olds-Didsbury Airport to be available for viewing by
insurance company employees attending tours of the operations centre and radar. The distribution of flight time
by purpose is given in Fig. 29.

The amount of silver-iodide nucleating agent dispensed during the 2017 field season totaled 255.4 kg. This was
dispensed in the form of 5,939 ejectable (cloud-top) flares (118.7 kg seeding agent), 842 burn-in-place (cloud-
base) flares (126.3 kg seeding agent), and 170.2 gallons of silver iodide seeding solution (10.4 kg seeding agent).

Five specially equipped cloud seeding aircraft were dedicated to the project. Two Beech C90A King Airs and one
Cessna 340A were based in Springbank, and a C90A and another C340A were based in Red Deer. The procedures
used in 2017 remained the same as the previous years. The Springbank office and aircraft were at Springbank
Aero Services, at that airport. The WMI Red Deer office was again set up in the Air Spray hangar at the Red Deer
Regional Airport, as has been done in recent seasons.

Lid
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The aircraft and crews provided a 24-hour service, seven days a week throughout the period. Twelve full-time
pilots and three meteorologists were assigned to the project this season. In addition, WMI’s Director of Flight
Operations, Mr. Jody Fischer, served as overall project manager. The 2017 crew was very experienced. The Red
Deer aircraft team was led by Mr. Mike Torris, Ms. Jenelle Newman, and Mr. Joel Zimmer, who now has been with
the Alberta program for 15 seasons. The Springbank team was anchored by Mr. Brian Kindrat, Mr. Brook Mueller,
and Mr. Andrew Brice. The radar crew was led by WMI’s Chief Meteorologist, Mr. Daniel Gilbert, now with eight
seasons’ experience in Alberta.

Overall, the personnel, aircraft, and radar performed well and there were no interruptions or missed
opportunities. A radar calibration at the beginning of the project season ensured that during the 2017 season the
radar was calibrated correctly.

High speed Internet service was once again obtained at the Springbank and Red Deer offices for the pilots so that
they could closely monitor the storm evolution and storm motion using the radar images on the web prior to
take-off. All of the project’s radar data, meteorological data, and reports have been recorded onto a portable
hard drive as a permanent archive for the Alberta Severe Weather Management Society. These data include the
daily reports, radar maps, aircraft flight tracks, as well as meteorological charts for each day. The data can be
made available for outside research purposes through a special request to the Alberta Severe Weather
Management Society. In addition, the season’s radar (TITAN) data are available to ASWMS Program Director Dr.
Terry Krauss. Thus, Dr. Krauss has access to all data in the off-season, should the need arise.
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Fig. 26. The Springbank pilots, from left to right: Louis-David Doyon (June 1-16), Brook Mueller, Andy Brice, Brian Kindrat,
Cristian Avram, Hing Kwok, and Andrew Wilkes. Not pictured: Michael BENSON.......c.ccceeciiiiiieniiiiiiieniciieeeec et 49
Fig. 27. The Old-Didsbury Airport meteorologists that staffed the Operations Centre, from left to right: Bradley Waller,
Daniel Gilbert, and AdAm BraiNard. ........coocceveeiieeeeiiciieeeeeeeeeeitereeeeeeesestareeseeeeesestsseeseeesssasssssssesesesasstassseesesassrsssesesesesssrsesesesenn 49
Fig. 28. Project administration was overseen by Terry Krauss (ASWMS, left), and Jody Fischer (WMI, right).........c.ccccvveunen. 50

Fig. 29. The distribution of flight time during the 2017 season are shown, by purpose. “Public relations” flights were those
from the aircraft’s base to the Olds-Didsbury Airport on days that insurance industry continuing education training sessions
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Fig. 30. Diurnal variation in takeoff and landings, 2017 (Mountain Daylight Time). The 107 seeding and patrol flights are
included. Asis the norm, nocturnal flight operations were limited, especially after midnight..........cccccoveeeeiiiiiiieeccieees 52

Fig. 31. The amount of seeding agent (silver iodide, Agl) dispensed per operational day, 2017. .......cccccevrevreevreenreenrveesnnen, 53

Fig. 32. The number of flights, by type, is shown for each project day of the 2017 season. Months are shown at the top of
the graphic. The “Insurance Tours” flights were those made to the Operations Centre at the Olds-Didsbury Airport for the
seven continuing education training sessions certified by the Alberta Insurance Industry. On one of the seven days, only
one flight is shown in this category because weather developed that caused the departing flight to be a seeding flight. .....57

Fig. 33. Map of all potential hailstorm tracks within radar coverage during 2017, as indicated by a minimum vertically-
integrated liquid (VIL, from the radar) of at least 30 kg/mz. This map shows all of the 64 storms seeded, plus others of hail
potential that did not move near cities or towns. All storms must be carefully monitored because as the tracks show,
direction of movement often changes. June storms are green, July red, August blue, and September, violet. For each

month, the lighter color denotes storms that occurred during the first half of that month..........c.ccooccoiieiii i, 58
Fig. 34. Asin Fig. 33, but for the month of JUNE 2017, ..ottt ettt sttt et 59
Fig. 35. Asin Fig. 33, but for the month of JUlY 2007, .....c..ooiee ettt ettt st e 60
Fig. 36. Asin Fig. 33, DUt fOr AUGUST 2007 ..cuuiiiiiiiiieieee ettt ettt st st e st ettt eeateeb e e sb e e b e e abe et e sabesatesueenbeenbeeabeeaeens 61
Fig. 37. Asin Fig. 33, but for the first half of September 2017 ... e e e eaaaeas 62

Tel 1-701-235-5500 Fax: 1-700-235-9717 3802 20" Street N Fargo, ND 58102 USA 10

www. weathermodification.com

001103



ALBERTA HAIL SUPPRESSION PROJECT
FINAL OPERATIONS REPORT 2017

Fig. 38. Hailcast ruN/NO-TUN flOW CRAIT. ..ccuiiiiiiii ettt ettt ettt e et e eteeebeebeetbeetaeste e bsenteenteenteessessseeseenseenreensens 66

Fig. 39. The atmospheric vertical profiles of temperature, moisture, and winds, as predicted for 6pm local time on July 23rd,
0 1 SRS 76

Fig. 40. Jet stream level 300mb Winds and Heights for 6pm MDT for 23 July 2017 indicated a deep low over northwest AB,
and a 100 knot jet streak approaching central AIDErTa. ......ccc.eiiiiiiiiiii et bt st s 77

Fig. 41. The 250 mb level jet stream level winds at 6 pm MDT on 23 July 2017, a more detailed jet level chart showed a 100
knot jet streak over Central Alberta, enhancing the wind shear in the vertical wind profile. The right rear quadrant of the
upper jet was over the northern project area, which is known to enhance deep convection through positive vorticity
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Fig. 42. The midlevel (500 mb) heights and vorticity at 6pm MDT on 23 July 2017 showed southwesterly wind flow and
strong vorticity expected in the northern project area [ate in the day. ..o, 79

Fig. 43. Low level (850 mb) equivalent potential temperature (Theta E) chart for 6 pm MDT on 23 July 2017 indicated warm
moist air was flowing into the region from the south and the northeast due to the low over southeastern Alberta.
Converging winds are evident over the central and western project region. A lee trough was also forecast along the
FOOTNIIIS. <.ttt ettt e bt e e s bt e e bt e e bt e e bt e e bt e e be e e bt e e b e e e bt e e b e e e bee e b e e e bee e b e e ebee s bee e beesbaenrees 80

Fig. 44. The surface forecast valid at 6 pm MDT on 23 July 2017 showed low pressure over Southern Alberta. A cold front
(not depicted here) would be pushing through around midnight, stabilizing the atmosphere overnight............cccceeeciieenns 81

Fig. 45. The Olds-Didsbury radar display at 20:54Z (14:54 MDT) showing the developing stage of the most threatening cell
of the day forming near Caroline with 7.6 km TITAN cell tops. This cell would ultimately make a direct impact on Red Deer.
The cell was seeded continuously with two base seeders and one top seeder until it moved beyond Red Deer several hours
later. Three aircraft can be seen converging on the cell to begin seeding upwind of Red Deer. A second intense supercell
storm had also developed at this time north of Rocky Mountain House just outside the project boundary. .......cccceeeuveennn. 82

Fig. 46. The Olds-Didsbury radar display at 21:44Z (15:44 MDT) showing the most damaging cell of the day southwest of
Sylvan with three aircraft seeding as it approaches Red Deer. Another top seeder (Hailstop 3) can also be seen heading for
the northern project boundary to intercept a supercell near Rimbey headed for Ponoka. Four aircraft are airborne at this
point, with one plane remaining on the ground as backup. A third cell is now developing northwest of Sundre as well....... 83

Fig. 47. The Olds-Didsbury radar display at 22:317 (16:31 MDT) showing a 12.9 km TITAN cell entering Red Deer with three
seeding aircraft on it. Top seeding is underway for the northern supercell approaching Ponoka. The fifth aircraft has been
dispatched at this time from Springbank to intercept the third cell west of Innisfail. ...........ccccoieiiiiieiciee e, 84

Fig. 48. The Olds-Didsbury radar display at 22:46Z (16:46 MDT) showing a large 12.9 km cell over southern Red Deer being
seeded with three aircraft while the northern 12.1 km cell nears Ponoka seeded by Hailstop 3 and top seeding begins on the
developing 9.1 km cell west of INnisfail by HalSTOP 5. ....oouiiiiiieee ettt ettt et be b 85

Fig. 49. The Olds-Didsbury radar display at 22:58Z (16:58 MDT) showing a large 12.1 km cell exiting Red Deer. Base seeding
aircraft can be seen transitioning from the Red Deer cell to the Innisfail cell. HS5 (pink track) has now been directed to
return to Springbank as they were out of ejectable flares. Hailstop 3 has also been directed to return to base in Red Deer
for more flares and fuel after the northern cell pushed through PONOKa. ..........cccviiiiiiii i 86

Fig. 50. The Olds-Didsbury radar display at 23:09Z (17:03 MDT) showing the northern two supercells exiting the area to the
east while three aircraft seed an intensifying 12.1 km supercell entering Innisfail. Another wave of convection is now just
beginning to enter the radar coverage area to the far northwest. Crews were directed to fuel and flare quickly in
anticipation of additional flights as the next wave approached.........c.ccoiiiiiiiie e 87

Fig. 51. The Olds-Didsbury radar display at 23:36Z (17:36 MDT) showing all seeding aircraft now heading back to base to
fuel and reload seeding agents. The next wave of convection continues to approach from the far northwest...................... 88

Tel 1-701-235-5500 Fax: 1-701-235.9717 3802 20" Street N Fargo, ND BRIG2 LISA i1
www. weathermodification.com

001104



ALBERTA HAIL SUPPRESSION PROJECT
FINAL OPERATIONS REPORT 2017

Fig. 52. The Olds-Didsbury radar display at 01:09Z (19:09 MDT) showing the next wave of convection entering the
northwestern project region. This second wave was less organized as the storm mode shifted from supercells to multicell
clusters which are slightly less threatening. Hailstop 3 can be seen top seeding near Rocky Mountain House while Hailstop 4
has just been [AUNChEd FrOmM REA DEEF. ......oiuiiiiieeteeee ettt ettt e sttt et eeate e bt e sb e e bt e abeebesabesatesae e bt enbeenbeeaeens 89

Fig. 53. The Olds-Didsbury radar display at 01:527 (19:52 MDT) showing a cluster of cells approaching Blackfalds, Lacombe,
and Ponoka. Hailstop 4 is base seeding the east side of the cluster while Hailstop 3 top seeds the southern end. Hailstop 2
is approaching the area as an additioNal DASE SEEUEN . .......cccuiiiieeiiie et e e tee e e e e rtae e e e bbeeeeeasaee e absaeessreeeennes 90

Fig. 54. The Olds-Didsbury radar display at 02:07Z (19:07 MDT) shows three aircraft seeding from Red Deer to Lacombe on
the southeast side of a weakening cluster of cells. Cells are becoming embedded at this time and the hail threat is
diminishing significantly. A developing weak cell is evident southwest of Calgary with low tops. Aircraft would be scrambled
to intercept this cell near Calgary, but the cell ultimately dissipated and posed no hail threat as it moved through southern
Ay ettt et h e e bt e e a et e s bt e e a et e e bt e Rt e s b et e a bt e s bt e e Rt et s bt e e ab e e s b e e eabee s beeeabee s beeeateesbeeearees 91

Fig. 55. Composite maximum radar reflectivity plot for the entire storm day of 23 July 2017.......ccceoiiriiiiiniiinienieeeeeee 93

Fig. 56. The maximum vertically-integrated liquid (VIL) measured by the radar is shown. VIL is well-correlated with hail size.
The largest hail swaths were associated with the tracks of the northern cell outside the seeded area.........cccccovveeeeurveeennnnenn. 94

Fig. 57. AirLink GPS aircraft seeding tracks for the entire storm day of 23 July 2017. Track colors are as follows: Hailstop 1,
white Hailstop 2, orange; Hailstop 3, light blue; Hailstop 4 green; and Hailstop 5, pink. The WMI AirLink aircraft tracks show
that the storms that moved through Red Deer were well-seeded, by multiple aircraft. Seeding began almost two hours
upwind of Red Deer with sufficient time and continuous dosage for positive seeding affects to be realized. ........cccccceee.e. 95

Fig. 58. Calgary precipitation, daily and cumulative, for calendar year 2017. (Data and plot from the National Center for

ENVIronmMental Prediction, NOAAL) ... ..o ecteecee e ctte e ee e ette et e e bee e teesbteestee e beaesseesabeaaseeesseeasaeesaeanseeesseaensseenssaenseeessnansenans 96
Fig. 59. Red Deer 2017 precipitation, by month, from https://reddeer.weatherstats.ca/. An analogous plot for Calgary can
be viewed at https://calgary. WEATNEISTAtS.CA/. ...coviiiierieeriecreeieee ettt erte e ettt e eteeeteebeebeetbests e beenteenteenteessesssesseenseenresasens 97
Fig. 60. Sea Surface Temperature (SST) anomalies by date and longitude, for latitudes 5°N through 5°S. (Graphic from
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1. INTRODUCTION

Hail has long been a problem for both agriculture and municipalities in the Province of Alberta. Figure 1 shows
the average number of hail days throughout Canada. It is notable that there is a bullseye on the area from
Calgary to Red Deer, which also coincides with the greatest population density of the province, which continues
to increase. In 1956, under the aegis of the Alberta Research Council, a research program was undertaken that
sought to develop and evaluate the effectiveness of cloud seeding from aircraft to mitigate crop-hail damage.
Though never “operational”, the program continued to research the hail problem and ways to reduce the hail
impact on agriculture until 1985, when it was discontinued.

The hail problem did not end with the hail research program, and in 1991 a severe hailstorm caused several
hundred million dollars damage in the City of Calgary and adjacent metropolitan areas. This storm, though by no
means the first of its kind, was of sufficient magnitude to rekindle interest in hail damage mitigation through
cloud seeding.

hall climatology of Canada, from Etfkin and Brun

{1999}, The average number of hall davs per vear, basaed on
the 1951-1880 climate normal of Environment Canada

(1987).

A consortium of underwriters of property and
casualty insurance in Alberta was formed in the
wake of the 1991 Calgary storm, and named
itself the Alberta Severe Weather Management
Society (ASWMS). From its formation, the
ASWMS was focused on establishing a renewed
Alberta Hail Suppression Program through cloud
seeding, but this time, the focus was to be on
protecting municipalities, not crops. The
necessity for such a program was presented to
the Insurance Bureau of Canada (IBC), and
though the IBC was encouraging it offered no
financial support. The Province of Alberta was
| Tz itself approached for funding of the program.
; @%@%ﬁmmﬁ | Though the need was acknowledged by the
. provincial leaders funding was not forthcoming.

1t
B

In 1995 the ASWMS developed a protocol through which its members would pay into a common project fund,
amount proportional with market share, and the current Alberta Hail Suppression Project finally became possible.
An international tender was issued, and Weather Modification, Inc., now Weather Modification International
(WMI), was awarded an initial five-year contract to conduct operations from June 15 through September 15 each
summer, beginning in 1996.

The goal of the project from the beginning has been the protection of urban property from the ravages of
hailstorms in urban areas, to the maximum extent technology and safety will allow. The two largest such areas
within the project target area are Calgary and Red Deer, but there are dozens of additional cities and towns that
also warrant attention. To do this, the project established a weather radar and Operations Centre at the Olds-
Didsbury Airport, approximately halfway between the two largest metropolitan areas. Two aircraft were based in
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Calgary, a third in Red Deer. At the conclusion of the initial five-year period the contract between the ASWMS
and WMI was renewed for a second 5-year period (2001-2005), a third (2006-2010), in 2011, a fourth (2011-
2015), and in 2016, a fifth (2016-2020). The 2017 season marked the 22™ consecutive season of operations.

Seven significant changes have been made to the project scope during the first twenty-two seasons. Early on
(season 2) it was recognized that the hail problem begins earlier in the year than June 15, so since 1998, the
project has been scheduled to begin each season on June 1.

Beginning in the 2006 season the protected area was expanded somewhat to the east, to include the town of
Strathmore and communities east of Calgary.

The third change did not occur until the 13" season, 2008. The unrelenting expansion of the metropolitan areas
within the project area meant increasing risk, and a fourth cloud seeding aircraft was added to the project. This
aircraft is based in Red Deer.

The fourth change was the replacement in 2011 of an aging weather radar with a new set built by WMI. This
radar possessed significantly increased sensitivity which meant that clouds could be detected sooner than they
were previously (earlier in their development), and Doppler capability meant that internal storm motions could
also be observed.

Fig. 2. An early-ses
and threstens hal
while Mallstop 1

son thunderstorm brings rain

. e it
on the evening of June 87,

slace flares at

al QF B (WMl phot

obt by

Andrew Brice.)

The fifth change was implemented in
2013, with the addition of the fifth
aircraft to the project, another King Air,
based at the Springbank Airport.

The sixth significant change occurred in 2014, with the replacement of the 2011 Doppler radar with an even-
newer Doppler weather radar. This newest Doppler weather radar was installed in May, prior to the 2014 project
start. Improvements, in addition to the new transmitter and receiver, included a new antenna pedestal. The
pedestal precisely rotates and elevates the radar antenna. This new radar system was developed and is
supported by Advanced Radar Corporation (ARC), of Boulder, Colorado. During 2012 and 2013 there were
pedestal drive failures that had to be repaired “on the fly”, while operations were imminent. Though operations
those seasons were not compromised, the upgrade included the new pedestal in part to avoid any further gear
failures. Improvements realized from the radar included implementation of the latest version of the TITAN radar
software, state-of-the-science radar antenna control, and improved data processing. The last allowed the time
required for each volume scan to be decreased from five to less than four minutes, which meant the radar
updated 15 times per hour, rather than 12. In addition, the porting of data to the WMI website was also
improved.

The most recent and seventh significant modification to the program occurred in 2016, when the northern border
of the protected area was pushed north a short distance to include Ponoka in the protected area. Ponoka had
previously been in the buffer area, and this modification allows protection without any uncertainty.
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- wric : . N
Fig. 3. On dune 27, an early-season thunderstorm east of

This final operations report summarizes, in detail,
all the activities during the 2017 field operations
of the Alberta Hail Suppression Project, the
. twenty-second summer of operations.
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2. THE 2017 FIELD PROGRAM

The project conducted operations to mitigate hail storms threatening cities and towns from June 2™ through
September 15", 2017. Only those storms posing hail threats to an urban area were treated by the project
aircraft. The project target area covers the region from High River in the south to Ponoka in the north, with
priority given to the two largest cities, Calgary and Red Deer.

The program utilizes the latest cloud seeding technology available, incorporating several notable improvements
over previous projects in the province. These improvements include:

¢ Fast-acting, high-yield mixtures for the silver-iodide flares and the liquid seeding solution. The flares
are manufactured by Ice Crystal Engineering (ICE) of Kindred, North Dakota. The new generation ICE
pyrotechnics produce >10" ice nuclei per gram of seeding agent active at a temperature of -4 °C, and
produce between 10" and 10™ ice nuclei per gram of pyrotechnic active between cloud
temperatures of -6 °C and -10 °C. Colorado State University (CSU) isothermal cloud chamber tests
(DeMott 1999) indicate that at a temperature of -6.3 °C, 63% of the nuclei are active in <1 min, and
90% active within 68 seconds. This high-yield, fast-acting agent is important for hail suppression
since the time window of opportunity for successful intervention of the hail growth process may be
less than 10 minutes for each maturing cloud turret.

e Use of the latest GPS tracking and advanced TITAN (Thunderstorm Identification Tracking Analysis
and Nowcasting) computer software to accurately display the aircraft locations on the radar displays
to improve the controlling of aircraft and facilitate the direction of seeding operations to the most
critical regions of the storms.

e Injection of the seeding material directly into the developing “feeder” cloud turrets as the most
frequent seeding method.

e Use of experienced meteorologists and pilots to direct the seeding operations.

e Sensitive, state-of-the-science Doppler weather radar.

Five aircraft specially equipped to dispense the seeding agents were utilized. Three aircraft (two Beech King Air
C90s and one Cessna 340, or C340) were based in Springbank west of Calgary, and two aircraft (one Beechcraft
King Air C90 and one C340) were based in Red Deer. The radar remained located at the Olds-Didsbury airport.
The radar coordinates are 51.71 N latitude, 114.11 W longitude, with a station elevation of 1024 m above sea
level. The WMO station identifier is 71359, and the ICAO identifier is CEA3. The protected project area
dimension is approximately 242 km (N-S) by 97 km (E-W), 23,474 km®.
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3. PROJECT OBJECTIVES

The project has two main objectives:
e To conduct cloud seeding operations to suppress hail and reduce property damage, and
e to develop a data archive that may eventually be used for the scientific assessment of the program’s
effectiveness.

The first of these objectives is to utilize the five aircraft and experienced pilots and meteorologists to recognize
potential threats and react appropriately. The second is being achieved through the operation of a C-band
Doppler weather radar with full archival, and the collection of other weather information by project
meteorologists. These efforts include the comprehensive archival of all project decision records, as well as a
wealth of additional weather data from the internet and other sources.

The project operations area is illustrated in Fig. 4. The boundaries of flight operations (actual seeding) are
indicated by the broad yellow line, which actually includes the foothills of the Rocky Mountains, west of the
protected area. This “buffer” area is very important, for the foothills are an important zone for storm genesis.
The broad green line denotes the boundary of the protected area, i.e., storms threatening any of the
communities within this area will be seeded, as resources allow, with priority assigned according to population.
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4. RIORITIES

Cities and towns are protected according to priority and proximity of aircraft, with greatest attention given to
Calgary and Red Deer. Priority is determined based on rank in population, as shown in Table 1, below.

AHSP Priority List Based on City Population

Population as of Population Change as of 2016
Priority City/Town Name 1996 2016 From Since Project Start (1996)
2011 Percentage | More People
1 Calgary 767,059 | 1,235,171 12.6% 61.0% 468,112
2 Red Deer 59,834 99,832 10.2% 66.8% 39,998
3 Airdrie 14,506 61,842 45.3% 326.3% 47,336
4 Okotoks 7,789 28,016 14.3% 259.7% 20,227
5 Cochrane 6,612 25,122 42.9% 279.9% 18,510
6 Chestermere 1,603 19,715 33.0% 1129.9% 18,112
7 Sylvan Lake 4,815 14,310 16.1% 197.2% 9,495
8 Strathmore 5,273 13,327 8.3% 152.7% 8,054
9 High River 6,893 12,920 0.0% 87.4% 6,027
10 Lacombe 7,580 12,728 8.7% 67.9% 5,148
11 Blackfalds 1,769 9,510 51.0% 437.6% 7,741
12 Olds 5,542 8,617 4.6% 55.5% 3,075
13 Innisfail 6,064 7,953 1.0% 31.2% 1,889
14 Rocky Mountain House 5,684 7,220 4.1% 27.0% 1,536
15 Ponoka 5,861 6,773 3.0% 15.6% 912
16 Didsbury 3,399 4,957 0.0% 45.8% 1,558
17 Turner Valley & Black Diamond 3,269 4,884 7.6% 49.4% 1,615
18 Carstairs 1,796 3,442 0.0% 91.6% 1,646
19 Crossfield 1,800 2,918 2.3% 62.1% 1,118
20 Penhold 1,609 2,842 19.7% 76.6% 1,233
21 Sundre 2,027 2,695 3.3% 33.0% 668
22 Bowden 936 1,241 0.0% 32.6% 305
23 Irricana 822 1,162 0.0% 41.4% 340
24 Eckville 899 1,125 0.0% 25.1% 226
25 Bentley 930 1,122 4.6% 20.6% 192
26 Beiseker 640 785 0.0% 22.7% 145
27 Linden 563 725 0.0% 28.8% 162
28 Acme 590 653 0.0% 10.7% 63
29 Caroline 452 501 0.0% 10.8% 49
30 Cremona 393 457 0.0% 16.3% 64
Total Population
In ProtectedFEeran Areas 927,009 | 1,592,565 3.0% 71.8% 665,556
Table 1. AHSP Priority List Based on City Population.
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Most storms are not seeded after they cross the QE Il highway, except for storms east of Airdrie and Calgary that
might threaten Strathmore. Since the project start in 1996 urban population growth within the protected area
has increased by 71.8%.

5. THE SCIENTIFIC BASIS FOR HAIL SUPPRESSION

Hail is formed when small ice particles known as hail embryos are held aloft by strong thunderstorm updrafts
within regions of unfrozen supercooled cloud water. This supercooled cloud water is collected by the hail
embryos and freezes to them, resulting in growth to hail (greater than 5 mm diameter) sizes. Growth continues
until (1) the supporting updraft weakens, (2) the in-storm motion of the growing hailstone moves it to the
downdraft side from whence it can fall, or (3) the hailstone grows so large that the updraft can no longer support
it.

In most situations the subcloud layer is relatively warm (much warmer than 0 °C) so hailstones begin to melt
during the final portion of their plummet to earth, but in many cases the hailstones are too large for melting to be
complete, and hail reaches the ground.

5.1 THE FORMATION OF HAIL
Understanding of the development of hail includes knowledge gained from work in Alberta by Chisholm (1970),
Chisholm and Renick (1972), Marwitz (1972a, b, and c), Barge and Bergwall (1976), Krauss and Marwitz (1984),
and English (1986). Direct observational evidence from the instrumented aircraft penetrations of Colorado and
Alberta storms in the 1970s and early 1980s indicates that hail embryos grow within the evolving main updraft of
single cell storms and within the updrafts of developing feeder clouds (the cumulus towers) that flank mature
multi cell and supercell storms (see e.g. Foote 1984, Krauss and Marwitz 1984). The computation of hail growth
trajectories within the context of measured
storm wind fields provided a powerful new
tool for integrating certain parts of hail
growth theories, and illustrated a striking
complexity in the hail growth process.

Some of this complexity is reviewed in the
paper of Foote (1985) that classifies a
broad spectrum of storm types according
to both dynamic and microphysical
processes thought to be critical to hail
production. Small precipitation embryos
that eventually grow into hailstones are
called hail embryos.

Fig. 5. Hallstop 2 seeds a strong storm at 518 PM
MDT on duly 23 2017,

photograph by Hing Kwold}

near Innisfail (WML
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Hail embryo sources identified by Foote (1985) include the following:
¢ Embryos from first-ice in a time-developing updraft
¢ Embryos from first-ice in the core of a long-lived updraft
e Embryos from flanking cumulus congestus
e Embryos from a merging mature cell
e Embryos from a mature cell positioned upwind
e Embryos from the edges of the main updraft
e Embryos created by melting and shedding
e Embryos from entrainment of stratiform cloud
¢ Embryos from embedded small-scale updrafts and downdrafts
e Recirculation of embryos that have made a first pass through the updraft core

Hail embryos grow into hailstones by collecting unfrozen, supercooled liquid water through collisions. This water
freezes to the already-frozen embryo, increasing the size, weight, and fall speed, and also the potential for
damage at the surface. This growth to large hail is theorized to occur primarily along the edges of the main storm
updraft where the merging feeder clouds interact with the main storm updraft (WMO 1995). However, the
mature hailstorm most certainly consists of complicated airflow patterns and particle trajectories.

Studies of the internal structure of large hailstones in
Alberta and elsewhere have shown that hailstones
can have either a graupel (snow pellet) embryo or a
frozen drop embryo. The different hail embryos
indicate different growth histories and trajectories
and illustrate the complexity within a single
hailstorm.

Flg. 6. The hangar downspout oreated a nice plle of graupsl
th : . :
, at the Olds-Didsbury

> particles is increased, and

{snow pellets) on july 28 \drport, When

ve, the number o

seading

the sizes decreased, so this s generally accepted as a good sign!

(WM photograph by Adam Brainard.)

52 HAIL SUPPRESSION CONCEPTE

The hail suppression conceptual model utilized in the Alberta Hail Suppression Project is based on the results of
the former research program of the Alberta Research Council and the experiences of WMI in the USA, Canada,
Argentina, and Greece. It involves the use of glaciogenic (ice-forming) materials to seed the developing feeder
clouds in the -5 to -10 °C zone in the upshear, new growth “propagation” region of hailstorms. The glaciogenic
reagents initiate the rapid development of small ice particles through the condensation-freezing nucleation
process, and thus produce enhanced concentrations of ice crystals that compete for the available, supercooled
liquid water in storms. This helps prevent the growth of large, damaging hail.

The seeding also stimulates the precipitation process by speeding the growth of ice-phase hydrometeors, initially
into snow pellets (also called graupel) which fall from the cloud earlier, melt, and reach the ground as rain,
instead of continuing to grow into large ice particles that reach the ground as damaging hail.
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The present seeding methodology modifies the graupel embryo hail development process. Frozen drop hail
embryos are thought to originate from secondary sources (shedding from large existing hailstones, or via a
recirculation process at the edge of the main updraft). Cloud seeding can only reduce the hail that grows from
frozen drop embryos if the available liquid water can be reduced to limit their growth, or if the dynamics of the
storm can be affected to eliminate the recirculation processes that formed the drop embryo in the first place.
' Both are extremely complex, and are not the primary
~ focus of the Alberta project.

Fig. 7. in the sarly afternoon of fuly 87, many turrets gre

quickly that they Hfted the molst alr immediately abm
i clouds called pileus {cente
see of mid-lev

nds {updrafish, (WML

The governing premise of the Alberta cloud seeding
operations is the cloud microphysical concept called
beneficial competition. The premise of beneficial
competition is that the well-documented natural
deficiency of ice nuclei (ice-forming particles) in the
atmosphere can be corrected by the release of
additional ice nuclei (glaciogenic seeding material) into
developing storm clouds. This is done by the
combustion of small amounts of reagent and/or
solutions containing silver iodide (Agl), either as
pyrotechnics (flares) or from wing-borne solution-
burning ice nucleus generators (Fig. 5). With either
method, from 10° to 10" (or  from
10,000,000,000,000 to 100,000,000,000,000) ice nuclei are produced for each gram of seeding agent burned (Fig.
9). This potentially increases greatly the number of precipitation embryos in the cloud. These natural and
human-made ice crystals, many of which become precipitation, then “compete” for the available supercooled
liquid cloud water within the storm. Because the total amount of supercooled liquid remains essentially
unchanged, that same mass is divided among the increased number of embryos, meaning the final maximum size
of each individual ice particle is significantly decreased. Hence, the hailstones that form within seeded clouds will
be smaller and produce less damage if they should survive the fall to the surface. If they are sufficiently small,
they will melt completely in the warmer subcloud layer and reach the ground as rain.

Cloud seeding alters the microphysics of the treated clouds, assuming that the existing precipitation process is
inefficient due to a lack of natural ice nuclei. This deficiency of natural ice has been documented in the new
growth zone of Alberta storms (Krauss 1981). Cloud seeding does not alter directly the energy or dynamics of the
storm. Any alteration of the storm dynamics that does occur results as a consequence of the increased ice crystal
concentrations and the development of additional precipitation-size ice particles earlier in the cloud’s lifetime.

Because the mature hailstorm consists of complex airflows and precipitation trajectories, cloud seeding does not
affect all hail embryo sources. It does, however, modify the primary hail formation process. In other words; the
cloud seeding cannot eliminate all of the hail, but can reduce the size, amount, and the extent of the area
affected by hail.
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A schematic diagram of the conceptual storm model showing the hail origins and growth processes within a
hailstorm is shown in Fig. 8. The cloud seeding methodology applied to the new growth zone of the storm is
illustrated. As mentioned previously, cloud seeding cannot prevent or completely eliminate the occurrence of
damaging hail. We presently do not have the ability to predict with any certainty exactly the amounts and sizes of
hail that would occur if cloud seeding did not take place. Therefore, we do not have the ability to predict or
determine by measurements with confidence the net effect of the seeding. The new growth zones of potential
hailstorms are seeded, and the amounts and types of precipitation at the surface are observed, as well as the
radar reflectivity characteristics of the storm before, during, and after seeding. It is anticipated that the
successful application of the technology will yield a decrease of damaging hail by approximately 50% from what
would have occurred if seeding had not taken place.

lower trajectony,
| inhibiting their growh,
o
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o b 5 e i 4 4 A e
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st cloud tops, as emploved for mature multi-cellular thunderstorms. (Mo

3

d from an original

This expectation is consistent with the results reported in North Dakota (Smith et al. 1997) and in Greece
(Rudolph et al. 1994). The decrease in hail can only be measured as an average over time (e.g. 5 years or more)
within the operations area, and then compared with the historical values for the same area. Because of these
uncertainties, the evaluation of any hail mitigation program requires a statistical analysis. The characteristics of
both seeded and unseeded storms vary considerably, such that any storm trait can be found in either category.

A meaningful evaluation of the project might be feasible if insurance loss data for hailstorms was made available.
However, such data are considered proprietary and this presents obstacles to analyses. (This kind of evaluation is
mentioned further in the recommendations at the conclusion of this report.) An additional complicating factor is
that hail, by itself, is not always differentiated as the cause of the insured damage, e.g., a window might be
broken by hail, high winds, or by surface-based debris borne by the high winds, and to the insurance adjuster it
makes little difference; storm damage has occurred.
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53 EFFECTE OF HAIL SUPPRESSION EFFORTS ON RAINFALL

A common question about cloud seeding concerns the effect on the rainfall. The effects of seeding to mitigate
hail damage on storm rainfall are not dramatic, but slightly positive. The target area specifically, and Alberta as a
whole, lack the high density time-resolved precipitation measurements necessary to provide a scientifically-
meaningful rainfall analysis. However, evaluation of another long-term hail suppression program in neighboring
North Dakota that does have such a precipitation network found that rainfall is increased about 5 to 10 percent
compared to that from similar unseeded clouds (Johnson 1985). Since methodology, seasons, and seeding agents
are the same, and since the storms themselves are very similar, it is reasonable to believe that effects in rainfall in
Alberta are similar. All this is wholly consistent with the concept that the number of precipitation embryos is
increased by glaciogenic seeding.

There is a common (yet quite false) belief that thunderstorms operate at near 100% efficiency in producing
rainfall. This is not logical, for 100% efficiency would require that all moisture processed by a storm would fall to
the ground; no cloud, even, could remain. This is far from the case. There have been numerous studies of the
fluxes of air and water vapor through convective clouds; these are summarized in Fig. 9.

100 HR : * ; Flg, 90 ¥ High hundarstor from
" S &
g - :gimggéﬁ?fggﬁ} Browning (19771 K Jabsled 87 Storms that produced
3 PERGIRT only rain are labeled “ American Meteorological Society,
"g " 2 ngﬁ & Marwitz (1068) Boston, MA, used by permission.)
- isholm {1970}
P + Hartzell (1970) .
2 . ;ﬂﬁ;ﬂf&%g”} Precipitation efficiencies can vary widely from as little as 2%
g F o ’f;;{i‘m&‘mmmr{,m 1 for storms studied by Marwitz (1972) and Dennis et al. (1970)
2 ol o o Chalon et al, (1978} | to near 100% for a select few. Marwitz (1972d) and Foote
ﬁ and Fankhauser (1973) show that in the case of High Plains
& 3 ¥ storms there is an inverse relation between the precipitation
= .. . . .
2 efficiency and the environmental wind shear in the cloud-
= : bearing layer. [Wind shear is the change in wind speed and
g direction at various altitudes.] The least efficient storms tend
- S to be supercell hailstorms; the highly efficient storms tend not
8 i i i 1 i i e to produce hail at all. The average wind shear on hail days in
s 2 & L B 8 Alberta is approximately 2.5 x 10° sec™. This average shear
Wing Shear (10 sec '}

value corresponds to an average precipitation efficiency of
approximately 50% (see again Fig. 9). For reasons previously stated, it logically follows that the production of
large, damaging hail is largely a result of natural storm inefficiency.

Krauss and Santos (2004) performed an exploratory analysis of the project volume-scan C-band radar data, using
the TITAN storm tracking software, to obtain radar-derived rainfall from 160 seeded and 1167 non-seeded
storms, on 82 days with seeding, during the summers of 2001 and 2002 in Alberta. The seeded storms (stratified
according to maximum radar-derived cell top height) had greater mean durations (+ 50%), greater mean
precipitation fluxes (+ 29%) and had greater mean total area—time integral of precipitation (+ 54%). There was
statistical evidence to support the claim that seeding caused an increase in rainfall. The seeding effect was
estimated to be a factor of 2.2 increase in the mean rainfall volume (averaged for categories 7.5-11.5 km height
storms) with an average 95% confidence interval of (1.4, 3.4). The effect on point rainfall is less than the effect on
rain volume because the seeding effect is composed of increases in the mean area and duration of the
precipitation as well as the flux. The average increase in rainfall depth was approximately 12% which agrees well
with the results from North Dakota.
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The introduction of more precipitation embryos through seeding earlier in a clouds lifetime is generally highly
advantageous, reducing the amount and size of any hail, and making the cloud more efficient as a rain producer
in the process. Seeding a hailstorm means that less water is lost via the entrainment of dry environmental air
through the sides and top of the cloud, or lost by ice crystals vented through the cloud anvil at high altitudes.

6. THE OPERATIONS PLAN

6,1 TDENTIFICATION OF HAHL-PRODUCING STORMS

The height of the 45 dBZ contour (a radar echo-intensity level) was a criterion tested in a Swiss hail suppression
program. The Swiss research found that all hailstorms had 45 dBZ contours above the altitude of the -5 °C
temperature level (Waldvogel et al. 1979). There was a False Alarm Rate (FAR) of 50%, largely because some
strong rainstorms also met the criterion. However, it is much preferable to assume that a heavy rainstorm is
going to produce hail than to mistakenly believe that a hailstorm is only going to produce heavy rain. Studies of
Alberta hailstorms also indicated that 50% of all Alberta hail storms had a maximum radar reflectivity greater than
45 dBZ, above the -5 °C level (Humphries et al. 1987). The Russian criteria for hail identification stated that the
height of the 45 dBZ contour had to exceed the height of the 0 °C isotherm by more than 2 km (Abshaev 1999).
Similarly, the criteria used by the National Hail Research Experiment in the USA (1972-1974) for a declared hail
day was defined by radar maximum reflectivity greater than 45 dBZ above the -5 °C level (Foote and Knight 1979).
Our experience suggests that the Swiss/Alberta/Russian/USA criterion is reasonable (Makitov 1999). The physical
reasoning behind it is simply that radar reflectivity (245 dBZ) implies that significant supercooled liguid water
exists at temperatures cold enough for large hail growth.

In Alberta, the TITAN cell identification algorithm in 2015 was set to track any cell having more than 10 km? of 45
dBZ reflectivity, extending above 3.5 km altitude (MSL). In all previous seasons the reflectivity threshold had been
40 dBZ, to be “safe”, absolutely certain that every cell having even a slight chance of producing hail would be
recognized by the radar-processing software as such. The drawback to this was that many, many cells not
realistically having much potential for hail were being flagged. With the latest radar upgrade, however, the
project radar now has a more sensitive receiver, shorter pulse length, and other radar processing improvements,
such that ASWMS Project Manager Dr. Terry Krauss became confident that the 45 dBZ threshold could be used.
This decision has been supported by our observations since 2015. As such, each such cell tracked by TITAN is
then considered to be a potential hail cell; therefore, this represents our seeding criterion. A storm is a candidate
for immediate seeding if the storm cell within the project boundary (as identified by TITAN with the criteria
above) is moving towards and is expected to reach a protected town or city.

The impact on the project was immediate and very helpful. Shallow stratiform rains were no longer identified as
TITAN cells. Also, when larger mesoscale convective systems developed the updated reflectivity criterion resulted
in far fewer immense, sprawling and complex TITAN cells. In previous seasons it was common to be tracking
three or more cells, only to see TITAN merge them into one very large, convoluted entity as their developing
anvils merged. Because the cells remain separate longer, this is a significant plus for post-analysis, concentrating
on the radar reflectivity volumes associated with hail. That rain showers are no longer identified as cells is not
operationally significant.
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6.2 ONSET OF SEEDING

In order for cloud seeding to be successful, it is the goal of the program to seed (inject ice nucleating agents) the
developing "new growth" cloud towers of potential hail-producing storms at least 20 minutes before the storm
cell moves over a town or city within the target zone. For the Alberta project, the principal targets are the towns
and cities within the project area (Table 1). Since 20 minutes is the minimum time reasonably expected for the
seeding material to nucleate, and have the seeded ice crystals grow to sufficient size to compete for the available
supercooled liquid water (and yield positive results), a 30 minute or greater lead time is generally thought to be
advisable.

Bentley )

cloud  base  was  observed
Lowersd  cloud  bases  typlcally
indicate  regions  of  stronger
updrafts, and thus an enhanced
hatl threat. {(WRI photograph by
Brady Brooks.)

6.3 CLOUD SEEDING METHODOLOGY

Meteorologists at the Operations Centre are responsible for initiating cloud seeding and patrol flights, alerting air
crews of the presence of developing weather sufficiently in advance that aircraft will be ready for immediate
flight when that time comes, in accordance with operational protocols. The meteorologists advise the Hailstop
aircraft when to takeoff, and guide them to the storms of concern. Patrol flights are often launched before clouds
within the target area meet the radar reflectivity seeding criteria, especially over or near the cities of Calgary and
Red Deer.

These patrol flights ensure a quicker response to developing cells. In general, a patrol flight is launched in the
event of visual reports of vigorous towering cumulus clouds, or when radar cell tops exceed 25 kft (7.6 km) height
over the higher terrain in the western part of the operations area, especially on those days when the forecast
calls for damaging hailstorms.
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Launches of additional aircraft are determined by the number and spacing of storms and the flight time required
for each seeding aircraft to reach the desired location and altitude. Overlap of coverage (airspace) and on-station
time are also considered. In general, to avoid even the possibility of collisions, and for air traffic control (ATC)
rules, only one aircraft can work safely at cloud top for each active thunderstorm complex. If multiple storms
develop that are sufficiently spaced, more than one aircraft can work at cloud top simultaneously. Horizontal
separation must be sufficient to ensure there is no chance of either aircraft impinging on the other’s assigned
airspace. [Cloud top seeding is always done under instrument flight rules (IFR), so separation is required by
regulation as well as safety.]

When the storm clouds of interest are relatively small (especially common when storms first develop), there is
often room only for one seeding aircraft to operate beneath the rain free cloud base as well. However, when
storms are larger and visibility is good, multiple aircraft can often be used safely at cloud base on the same
complex. This is possible because flight operations below cloud base are usually conducted under visual flight
rules (VFR) and out of cloud, so separation of aircraft can be ensured visually. To accomplish this, all cloud base
seeding aircraft must be constantly aware of each other’s locations. In addition, a landing light may be turned on
to aid spotting by other Hailstop aircraft. Responsibility for safe separation of aircraft is not a responsibility of the
project meteorologists, though they can usually monitor the relative positions in real-time through the AirLink
tracking system. Rather, the flight crews have this responsibility. Multiple aircraft are most often used on the
same storm when the storms assume a linear structure and develop new growth (towering cumulus) along the
leading edge of the line. The project utilizes five aircraft to provide uninterrupted seeding coverage (at either
cloud-base or cloud-top) and/or to seed multiple storms simultaneously, if required.

Factors that determine which seeding strategy is used (cloud top or cloud base seeding) include: storm structure,
visibility, cloud base height, and/or time necessary for Hailstop aircraft to reach seeding altitude. Cloud base
seeding is conducted by flying just below the cloud base within the developing inflow of growing cumulus
congestus (towering cumulus) clouds, or the inflow associated with the new growth zone in advance of the shelf
cloud located on the upshear side of linear multi cell storms (squall lines). Care is taken not to seed the strong
updrafts of mature storms, for such clouds are too advanced in their development and hail development, if it has
occurred, is too far advanced to be averted, and the seeding material would most likely be swept upward into the
storm anvil without providing “beneficial competition” to the developing hail zone

&4 SEEDING PROCEDURES

Cloud top seeding is usually conducted at altitudes where cloud temperatures are between the -5 °C and -15 °C
and closer to the former when possible, typically at altitudes of about 16,000 to 18,000 feet MSL. Cloud top
seeding is done primarily with small pyrotechnics, comprised of 20 grams of seeding agent, which are ejected into
updrafts in the upper regions of developing supercooled cloud towers. Each flare burns for ~37 seconds, while
falling a maximum of 2,700 ft (0.8 km). Nevertheless, a minimum 3,000 ft vertical separation (~1.5 km) is always
maintained between cloud top and cloud base seeding aircraft (Fig. 11).

The cloud top seeding aircraft penetrate or skim the tops of developing, supercooled, largely ice-free (and
therefore free of radar echo), cumulus congestus cells as they mature. When multicell storms are present or
when more isolated storms have feeder clouds, the seeding aircraft penetrate or skim the tops of the developing
cumulus towers as they grow up through the -10 °C flight level. The direction of flight is determined by the
location of any more mature, adjacent cells, which cannot be safely penetrated.
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When the growing cells of interest are embedded within surrounding cloud, and also with most nocturnal
convective complexes, there are no clearly defined feeder turrets visible to the flight crews. Seeding aircraft can
use their on-board weather radars to help position themselves in these cases; however, aircraft radars are
designed for weather avoidance, not for the detection of non-precipitating clouds, and so “see” only mature cells
- those beyond the growth stage where seeding can be effective. In these instances, seeding aircraft will skim the
storm edge at altitudes between -5 °C and -10 °C, near the region of tightest radar reflectivity gradient.

Seeding is done primarily by ejecting multiple 20-gram flares into cloud elements when updrafts and liquid water
are encountered. A burn-in-place flare may be ignited also, especially when turrets are closely spaced and
seedable cloud volumes are frequently encountered. Nocturnal seeding may also be performed from below the
cloud base altitude when visibility is sufficient.

An idea of what night seeding is like is provided by Fig. 12. Lightning can often help provide illumination at the
cloud base and at cloud top, but such illumination is irregular, very brief, and by nature, “flat”, meaning that
human eyes struggle to perceive much depth and distance perception. Nevertheless, lightning does help in
conducting nocturnal operations. On occasion, additional illumination may be provided by moonlight, especially if
the upper reaches of the storm anvil do not shadow the developing turrets. In any case, the seedable clouds are
those that have not yet produced precipitation, and therefore those devoid of radar echoes.
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For safety reasons flight operations require aircraft to avoid heavily electrified regions, and also close proximity to
known hail and hail aloft, as indicated by the project radar. Wind shear and terrain clearance pose additional
hazards. Though operations after dark are infrequent in Alberta because of the long summer days and lingering
twilight hours, seeding operations are conducted whenever storms develop, even in the wee hours of the
morning. Typically, this happens only a few times each season.

8.5 CESSATION OF SEEDING

If the radar reflectivity criteria continue to be met, seeding of all cells still in a position to threaten damage to
towns or cities is to be continued. However, seeding is effective only within cloud updrafts and in the presence of
supercooled cloud water, i.e. the developing stage in the evolution of the thunderstorm. The mature and
dissipating stages of a storm cannot be effectively seeded because seeding only works by enhancing ice
development in clouds that are primarily ice-free, characteristics which only are manifest in developing cloud
turrets. Storm complexes having no new development are destined for decay. While a few storms simply
develop, mature, and decay without initiating secondary development, those that have the potential to produce
hail almost always produce cool outflows that initiate more new growth adjacent to the mature and dissipating
portions of the storm. This new growth extends storm life and is seedable, so aircraft must operate in some
proximity to mature, electrified clouds and dangerous wind shears, which include violent up- and downdrafts.
Safety thus becomes of paramount importance. The history of aviation is filled with accounts of aircraft
destroyed by thunderstorms, and the potential today is just as real as ever.

Safety of project aircraft and crews is ensured by strict adherence to flight policies that are designed to keep
aircraft from ever entering mature portions of the storms, and from flying into extreme winds, hail, and lightning.

Strong radar reflectivity can only persist when new cloud development continues; when it doesn’t, decay is
inevitable. Thus, when storms maintain their intensities, developing cloud regions must exist, even though it is
sometimes hard to find them. Such mature storm complexes are seedable only when the developing clouds are
accessible to the seeding aircraft. If they are embedded within the mature clouds, hidden by decaying clouds,
and cannot be approached from below (cloud base), seeding cannot safely occur. Storm cells being tracked by
radar are not seeded if there are no indications of developing updraft or supercooled liquid water, or when the
storm does not threaten a town or city.
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Fig, 12, Nocturna! lightning, as viewsd from the alr {top} and the ground {bottom}

Tel 1-701-235-5500 Fax: 1-701-235.9717 3802 20" Street N Fargo, ND BRIG2 LUSA
www. weathermodification.com

Lt
st

001124



ALBERTA HAIL SUPPRESSION PROJECT
FINAL OPERATIONS REPORT 2017

6.6 SEEDING RATES

The seeding agent is dispensed in three ways: (1) a silver-iodide seeding solution can be burned from wing-tip-
borne ice nucleus generators, (2) pyrotechnics can be burned “in place”, while held to special racks affixed to the
trailing edges of the aircraft wings, and (3) small pyrotechnics can be ignited and ejected into cloud tops from
racks mounted on the belly of the aircraft fuselage.

A seeding rate of one 20 gram flare every 5 sec while in supercooled updraft is typically used during cloud
penetrations. A higher rate is used (i.e. 1 flare every 2 to 3 sec) if updrafts are very strong (i.e. greater than 2000
ft/min) or if the storm is particularly intense. Cloud seeding passes in the same region are immediately warranted
if there are visual signs of continued new cloud growth or if the radar reflectivity gradient of the parent cell
remains tight (indicative of continued growth and persistent updrafts). If not, a 5 to 10 min waiting period may be
used between penetrations, to allow the seeding to take effect and for visual signs of glaciation to appear, or for
radar reflectivities to decrease and gradients to weaken. Such waiting reduces the amount of seeding material
used. Calculations show that the seeding rate of one flare every 5 sec will produce >1300 ice crystals per litre
averaged over the plume within 2.5 min. This is more than sufficient to deplete the liquid water content
produced by updrafts up to 10 m s™ (2000 ft min™), thereby preventing the growth of hailstones within the
seeded cloud volumes (Cooper and Marwitz 1980).

For effective hail suppression, sufficient dispersion of the particles from consecutive flares is required for the Agl
plume to overlap by the time the cloud particles reach hail size. The work by Grandia et al. (1979), based on
turbulence measurements within Alberta feeder clouds, indicated that the time for the diameter of the diffusing
line of Agl to reach the integral length scale (200 m) in the inertial subrange size scales of mixing, is 140 seconds.
This is insufficient time for ice particles to grow to hail size, therefore, dropping flares at 5 sec intervals (assuming
a true airspeed of 80 m s™) should provide sufficient nuclei and allow adequate dispersion to effectively deplete
the supercooled liquid water and reduce the growth of hail particles. The use of the 20 gram flares and a
frequent drop rate provides better seeding coverage than using larger flares with greater time/distance spacing
between flare drops. In fact, the above calculations are conservative when one considers that the centre of the
ice crystal plume will have a greater concentration of ice crystals.

For cloud base seeding a seeding rate using two solution-burning generators or one burn-in-place flare is typically
used, dependent on the updraft speed at the cloud base. For an updraft >500 ft min™, generators and
consecutive flares per seeding run are typically used. Cloud seeding runs are repeated until inflow (updraft area)
has diminished or until the storm of concern has passed all urban areas. Solution-burning ice nucleus generators
are used to provide continuous silver iodide seeding if extensive regions of light or moderate updraft are found at
cloud base in advance of the shelf cloud region. Base seeding is not conducted if only downdrafts are
encountered at cloud base, since this would waste seeding material.

&7 SEEDING AGENTE

The cloud seeding pyrotechnics used by WMI are exclusively manufactured by Ice Crystal Engineering (ICE) of
Kindred, North Dakota. The ejectable flares contain 20 grams of seeding material and burn for approximately 37
sec and fall approximately 3000 ft before burning up. The burn-in-place (BIP) flares contain 150 grams of seeding
material, and burn for approximately 4 min. Arrangements were made with Solution Blend Services, a Calgary-
based company, to pre-mix all silver iodide seeding solution from reagent grade raw materials provided by WMI.
All handling, mixing, storage, and labelling requirements established by law and regulation were fully satisfied.
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The Cloud Simulation and Aerosol Laboratory (SimlLab) at Colorado State University (CSU) has tested the ice
nucleating ability of aerosols produced from cloud seeding flares and solutions for many years (Garvey 1975,
DeMott 1999). [Note: The Simlab is now closed and no longer

1.00E+15 performs such tests; a new testing facility to conduct these
3 standardized tests is not yet available.] The current ICE
] pyrotechnics were tested at CSU in 1999 as reported by DeMott
1.00E+14 (1999). Aerosols were collected and tested at nominal
3 . temperatures of -4, -6 and -10 °C. At least two tests were done at
) 4 each temperature, with greater emphasis placed on warmer
%1005*13 ; £ temperatures. The cloud chamber liquid water content (LWC) was
o 1.5 g m™ for most tests, but 0.5 g m™ for some, enough to confirm
® 4 the dependence of nucleation rate upon cloud droplet
g 1.00E+12 3 concentration. The primary product of the laboratory
> 1 characterization is the "effectiveness plot" for the ice nucleant
1 3 which gives the number of ice crystals formed per gram of
1.00E+11 3 & nucleant as a function of cloud temperature. Yield results for the
; o .@,ﬁm ICE flares at various sets of conditions are shown in Fig. 13 and are
: E tabulated in Table 2.
1.00E+10 Ay
0 3 . 1{1 1 Flg, 13, Yield = crystals pergram of pyrotechnic as s function of
Supammlmg ( C) supercoocting, from DeMott 1889,
Temp LWC Raw Yield Corr. Yield Raw Yield Corr. Yield Yield
(°C) (g m?) (g”" Agl) (g™ Agl) (g" pyro) (g" pyro) (per pyro)
-3.8 1.5 3.72x10" 3.87x10™ 4.01x10" 4.18x10" 8.36x10"
-4.0 1.5 9.42x10" 9.63x10" 1.02x10" 1.04x10" 2.08x10"
-4.2 1.5 1.66x10™ 1.70x10™ 1.80x10™ 1.84x10™ 3.67x10"
-4.3 1.5 2.15x10" 2.21x10" 2.32x10" 2.39x10" 4.77x10"
-6.1 1.5 6.01x10"™ 6.13x10"™ 6.49x10™ 6.62x10™ 1.32x10™
-6.3 1.5 5.44x10" 5.56x10" 5.87x10" 6.00x10" 1.20x10"
-6.4 1.5 6.22x10" 6.34x10" 6.72x10"™ 6.85x10" 1.37x10™
-10.5 1.5 2.81x10" 2.85x10" 3.03x10" 3.07x10" 6.15x10"
-10.5 1.5 2.34x10" 2.37x10" 2.87x10" 2.91x10" 5.81x10"
-4.2 0.5 1.41x10"™ 1.45x10" 1.53x10" 1.57x10" 3.14x10%
-6.0 0.5 7.42x10" 7.73x10" 8.01x10% 8.34x10% 1.67x10™
-10.5 0.5 2.38x10" 2.41x10" 2.91x10" 2.96x10" 5.92x10"

Table 2. Yield (per gram) of the ICE Glaciogenic Pyrotechnic (DeMott 1999).

Ll
Lad
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Tests were also performed using the method of DeMott et al. (1983) to determine the characteristic times for
effective ice nuclei activation; these are summarized in Fig. 14 and Table 3. The primary results of the CSU SimLab
tests of the glaciogenic cloud seeding pyrotechnics manufactured by ICE are summarized as follows (from DeMott
1999):

. The aerosol particles produced by the new ICE pyrotechnics were highly efficient ice nucleating
aerosols. Yield values were approximately 1x10", 5x10" and 3x10™ ice crystals per gram
pyrotechnic effective at -4, -6 and -10 °C in 1.5 g m™ clouds in the CSU isothermal cloud chamber.
Improvement compared to the previous pyrotechnic formulation used by ICE was modest at -6
°C, but most significant (factor of 3 increase in yield) at -4 °C.

. The ICE pyrotechnics burned with a fine smoke and a highly consistent burn time of ~37 s.

. Rates of ice crystal formation were very fast, suggestive of a rapid condensation freezing process.
The balance of observations showed no significant difference in the rate data obtained at varied
cloud densities, supporting a conclusion that particles activate ice formation by condensation

freezing.
120
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The CSU isothermal cloud chamber tests indicate that, on a per gram basis of pyrotechnic, the output and
effectiveness indicate that they are the best available worldwide. High yield and fast acting agents are important
for hail suppression since the time-window of opportunity for successful intervention of the hail growth process is
often less than 10 minutes. More information about the ICE glaciogenic pyrotechnics can be found on the
internet at www.iceflares.com.
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Temp LWC k kdil kact Ti/e T90% Yield
(°C) (gm™) (min™) (min™) (min™) (rmin) (min) Correction
-4.0 1.5 1.093 0.023 0.935 0.94 4.32 1.023
-4.2 0.5 0.713 0.019 0.694 1.44 5.71 1.028
-6.3 1.5 1.775 0.038 1.737 0.48 1.12 1.020
-6.0 0.5 0.724 0.028 0.696 1.43 5.21 1.041
-10.5 15 3.200 0.045 3.155 0.32 0.73 1.014
-10.5 0.5 2.488 0.040 2.448 0.41 0.94 1.016

Table 3. Activation Rate of Nuclei Produced by ICE Pyrotechnic (DeMott 1999).

6,8 SUSPENSION

Criteria are in place that define when seeding should be stopped, or not be conducted. These criteria were
developed in accordance with the Weather Modification Association (WMA) statement recommending such
criteria be established for all projects. The specifics of the WMA statement can be found by visiting the following
link: http://www.weathermodification.org/standards ethics.php.

The ASWMS suspension guidelines are as follows:

The following criteria and procedures for suspending operations in the face of impending severe weather to avoid
contributing to, or appearing to contribute to, damaging weather situations shall be followed:

1. An emergency shutdown of seeding operations can be declared when there is a situation that
poses an immediate threat to life and property. A logical criterion would be when a community is
under a declared State of Emergency for flooding or tornado.

2. If the field meteorologist has any doubt about whether suspension criteria are met, he or she
should order seeding stopped, and then contact the Project Director for clarification.

3. The Alberta Severe Weather Management Society policy of suspension of seeding during severe
weather activity is strictly for reasons related to public perception and aircraft safety.

4, Resumption of normal seeding operations would be conditional on the emergency situation no

longer posing a reasonable threat, such as a declared State of Emergency being lifted. However, if
a storm forecast is of significant threat (3.3 cm diameter hail or greater), the Project Director has
the authority to resume operations at any time.

Lt
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7. PROGRAM ELEMENTS AND INFRASTRUCTURE

7 INFRASTRUCTURE

The flow of information within the project is illustrated in block diagram form in Fig. 15. The focal point of the
project is the Operations Centre, located at the Olds-Didsbury Airport, approximately halfway between the two
largest metropolitan areas, Calgary and Red Deer.

The ASWMS Board is comprised of individual insurance industry employees nominated by their respective
companies. The ASWMS President serves as the primary liaison between the Board and Weather Modification
International (WMlI), though all Board members receive the project summary reports compiled and disseminated
weekly by WMI during the operational period, which is June 1 through September 15, annually.

& THE OPERATIONS CENTRE

Environment Canada operates two weather radars in Alberta, one in Carvel, near Edmonton, and the other at
Strathmore, east of Calgary. While good for surveillance of the province, neither provides the detail and flexibility
needed for hail suppression operations in the target area. Thus, radar support for the project required that a
third radar be installed. Since the project’s inception in 1996 the Operations Centre and radar have been based
at the Olds-Didsbury Airport, centrally located in the target area (see again Fig. 4).

An illustrated schematic diagram (Fig. 16) of project activities occurring at and around the Operations Centre
provides more detail about the origins and flow of data critical for operations. Technical specifications of all
project-operated facilities and equipment are given in the appendix of this report.

Aswmg i President, Board of Directors
WMI Chief Financial Officer !
Public Agencies
Environment Froect Manage
Canada Project Dirsotor
TITAN 1 CIDD Radar
AlrLink Flight Tracks
UpperAirSoundings | - | g g g
Prognostic Charts {Models)
Surface Weather Reports “
Satellite Imagery W STAFF 3
Upper Alr Synoptic Charts Program Manager @ ﬁ
Pilot Reports Lead ?m}em M&tﬂur@jogﬁ&@ %m Enviconment Canada
Visual Observations (everybody) Project Meteorologists ge Praisic Weather Contre
Lightning Data T gg Calgary ATE
vz
o
DALY, CONTINUDUS %
FRIOR TO AND &
DURING OPERATIONS .}

HAILSTOP 1 =
HALLSTOP 2 > Springbank e & b
HAILSTOP § - S
HALBTOP S~ oy |
HAILSTOP ¢ " Red Desr

ft "
Spading Equipment, Radar, Computers,
Communications

Fig, 15, Schematle of Program infrastructure,  Arrows denote direction of information flow,  Arrow labels show typics! frequency of
communications.
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All project operations are directed and monitored from the WMI radar installation at the Olds-Didsbury Airport
(official airport identifier: CEA3). Project offices for radar operation and monitoring, weather forecasting,
recordkeeping, and overall administration are located on the airfield just south of the main ramp. Immediately
adjacent to the Operations Centre offices is the easily recognizable radar tower and radome (Fig. 17).

The project control room contains the following: radar displays and processing computers, the AirLink flight
telemetry system, computers with internet connectivity for access to external weather data, VHF radios for direct
communication with project aircraft, and telephone.

The primary radar display and control is achieved through the Thunderstorm Identification, Tracking, Analysis, and
Nowcasting (TITAN) acquisition and processing software. The TITAN software processes and displays the full-sky
volume scan radar data, producing a variety of graphical images that are useful in real-time as operations are
conducted, and also in post-analysis. [Note: the term volume scan refers to radar data collected during a
complete set of 360°, full-azimuth scans, each at progressively higher antenna elevation angles. About four
minutes are required for the radar to complete each volume scan.]
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73 IHGITAL WEATHER RADAR

The TITAN software helps the meteorologists identify potential hailstorms and, with the flight tracks of project
aircraft superimposed, improves the guidance of aircraft to the hail-growth regions of active thunderstorms. The
primary (and largest) TITAN display window is referred to as the RVIEW window. The operator can select the
RVIEW window to display any of a number of TITAN parameters either as observed for specific constant altitude
plan views (called CAPPIs), or as a composite view, that shows the maximum value observed at each coordinate
anywhere above the surface. Composite reflectivity TITAN images are sent to the WMI web server after the
completion of each volume scan.

Operating in tandem with TITAN is the Configurable Interactive Data Display (CIDD) radar processing system. The
CIDD is similar to TITAN in function. There are advantages to both systems, so WMI uses both. The CIDD is
typically set up to run a continuous animated 1-hour movie loop.

Both TITAN and CIDD are available in the operations room on dedicated displays, that is, flat-panel monitors
dedicated full-time to those purposes. In addition, a supplemental TITAN RVIEW window is not used interactively,
but used to port (send) TITAN data to the web upon the completion of each complete radar volume scan. This is
done to ensure that the web image is consistent from scan to scan.
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7.4 GROUND SCHOOL

A ground school was conducted prior to the commencement of the project field operations on 29 May 2017, for
project personnel at the Intact Insurance training room in downtown Calgary. Operational procedures about who
does what, where, when and why, as well as general conduct and reporting requirements were presented and
reviewed at the ground school. A representative of NAV Canada’s Air Traffic Control Unit for Calgary participated
in the ground school. A copy of the ground school program and samples of the flight log and radar log forms are
included in the appendices.

The pre-project ground school training topics included:
i program overview and design, project area, target areas, and priorities
ii. overview of operations and procedures
iii. cloud seeding hypotheses for hail suppression

iv. cloud seeding theory and techniques

V. aviation weather problems and special procedures

vi. aircraft controlling techniques and procedures

vii. seeding aircraft equipment and characteristics

viii. weather radar equipment and basic principles

iX. basic meteorological concepts and severe weather forecasting
X. weather phenomena, fronts, and storms

Xi. daily routines and procedures

Xii. communications procedures

Xiii. computers, documentation, and reporting procedures
Xiv. safety, security precautions and procedures

75 PUBLIC RELATIONS

A total of seven groups toured the project Operations Centre at the Olds-Didsbury airport as part of the Alberta
Insurance Council accreditation program. Tours were conducted on June 21 and 28; August 10, 16, 22, and 28;
and September 7, 2017. In total 145 persons took part in this program, which helps those working in the industry
understand the program.

The tours, organized and led by Ms. Sarah Newell (AVIVA Canada), each included a presentation by ASWMS
Program Director Dr. Terry Krauss, a tour of the room and equipment used to direct the cloud seeding operations,
and a chance to see one of the project seeding aircraft and its associated equipment (Fig. 18).

In addition the accredited tour and lecture program, on June 21, civic officials from those cities and towns located
within the protected area were invited to the Operations Centre to learn about the program first-hand. A total of
14 persons attended, including the mayors and/or civic officials of: Calgary, Airdrie, Okotoks, Chestermere,
Lacombe, Strathmore, Olds, Innisfail, Penhold, Sundre, Bowden, Bentley, Linden, and Cremona. Note: The Mayors
of Red Deer and Sylvan Lake did not attend because there was a severe wind storm that struck Red Deer and
Sylvan the day before causing lots of fallen trees, structural damage, and power outages which required their
attention.
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Fig, 18, Captain Andrew Brice {facing camers, s ins the seading equipment on Hallstop 1 to some of the participenis in the
5 £y oy g ; - Afeitons §
August 167, 201 sort, { soh by Bradisy Waller )

Recent storms were also replayed on the radar (Fig. 19). In addition to the equipment used in the project,
attendees learn about Alberta’s long history in hail suppression research and operations, the scientific basis for
the program, and how the seeding agent (silver iodide) functions to reduce hail (Fig. 20). They also learn how the
operations are conducted, hearing the information from the meteorologists and pilots who actually perform the
operations.
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