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Fig.1 Left: background-subtracted peak flux distribution. The shaded histogram is for flares with a
background flux less than or equal to 10~6 W . m~—2. The other histogram is for the rest of flares with a
higher pre-flare background flux. Right: correlation between the background flux and the peak flux

(including the pre-flare background flux).
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Fig.2 The background flux vs. the background-subtracted flux at the flare onset in the 1 ~ 8 A energy
band of all flares. The left and right panels are for the GOES 8, and GOES 10 observations, respectively.
The upper panels are obtained with the default GOES software. The lower panels are obtained after
removing a criterion on the background flux. The vertical dashed line indicates the upper limit of the

background flux for our flare selection. The open circles indicate the selected flares with the rise phase

dominated by an exponential growth period of the EM.
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Fig.3 Same as Fig. 2, but for the high energy channel of 0.5 ~ 4 A
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Fig.4 Observation summary of two flares on 2002 March 26 (left) and 2002 May 7 (right). (a) The GOES
8 light curves (3 s data). The dashed lines indicate the background fluxes. (b) The EM derived from the
GOES fluxes. Solid line segments illustrate the periods of exponential growth in the EM. The dominant
exponential growth phase of the EM is indicated by the two vertical dot-dashed lines. The vertical dotted
and dashed lines indicate the flare onset and peak times, respectively. (c) The temperature derived from
the GOES fluxes. The mean temperature during the dominant exponential growth phase is indicated by a
horizontal solid line. (d) The RHESSI light curves (4 s data) in different energy bands. The RHESSI night
and the South Atlantic Anomaly (SAA) time intervals are indicated by horizontal lines. In the right panel,
the RHESSI light curve in 25 ~ 50 keV energy band is plotted in linear scale to show its impulsive

behavior.
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Fig.5 Same as Fig. 4, but for the two flares with slightly more complicated temperature evolution when

the EM grows exponentially. RHESSI did not have good coverage of these two flares.
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Fig.6 The occurrence frequency distribution of the mean temperature of the dominant exponential

growth phase of all flares selected from both GOES 8 and 10 satellite observations. The solid line shows a

Gaussian fit with a mean of 10.7 MK and 10.3 MK, and a standard deviation of 1.30 MK and 1.16 MK for
GOES 8 (left) and GOES 10 (right), respectively.

*®1 EPERNSEE (GOES 8 #i8)
Table 1 Characteristics of selected flares derived from the GOES 8 observations
Peak time Peak flux Dy tq Gy Temperature

Wm=2) 5 (s~ (MK)
1999-01-12UT20:44:27 7.93x10~7 153 201 3.74x1073 11.28
1999-01-27UT01:21:39 1.22x10-6 282 240 3.10x103 10.13
1999-01-31UT11:43:39 6.17x10~7 84 90 5.38x10~3 11.71
1999-01-31UT16:28:03 4.81x10~7 42 96 8.83x103 10.35
1999-02-01UT23:31:33 8.79%x10~7 87 189 6.67x1073 11.94
1999-02-02UT05:10:03 6.03x10~7 81 57 4.20x1073 10.08
1999-02-11UT23:15:27 1.35x10~6 579 1490 1.08x10~3 9.84
1999-02-18UT17:20:30 2.10x10~6 324 513 2.61x1073 10.65
1999-02-22UT01:38:30 7.49%x1077 126 255 2.55x1073 10.59
1999-02-25UT13:42:15 4.61x10~7 63 93 6.13x103 11.12
1999-03-03UT07:57:03 7.34x1077 129 159 4.98x1073 10.63
1999-03-03UT13:25:12 8.38x10~7 159 132 4.80x1073 11.24
1999-03-03UT19:47:27 7.20x1077 78 105 1.04x10~2 11.71
1999-03-09UT23:27:09 8.61x10~7 129 462 3.75x10~3 11.35
1999-03-12UT13:29:27 8.21x1077 48 81 8.76x1073 11.24
1999-03-12UT16:37:00 1.35x10~6 138 66 6.24x1073 10.85
1999-03-15UT02:01:21 8.47x1077 153 99 3.69x1073 11.49
1999-03-15UT15:52:51 7.37x107 252 270 3.04x103 10.18
1999-03-17UT03:42:42 1.16x10~6 147 117 5.77x1073 11.52
1999-04-06UT02:59:33 6.00x10~7 144 96 4.31x1073 11.52
1999-04-06UT04:17:09 7.92x10~7 81 168 4.45x1073 11.57
1999-04-06UT07:05:42 3.61x1076 948 1170 1.02x1073 10.41
1999-04-07UT05:36:42 1.25x10~6 159 162 4.08x1073 11.01
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Table 1 Continued
Peak time Peak flux Dy tq Gy Temperature

Wm=2) (5 ) (MK)
1999-04-09UT04:15:39 6.20x1077 123 153 3.70x1073 10.19
1999-04-09UT15:54:27 1.29%x10—6 372 282 2.21x10~3 10.55
1999-04-09UT20:09:39 5.43%1077 42 54 8.99%x1073 10.06
1999-04-11UT02:59:09 4.21x10~7 42 96 6.73x1073 10.62
1999-04-13UT09:21:21 6.37x1077 126 102 5.65x1073 10.70
1999-04-18UT21:19:24 7.88%10°7 264 213 2.01x10—3 9.96
1999-04-21UT00:22:36 6.05%10~7 135 258 5.12x1073 10.75
1999-04-21UT11:56:30 6.00x10~7 120 180 5.88x1073 11.08
1999-04-21UT14:06:54 7.61x10°7 111 249 5.34x103 11.91
1999-04-24UT18:23:24 3.47x1077 228 348 2.01x1073 10.31
1999-04-27UT09:37:15 5.71x10~7 204 306 3.36x1073 10.93
1999-05-03UT18:14:51 7.61x1077 75 102 5.24x1073 11.30
1999-05-04UT11:29:09 9.48x10~7 135 267 4.34x1073 10.21
1999-05-25UT18:10:12 1.62x10~6 585 369 1.41x1073 10.73
1999-05-26UT14:12:03 1.04x10-6 93 93 5.87x103 11.68
1999-05-29UT09:34:33 1.15x10~6 201 159 2.44x1073 10.88
1999-05-31UT15:46:54 6.60x10~7 60 165 4.76x1073 10.71
1999-05-31UT20:26:36 1.40x10~6 354 240 2.81x1073 11.68
1999-06-09UT00:18:12 1.27x10-6 471 723 1.63x10~3 10.03
1999-06-09UT17:12:36 1.30x10~6 216 597 2.56x103 11.61
1999-06-11UT21:36:42 1.40x10~6 165 153 5.47x1073 10.78
1999-06-12UT23:51:39 2.11x106 228 282 4.41x1073 11.80
1999-06-20UT00:59:42 2.01x10—6 156 333 4.73%x1073 10.74
1999-06-23UT15:59:09 1.41x10~6 213 138 3.62x1073 9.63
1999-07-07UT14:50:27 1.26x10~6 183 240 3.37x1073 9.99
1999-07-10UT05:10:15 1.05x10~6 168 105 5.69x103 11.35
1999-07-10UT15:12:39 8.80x1077 90 225 6.09%1073 10.44
1999-07-12UT16:47:57 1.33x10~6 207 288 4.89x1073 10.02
1999-07-15UT15:58:42 1.03x10~6 258 342 2.54x1073 10.36
1999-07-16UT00:49:27 5.08x10~7 54 99 4.63x1073 10.30
1999-07-16UT07:40:36 7.93x1077 102 81 4.20x1073 10.14
1999-07-21UT14:06:15 7.74%x10°7 102 192 4.33%x103 9.91
1999-08-13UT11:29:54 6.77x1077 207 219 2.28x1073 10.52
1999-08-13UT23:34:39 6.01x10~7 36 96 5.67x103 10.16
1999-09-10UT07:43:36 7.13x1077 177 150 3.26x1073 10.55
1999-09-10UT09:20:24 8.82x10~7 300 183 2.80x1073 10.52
1999-09-11UT14:44:15 8.15%10~7 165 282 3.89x1073 10.59
1999-09-20UT00:58:27 1.33x10~6 486 393 1.71x10~3 10.61
1999-09-22UT09:10:57 9.77x10~7 96 201 3.290%1073 10.22
1999-09-29UT15:23:45 7.00x1077 411 432 1.38x1073 10.21
1999-09-30UT23:46:24 7.51x10~7 219 282 3.36x1073 10.98
1999-10-01UT03:19:27 1.02x10~6 171 246 3.80x1073 10.39
1999-10-03UT14:28:51 9.11x10~7 180 336 2.60x10~3 10.12
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Table 1 Continued
Peak time Peak flux Dy tq Gy Temperature

(W-m~—?) (s) (s) G (MK)
1999-10-13UT04:53:18 1.18x10~6 105 141 4.42%1073 11.30
1999-10-15UT07:20:36 1.31x10~6 69 129 1.30x10~2 10.62
1999-10-18UT02:31:24 1.83x10~6 291 927  3.95x1073 11.21
1999-11-01UT22:35:30 9.60x10~7 159 171 4.73x1073 11.05
1999-11-02UT09:49:03 1.46x10~6 384 246 1.76x10~3 9.80
1999-11-30UT11:12:39 1.28x10~6 198 273 3.44%1073 11.39
1999-12-05UT03:27:54 9.30x10~7 294 294 2.28x1073 9.74
1999-12-06UT09:51:15 1.22x10~6 390 354 1.40%x10~3 10.03
1999-12-14UT07:00:03 1.17x10~6 237 369 2.33x1073 9.74
2000-01-05UT04:15:30 1.06x10~6 369 351 1.03x1073 10.62
2000-01-07UT15:16:03 1.16x10~6 237 207 2.54x1073 10.48
2000-01-10UT19:02:45 1.30x10~6 675 489 1.26x1073 9.80
2000-01-25UT11:37:00 6.51x10~7 147 177 2.47x1073 9.37
2000-01-29UT00:30:51 7.90x10~7 189 318 2.44x1073 9.50
2000-01-29UT12:53:57 5.92x10~7 108 111 3.57x1073 10.34
2000-02-05UT18:20:33 1.27x10~6 288 861 3.12x1073 9.80
2000-02-29UT21:58:54 1.87x10~6 150 189 4.65x1073 10.82
2000-04-16UT18:02:48 8.55x10~7 81 81 4.75x1073 9.78
2000-04-26UT12:33:15 1.10x10~¢ 123 180 7.32x1073 11.24
2000-04-27UT03:20:27 9.39x1077 81 87 6.39x1073 10.38
2000-04-27UT15:50:36 8.99x10~7 147 294 5.08x1073 9.88
2000-04-30UT16:18:48 8.33x10~7 174 240 2.67x1073 10.83
2000-04-30UT16:38:18 7.68x1077 93 150 5.12x1073 11.35
2000-05-03UT21:47:09 1.15x10~6 237 141 3.62x1073 10.42
2000-05-09UT04:19:54 1.12x10~6 357 834 1.00x10~3 9.45
2000-05-28UT07:25:12 1.66x10~6 279 186 3.52x1073 10.16
2000-05-29UT12:29:36 1.01x10~6 231 168 4.93%x1073 10.80
2000-05-30UT18:47:06 8.13x10°7 123 204  4.35x1073 11.00
2000-06-19UT05:31:36 1.16x10~6 132 141 3.92x1073 11.91
2000-06-21UT00:46:54 6.71x1076 264 351 3.66x1073 11.91
2000-06-26UT04:35:15 1.93x10~6 381 495 2.47x1073 11.76
2000-07-03UT04:15:12 8.19x10~7 282 381 1.45%x10~3 9.49
2000-07-03UT16:29:36 7.58x1077 42 150 9.42x1073 10.88
2000-08-18UT23:55:21 1.34x10~6 363 138 2.64x1073 10.64
2000-08-23UT01:16:00 1.41x10~6 711 603 5.63x107% 9.88
2000-08-24UT06:42:12 1.81x10~6 903 864 9.47x1074 10.36
2000-08-28UT11:42:42 1.17x10~6 204 72 4.11x1073 10.40
2000-09-04UT15:37:42 1.40x10~6 171 105 5.92x1073 11.77
2000-09-14UT13:56:18 2.26x106 258 249 3.88x103 11.24
2000-10-17UT11:22:21 1.11x10~6 312 330 1.94x1073 10.36
2000-10-22UT17:04:24 8.50x10~7 108 381 4.51x1073 11.02
2000-11-10UT16:39:15 1.81x10~6 330 381 2.67x1073 10.34
2000-11-16UT06:55:27 9.61x10~7 54 123 9.70x1073 11.30
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Table 1 Continued
Peak time Peak flux Dy tq Gy Temperature

(W-m~—?) (s) (s) C) (MK)
2000-11-17UT02:23:30 1.39x10~6 159 102 5.17x1073 10.85
2000-11-21UT16:48:18 1.19x10°6 156 387 4.32x1073 10.61
2000-12-07UT02:45:12 1.06x10~6 96 99 7.45x1073 11.52
2000-12-13UT17:01:39 1.16x10~6 150 57 3.41x1073 9.88
2000-12-14UT18:28:57 1.50x10~6 204 159 4.25%x1073 10.22
2000-12-25UT08:46:39 9.66x10~7 105 138 5.05%1073 10.41
2000-12-26UT04:16:39 1.16x10~6 84 231 5.64x1073 10.90
2001-01-11UT03:48:36 1.36x10~6 219 162 3.04x1073 9.93
2001-01-15UT20:24:00 1.32x10°6 273 210 2.50x103 10.96
2001-01-17UT18:22:03 1.09%10~6 132 234 3.92x1073 9.81
2001-02-17UT03:14:09 6.36x1077 63 153 4.51x1073 10.53
2001-02-20UT03:49:24 9.98x10~7 273 525 2.70x1073 10.83
2001-02-20UT23:41:18 6.58%10~7 69 150 7.01x10~3 11.05
2001-02-23UT12:28:21 6.34x10~7 168 264 3.04x1073 10.96
2001-03-01UT14:42:45 6.10x10~7 72 123 6.41x1073 9.52
2001-03-03UT05:42:27 8.16x10~7 171 198 3.17x1073 11.13
2001-03-04UT06:09:15 5.73x10~7 201 312 2.11x10—3 10.27
2001-03-04UT18:49:42 1.44x10~6 78 75 1.01x10~2 10.75
2001-03-05UT16:40:21 1.45%10~6 711 516 1.13x1073 10.73
2001-03-06UT02:36:21 1.39x10~6 735 969 8.38x107% 10.43
2001-03-11UT08:13:09 1.45%10~6 807 1080 9.06x10~4 10.84
2001-03-16UT15:54:15 1.80x10~6 297 384 3.34x1073 11.43
2001-03-18UT04:26:09 5.81x10~7 198 333 2.51x1073 9.68
2001-03-18UT12:26:12 2.24x10~6 264 135 3.24x1073 9.59
2001-04-13UT08:30:06 5.86x10~7 165 354 2.05x1073 10.70
2001-05-06UT19:20:15 5.99x10~7 126 141 3.96x1073 9.72
2001-05-16UT09:44:03 1.60x10~6 348 270 1.89x10~3 11.64
2001-05-22UT14:13:12 8.90x10~7 414 978 1.19x1073 9.81
2001-05-28UT14:10:27 7.32x1077 333 333 1.74x1073 11.05
2001-06-02UT13:26:54 9.73x10~7 138 240 4.59x1073 10.83
2001-06-05UT08:01:06 9.68x10~7 201 225 3.06x1073 11.45
2001-06-07UT13:03:00 1.39x10~6 189 90 4.32x1073 10.80
2001-06-10UT17:26:06 1.15%x10~6 210 267 2.08x1073 9.93
2001-06-29UT23:50:00 7.62x10~7 126 150 3.85x1073 9.94
2001-07-06UT06:01:33 3.68x10~7 42 36 4.38x1073 9.71
2001-07-08UT01:50:03 4.12x1077 153 222 3.02x103 9.80
2001-07-13UT07:50:12 7.62x10~7 57 180 9.83x1073 11.04
2001-07-15UT23:24:51 8.86x1077 174 447 3.42x1073 10.03
2001-07-23UT01:44:18 8.28%107 243 162 2.42%1073 10.00
2001-07-23UT21:57:36 1.30x10~6 102 129 6.29x1073 10.94
2001-07-29UT19:10:42 1.31x10~6 498 426 1.91x10~3 10.48
2001-08-03UT05:34:39 1.27x10~6 345 330 2.29x1073 9.60
2001-08-05UT19:54:00 1.73x10~6 237 336 4.10%x1073 11.06
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Table 1 Continued
Peak time Peak flux Dy tq Gy Temperature

(W-m—?) ) (5) (s~ (MK)
2001-08-08UT06:29:30 1.06x10~6 63 153 4.26x1073 11.52
2001-08-09UT04:38:18 2.09%10~6 114 78 6.60x10—3 11.53
2001-08-16UT02:52:42 8.10x10~7 78 60 7.37x1073 11.08
2001-08-16UT17:46:36 8.98x10~7 225 405 2.61x1073 10.91
2001-08-17UT09:25:12 6.10x10~7 54 102 6.66x10~3 10.16
2001-09-02UT04:08:48 1.42x10~6 162 114 3.53x10~3 11.19
2001-11-26UT19:21:27 1.64x10~6 141 183 4.39x1073 10.72
2002-03-26UT15:21:30 3.11x106 693 1520 1.42x1073 10.22
2002-04-01UT13:03:39 1.40x10~6 180 261 4.18x1073 10.49
2002-04-02UT16:28:36 1.23x10~ 42 93 1.45x10~2 11.22
2002-04-20UT09:35:18 1.38x10~6 738 1180 9.56x10~% 11.95
2002-04-24UT10:53:15 2.16x10~6 351 441 3.07x1073 10.62
2002-04-26UT13:26:54 9.25x10~7 159 165 3.20x103 10.44
2002-05-02UT03:32:33 1.71x10~6 219 1090 4.33x1073 10.90
2002-05-07UT12:42:00 2.10x10~6 171 240 6.35%1073 11.70
2002-05-12UT09:54:12 3.82x10°6 1491 969 7.99%10~% 10.47
2002-05-19UT06:49:36 1.19x10~6 138 579 6.02x103 11.59
2002-05-25UT05:47:00 1.40x10~ 177 159 3.98x1073 11.25
2002-06-12UT01:19:21 8.70x10~7 144 180 3.29%x103 10.31
2002-06-14UT00:02:51 9.55x10~7 87 228 5.55x1073 11.20
2002-06-25UT01:59:03 6.87x1077 54 54 9.77x10~3 10.02
2002-06-26UT17:18:45 4.53%x1077 60 201 6.09%1073 10.58
2002-06-26UT20:09:57 6.31x10~7 135 186 2.67x1073 9.88
2002-06-29UT12:53:21 8.52x10~7 249 246 2.08x103 10.35
2002-07-03UT08:51:51 1.13x10~ 129 297 3.06x1073 9.80
2002-07-11UT02:39:57 1.62x10~6 180 117 4.96x1073 11.69
2002-07-12UT07:01:42 1.70x10~6 894 1160 8.27x10~% 11.79
2002-07-12UT19:45:27 8.22x10~7 111 195 4.18x1073 10.91
2002-07-16UT19:15:00 1.46x10~6 141 141 6.35%x1073 10.94
2002-09-24UT20:03:36 1.78x10~6 327 267 3.46x1073 11.68
2002-09-28UT09:00:12 8.39x10~7 132 240 2.81x1073 9.60
2002-09-28UT10:01:39 7.86x10~7 141 273 4.05x1073 11.20
2002-09-30UT06:43:39 3.30x1076 468 588 2.26x1073 10.55
2002-10-06UT02:26:33 1.20x10~6 45 60 1.24x10~2 11.47
2002-10-11UT01:53:00 1.21x10-6 420 360 1.65x1073 10.83
2002-11-05UT05:54:06 1.38x10~6 123 54 6.16x10—3 11.69
2002-11-24UT02:13:00 1.10x10~ 213 273 2.57x1073 10.60
2002-11-25UT22:33:00 1.06x10~6 54 120 5.80x1073 11.06
2002-12-08UT16:43:00 8.69x10~7 171 156 3.57x103 10.14
2002-12-27UT16:52:45 6.55%x1077 486 477 1.06x10~3 9.37
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Fig.7 Correlation between the rise and decay times. The dot-dashed line indicates the equality of these
two timescales. The solid and dashed lines indicate the linear fits to the data derived from the GOES 8,

and GOES 10 observations, respectively.
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Fig.8 Left: Correlation between the duration of the dominant exponential growth phase Dy and the

corresponding growth rate G;. The mean temperature is indicated by the color bar. The circles indicate

the four flares shown in Figs. 4 and 5, respectively. Right: Distribution of the background-subtracted peak

flux of the selected flares in the 1 ~ 8 A band. The solid line shows a log-normal fit with a mean of

10764 W.m~2, and a standard deviation of 0.24 for both GOES 8 and 10 observations.
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Fig.10 Left: The frequency distribution of the duration of the dominant exponential growth phase. The
log-normal fit has a mean of 170 s, and a standard deviation of 1.9 for both GOES 8 and 10. Right: The
frequency distribution of the growth rate of the exponential growth phase. The log-normal fit has a mean

of 0.009 s~ 1, and a standard deviation of 1.6 for both GOES 8 and 10.
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Solar Flares with an Exponential Growth of the
Emission Measure in the Impulsive Phase Derived from
X-ray Observations
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(2 Key Laboratory of Dark Matter and Space Astronomy, Chinese Academy of Sciences, Nanjing 210008)
(3 Graduate University of Chinese Academy of Sciences, Beijing 100049)

ABsTtrRACT The light curves of solar flares in the impulsive phase are complex in gen-
eral, which is expected given the complexities of the flare environment in the magnetic field
dominant corona. With the GOES (Geostationary Operational Environmental Satellite)
observations, we however find that there are a subset of flares, whose impulsive phases are
dominated by a period of exponential growth of the emission measure. The flares occurring
from January 1999 to December 2002 are analyzed, and the results from the observations
made with both GOES 8 and 10 satellites are compared to estimate the instrumental uncer-
tainties. The frequency distribution of the mean temperature during this exponential growth
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phase has a normal distribution. Most flares within the 1o range of this temperature dis-
tribution belong to the GOES class B or C with the frequency distribution of the peak flux
of the GOES low-energy channel following a log-normal distribution. The frequency distri-
bution of the growth rate, and the duration of the exponential growth phase also follow a
log-normal distribution with the duration covering a range from half a minute to about half
an hour. As expected, the growth time is correlated with the decay time of the soft X-ray
flux. We also find that the growth rate of the emission measure is strongly anti-correlated
with the duration of the exponential growth phase, and the mean temperature increases
slightly with the increase of the growth rate. The implications of these results on the study
of energy release in solar flares are discussed at the end.

Key words acceleration of particles, plasmas, radiation mechanisms: thermal, sun: flares,
sun: X-rays



