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Table 1 - page 8

Reaction A-Factora ER k(298 K)a f(298 K)o g Notes
02('%) + 03 — products 2.2x10-1" 0 2.2x10-1 1.2 200 A3
02('X) + H20 — products - - 5.4x%10-12 1.3 - AB4
02('Z) + N — products - - <10-1 - - AB5
02('Z) + N2 — products 2.1x10-15 0 2.1x10-15 1.2 200 A66
02('Z) + CO2 — products 4.2x10-13 0 4.2x10-13 1.2 200 A67

HO« Reactions
0+0H — 0z+H 2.2x10-1 -120 3.3x10-1 1.2 100 B1
0+HOz2 - OH + 0; 3.0x10-1 -200 5.9x10-1 1.1 50 B2
0 +H202 — OH + HO2 1.4x10-12 2000 1.7x10-15 20 1000 B3
H+0p — s HO, (See Table 2-1)

H+ 03— OH + O 1.4x10-10 470 2.9x10-1 1.25 200 B4
H + HO, — products 8.1x10-1 0 8.1x10-" 13 100 B5
OH + 03— HO: + 02 1.7x10-12 940 7.3x10-1 1.2 80 B6
OH +Hz — H,0+H 5.5%10-12 2000 6.7x10-15 1.1 100 B7
OH +HD — products 5.0x10-12 2130 4.0x10-15 1.2 200 B8
OH+OH—>H.0+0 4.2x10-12 240 1.9x10-12 14 240 B9
M 0 (See Table 2-1)
OH +HO2 — Hz0 + Oz 4.8x10-1" -250 1.1x10-10 13 100 B10
OH + H202 — Hz0+ HO2 2.9x10-12 160 1.7x10-12 1.15 50 B11
HO2 + 05— OH + 20, 1,0x10-1 490 toxtos | 145 | 0 B2
HOz+ HO2 — H20: + 02 2.3x10-13 -600 1.7x10-12 13 200 B13
M 0.4 0 1.7x10-3[M] -1000 | 4.9x10-M] 13 400 B13

NO« Reactions
0+NO —2 5 NO, (See Table 2-1)
0+NOz2 —» NO + 0, 5.6x10-12 -180 1.0x10-1" 1.1 50 o
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Table 2-1.

Rate Constants for Termolecular Reactions

Low-Pressure Limita

High-Pressure Limit?

Reaction ko(T) = ko™ (T/300) " K (T) = k.39 (T/300)™ f g | Notes
k0300 n km300 m
O Reactions
0401 5 o (6.0) (-34) 24 - - 14 | 50 | Af
O('D) Reactions
O(D) + Nz > N0 (65£30)(-37) | 062p - - a2
HOy Reactions
H+ 05 5 HO, (5.70.5) (-32) 1.6£0.5 (7.524.0) (-11) 0£1.0 B1
OH + OH - H,02 (6.9) (-31) 1.0 (2.6) (-11) 0 15 | 100 | B2
NOy Reactions
0+NO —> NOs (9.0£2.0) (-31) 1.540.3 (3.0£1.0) (-11) 0£1.0 C1
0+NO2 -5 NO3 (2.5) (-31) 18 (2.2) (-11) 0.7 13 | 100 | C2
OH+NO -5 HONO (7.0£1.0) (-31) 26203 (3621.0) (<11) | 0.1£0.5 C3
OH + NO» —> HONO, (See Note) (2.0) (-30) 3.0 (2.5) (-11) 0 13 | 100 | C4
HO2+ NO» —> HONO: (1.80.3) (-31) 3.2+0.4 (4.7£1.0)(<12) | 1.4£14 c5
NO2+ NOs > N:Os (2.0) (-30) 44 (1.4) (<12) 0.7 12 | 100 | C6
NOs > NO+0; See Note c7
Hydrocarbon Reactions
CHa + Op —> CHOs (4.541.5) (-31) 3.01.0 (1.8£0.2) (<12) | 1.7¢1.7 D1
Cabs + Op — CaHsOn (1.541.0) (-28) 3.041.0 (8.0£1.0) (-12) 0£1.0 D2
OH + CaHs —> HOCHCH (5.5+2.0) (-30) 0.0£0.2 (8.31.0) (-13) _zif D3
OH + Cae —> HOCH.CH, (1.0£0.6) (-28) 0.8+2.0 (8.8£0.9) (-12) 0¢2 D4
CHI0 4 NO —> CHsONO (1.420.5) (-29) 3.8+1.0 (3621.6) (<11) | 0.6£1.0 D5
CHI0 + NO2 —> CHsONO: (5.3) (-29) 44 (1.9) (<11) 18 1.1 0 | De
CaHs0 + NO —5 CoH:ONO (2.841.0) (-27) 4.0+2.0 (5.0£1.0) (<11) | 1.0£1.0 D7
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Table A-1. Gas-phase entropy and enthalpy values for selected species at 298.15 K and 100 kPa. ......................... A-1

A1 Gas-phase entropy and enthalpy values

Table A-1 lists selected entropy and enthalpy of formation values at 298 K for a number of atmospheric
species. As much as possible, the values were taken from primary evaluations, that is, evaluations that develop a
recommended value from the original studies. Otherwise, the values were selected from the original literature, which
is referenced in the table. Often, the enthalpy of formation and the entropy values are taken from different sources,
usually due to a more recent value for the enthalpy of formation. The cited error limits are from the original
references and therefore reflect often widely varying criteria. Some enthalpy values were corrected slightly to reflect
the value of a reference compound selected for this table; these are indicated. Values that are calculated or estimated
are also indicated in the table.

Table A-1. Gas-phase entropy and enthalpy values for selected species at 298.15 K and 100 kPa.

AHi(298 K AH(298 K S(298 K S(298 K
SPECIES kJ(moI-1 ) kca(l mo|-1) J Ié-1 molz1 cal (K-1 mo)l-1 Refersnces.b.¢
H 217.998+0.006 52.103+.001 114.717+0.002 27.418+.0.001 [28]
Ha 0.00 0.00 130.680+0.003 31.233+0.001 [28]
O(3P) 249.18+0.10 59.56+0.02 161.059+0.003 38.194+0.001 [28]
0('D) 438.05+0.1 104.70+0.03 [70]
o)) 0.00 0.00 205.152+0.005 49.033%0.001 [28]
Oo('Ag) 94.29+0.01 22.54+0.01 [36]
Oo("2g*) 156.96+0.01 37.51+0.01 [36]
O3 141.8+2 33.9+0.5 239.01 57.12 [33]
OH 37.20+0.38 8.89+0.09 183.74 43.91 [33,87]
HO2 13.843.3 3.310.8 229.1 54.76 [35,58]
H20 —241.826+0.040 -57.798+0.010 | 188.835+0.010 45.133+.002 [28]
H202 -135.88+0.22 -32.48+0.05 234.52 56.05 [33]
N(*S) 472.68+0.40 112.973+0.10 153.301+0.003 36.640+0.001 [28]
N2 0.00 0.00 191.609+0.004 45.796+0.001 [28]
NH 357+1 85.3+0.3 181.25+0.04 43.32+0.01 [4]
NH: 186+1 44.5+0.3 194.71+0.05 46.54+0.01 [4]
NH3 —-45.94+0.35 -10.98+0.08 192.77+0.05 46.07+0.01 [28]
NH20H -40.249.2 -9.6+2.2 236.18 56.45 [5]
NH2NO2 —261+10 -6.2+3 268.54 64.18 [33]
NO 91.29+0.17 21.82+0.04 210.76 50.37 [5,22]
N20 81.6+0.5 19.50+0.12 220.01 52.58 [33]
NO2 34.19+0.5 8.17+0.1 240.17 57.40 [33]
NO3 73.7+14 17.6+0.3 258.4+1.0 61.76+0.24 [1,29]
N203 86.6+1 20.7+0.3 314.74 75.22 [33]
N204 11.1+1 2.65+0.25 340.45 81.37 [33]
N20s 13.3:1.5 3.18+0.36 355.7+7 85.01+2 [33]
HNO 107.1£2.5 25.6+0.6 [5]
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AH{298 K AH{298 K S(9B K S8 K

SPECIES kJ(moI-1 ) kca(l moI-1) J é—1 moIL cal (K-1 mo)|-1 Reference bre
HONO 7845808 1875502 | 25407 60.72 3]
HONO; 1339106 232.020.1 266.88 63.78 133]
HONO 238 5.7 274 656 [61], calc,
HO:NO: 2534425 127106 294+3 703807 i84]
c 716.6840.45 171294041 | 158.10000.001 | 37.787+0.001 28]
CH 597.37413 14277503 | 183.04 43.75 [33]
CHA(BY) 390408 9331202 | 194.90 46.58 188]
CHa(1AY) 428.040.8 102.3£0.2 139]
CHs 146.65:0.29 35.05:007 | 193.96 16.36 [33,88]
CH, 74485041 17.80:040 | 18638 4455 [31,82]
CN 44025 10541 202,64 1843 [33]
HCN 13014 31541 201.82 18.24 133]
CN: 309.140.8 73.940.2 242.20 57.89 3]
CH:NH 14918 35,642 [62], corr,
CH:NH: 234410 5640.3 242,89 58.05 [31.79]
CHaNO 15724 37541 [96], calc.
NH.CO 15144 3641 [96], calc.
NCO 151414 3643 232.38 5554 [75], corr., [33]
HNCO 104212 Z248128 237.97208 56.9£0.2 [97], corr.[102]
cO 110538017 2642+0.04 | 19766040004 | 4724240001 28]
cO; 2393512013 0405:0.03 | 213.785:0010 | 51.09620.002 28]
HCO 44155043 1055:010 | 22434 53.62 i8], corr., [33]
CH.0 210872005 2598:001 | 21876 52.08 3]
HCOO 127 30 2447 585 106], calc.
C(O)OH 193 45 2516 60.1 [106]
HC(O)OH 23788405 0054101 | 24887 59.48 [33,106]
CH:0 1715438 4120.9 232.86 55655 [11,33]
CH02 9.025.1 215412 146]
CH.OH 15213 2750031 | 24447080018 | 58.358+0.004 1]
CH:OH 201.0£0.6 48045014 | 239.865 57.320 [33]
CH;00H 2139.08.1 33219 [46]
CHNO: 1473 352 27248 65.12 31]
CHaNO: 743506 178202 275.2 65.8 [31.79]
CH;ONO ~64.0 153 2843 67.95 98]
CH;ONO2 1222143 292411 301.9 72.15 [79.98]
CaH 565.342.9 135.120.7 209.73 50.13 [11,33]
CaHz 2074408 5435102 | 200.93 48.02 3]
CH:0H 121211 28.9£2.6 32]
CaHs 29945 71551 199]
CaHe 524405 1250:012 | 219316 52.418 133]
Cas 120.941.7 289404 250,52 59.83 [11,33]
Catls 283.8520.29 2004£0.07 | 229.162 54.771 [33.62]
CH.CN 252,644 60.41.0 52]
CH:CN 74.0440.37 1770:000 | 24512+08 58.5940.2 2.102]
CH.CO Z49.5810.88 11854021 [88]
CH:CO 2100212 24103 (]
CH.CHO 105£9.2 25102 (]
CH:CHO 1661205 39.7£0.1 263.95 63.00 [31.79]
CH:CH20 15533 37408 (1]
(CHO). 212£0.8 50702 [30]
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AH{298 K AH{298 K S(9B K S8 K
SPECIES kJ(moI-1 ) kca(l moI-1) J é—1 moIL cal (K-1 mo)|-1 Reference bre

Cath0 172 41 62]
CaHsO2 274299 66124 [46]
C2HsO0H 1754412.9 41913 1 [46]
CH:CH20H 3147 75417 32]
CH;CHOH 63.744 15241 62]
CaHs0H 2348105 56124012 | 281622 67.309 133]
CH:CO0 2190 45 284.9 66.1 106], calc,
CH.C(0)OH 243 58 238.4 57.0 [106]
CH:C(0)0 1925 460 [63], calc,
CH:C(0)OH 4328105 103.420.1 33267 7951 [18.79]
CH:C(0)0: 1544 2369 [63], calc,
CH:C(O)O:NO, | —240.1 574 [63], calc.
HOCH.COOH 583410 13943 318.645.0 76.141.2 [30]
CH:OCH; 13044 3441 [62], corr.
CH:OCHs 1841105 44,0401 267.34 63.90 [31.79]
CHAOH)CHOH | —392.244.0 93.7£1.0 303.81 72,61 [31.79]
CH:00CH; 2125 5150 2300412 130]
(HOCO) 731.8£2.0 174.9505 3206450 76.641.2 [30]
Catls 166.144.3 39.741.0 248+15 59.3£3.6 [94]
Catls 20.0£0.7 478102 | 2666 63.72 [7.79]
n—CsHr 10042 24405 [99]
-CaHr 86.6£2.0 207405 28145 67.0412 [95]
-CsHr02 6542113 156427 146]
Catle Z104.68+0.50 25026012 | 27020 64.58 [16,82]
CaHsCHO 1856408 444502 30451 [(31.79]
CH:COCHs 271207 51.9+0.2 29546 70,62 [31.79]
n-Cato 125,650 67 30.0340.16 | 309.91 74.07 [31,62]
(CH:COO0)2 250010 212043 390.746.0 934414 [30]

F 79.3840.30 1894£0.07 | 158.75140.004 | 37.94240.001 28]
P 0.00 0.00 202.791+0.005 | _48.4680.001 28]
HF Z273.30£0.70 65320017 | 173.799:0.003 | 41.539:0.001 28]
HOF Z98.344.2 2235410 226.7740.21 54.2040.05 22]
FO 109410 2643 21640203 51.7240.07 21]
FOF 24552 586105 | 24746504 59.1440.1 21]
OFO 380420 90.8+5 25141 60.0+0.3 21], calc.
FOO 25412 607405 | 2595:02 62.0240.05 1]
FOOF 19220 459505 | 277202 66.25:0.05 21]
FONO 67 16 6], est
FNO 65,7 1570 248.0 59.07 198]
FNO 79 190 2774 66.24 98]
FONO: 1022 25805 290 70 [22], est.
CF 2841410 58.3£2.4 213.0320.04 50.9240.01 [22.33]
CHF 1431212 34.2+3.0 234,87 56.14 [33,83]
CF2 18448 44012 240.83:0.04 57.5640.01 22,83]
CFs 465.742.1 1113805 264.56 63.23 [33,89]
CFs 933208075 | —223.041018 | 261454 62.49 28]
CHF 2692.9+2.1 165.6£0.5 250,67 62.06 [33,89]
CHF: 223944 571210 258.50 61.78 81]
CH:F2 452708 108.2£0.2 246.59 58.94 [85]
CHaF 3248 7642 236.52 56.53 B1]
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AH{298 K AH{298 K S(298 K S98 K

SPECIES kJ(moI-1 ) kca(l moI-1) J é—1 moIL cal (K-1 mo)|-1 Reference bre
CHF 223818 256,82 202.78 53.246 [85], H est.
FCO 161281 238520 144]
CHFO 238347 016217 246,82 58.99 [91],calc.. [33]
CF.0 2607.9+71 1453417 258.97 61.89 [91],calc., [33]
CF:0 62448 14942 [91], calc.
CF.0; 42716 10241 5 [48], calc.
CF:0; 6125+154 1464 [56]
CF3OH 291118 21842 [91]
CF:00CFs 143411 234313 [91]
CF:OF 72418 17342 [91]
CH.CHF 59418 14242 2797 66.86 [66],125), calc.
CH:CHF 270318 16822 274.0 65.48 [66], [26], calc.
CH:CHF 277442 266321 265.1 63.4 [59], est. [33]
CHAFCHF 43025 103,246 [42]
CHAFCHF 2355 56.28 2933 7011 27]
CH2FCHF: 6654 158.9+1 [51], corr,
CHF.CHF: 286024 205.65.7 3203 7656 [64], corr. [31]
CH.CF 2517145 1236412 306.8 73.32 [25.104]
CH:CFs 7456417 178.2+0.4 287.3 68.67 23]
CHF.CH: 77 66,3 2978 7117 [25], calc.
CH:CF 23025484 72342 290.3 69.39 [80], [26], S calc
CH:CHF> 2500.126.3 Z119.7+15 282.4 67.50 23]
CHFCF> 697 1665 326.2 77.97 [27], H corr.
CH2FCF> 289618 221412 316.2 7558 23] H est
CF.CF> 289145 2213413 [105]
CHF.CF; 110545 264411 3337 79.76 23]
CaFo 1344 3134 23213408 3318 79.30 [23.89]
Cl 121.30120.008 | _ 28.992+0.002 | 165.190+0.004 | 39481+0.001 28]
Ch 0.00 0.00 223.081£0.010 | 53.318+0.002 28]
HCI 292312010 2206:002 | 18690240005 | 4467140001 28]
cio 101.63v0.1 2429003 | 22507405 53.79+0.12 22]
CI00 98.0v4 23431 260.32+05 64.3740.1 22]
0CIO 94.6v1.2 22.6+0.3 256.8420.1 61.3920.03 22.77]
CIOs 194412 4643 270.75:05 64.7140.1 22]
CICIO 90430 2047 278.8+2.0 66.6:0.5 22]
CIocl 81.3+1.8 194204 [34]
CI00C 127.6+2.9 30.5:0.7 301.045.0 71,9412 22.77]
CICIO; 1542 36.9 2942 70.3+0.5 [55],calc., [22]
CloCIO 1755 1.9 30042 73,9405 [55],calc., [22]
C0s 15046 35,8415 390420 9445 [14]
HOCI 748412 2179403 236.50:+0.42 56.5240.10 [22.34]
CINO 52,7405 12.620.1 261.58 62.52 33]
CINO: 125£1.0 30203 27223 65.06 [33]
Gis-CIONO 644163 154215 [54], calc.
trans—CIONO 75.3+6.3 18.0£1.5 [54], calc.
CIO:NO 102 243 316 755 [61], calc.
CIONO; 22.9+2.0 5505 302.38 72.07 3]
FCl 255.70+0.31 1331:0.07 | 217.94 52.09 [33]
CHCI 32648 78.0+2.0 234.88 56.85 33,83]
cClz 23048 55.0+2.0 265.03 63.34 [33,83]
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AH1(298 K AHt(298 K S(298 K S(298 K

SPECIES kJ(moI-1 ) kca(l moI-1) J é—1 moIL cal (K-1 mo)|-1 Reference bre
CCls 71.142.5 17.0+0.6 303.24 72.47 [37]
CCl;0H —293+20 —70.045 [90], calc.
CCl0 —43.5+20 -10.445 [90], calc
CCl:0, -20.9+8.9 -5.0+2.1 [46]
CClq -95.6+2.5 -22.84+0.6 309.90 74.069 [38,85][60]
CHCls -102.9+2.5 —24.6+0.6 295.51 70.63 [60,85]
CHCl 89.0+3.0 21.3+0.7 280+7 66.9+2 [92]
CHCL02 1747 412 [92]
CH-CI 117.3+3.1 28.0+0.7 27147 64.5+2 [92]
CH2CIO: —4v11 143 [92]
CH2Cl> ~95.142.5 —22.840.6 270.31 64.606 [60,85]
CHsCl -81.9+0.6 -19.640.2 227.15 54.290 [60,85]
CICO —24.9+4.2 -5.9+1.0 266.0 63.6 [22,57]
CHCIO ~164+20 —3845 259.07 61.92 [33], H est,
CCl0 —220.9 528 283.8 67.82 [98]
CHFCI -61+10 145424 [100]
CH.FCI -264+8 —63.242 264.3 63.17 [24,100], H est.
CFCl 31v13 74432 259.032 61.91 [33,83]
CFCl, -89.1+10.0 213424 [100]
CFCls -285.3 —68.2 309.9 74.06 [24], corr.
CFCl2 —494.1 -118.1 300.7 71.87 [24], corr.
CF4Cl ~709.242.9 -169.5+0.7 285.2 68.16 [24,89]
CHFCl —285+9 —68.1+2.1 293.0 70.04 [24], H est.
CHFCI —484.8 -115.6 280.8 67.11 [24], H est.
CF.Cl -279+8 —66.7+2 [68]
CFCIO —429+20 -10345 276.70 66.13 [33]
CH2CICOOH —427.6+1.0 -102.240.2 325.945.0 77.9+1.2 [30]
C2HsCl 22+3 5.3+0.7 [60]
CHsCHFCI -313.44+2.6 —749+0.6 [47]
CH.CF.Cl -318 —75.9 322.08 76.98 [77]
CHsCF.Cl -536.245.2 -128.24+1.2 307.1 73.41 [47,77]
CoCla ~18.8+4 —4.5+1 341.03 81.51 33,38
1,1-C2H2Cl> 2.4+2.0 0.6+0.5 [60]
Z-1,2-CoH:Cl -3+2 —0.740.5 [60]
E-1,2-C2H:Cl, -0.5+2.0 —0.140.5 [60]
C2HCls -19.143.0 —6+0.7 325.20 77.72 [31,78]
CH2CCls 71548 17142 [86]
1,1,1-C2HsCls ~144.642.0 -346+0.5 320.03 76.488 [15,47,60]
1,1,2-C2HsCls -148.0+4.0 -35.4+0.9 [60]
1,1,1,2-C2H:Cls -152.3+2.4 -36.4+0.6 [60]
1,1,2,2-C2HCla -156.7+3.5 -37.5+0.8 [60]
CzHCls -155.9+4.3 -37.3+1.0 [60]
CHsCCl 425417 10.24+0.4 288+5 68.8+1.1 [92]
CHsCCl02 —69.7+4 —16.7+1 [45], corr.
CHsCHCl -130.643.0 -31.240.7 305.05 72.908 [15,47]
CH2CH.CI 93.0+2.4 22.2+0.6 27147 64.8+2 [93]
CHsCHCI 76.5+1.6 18.2+0.4 279+6 66.7+1.4 [92]
CHsCHJCI -112.140.7 -26.8+0.2 275.78 65.913 [15,60]
C:Cl ~142+4 -34.0+1 398.62 95.27 33,38
Br 111.870+12 26.74+0.03 175.018+0.004 |  41.830+0.001 [28]
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S(298 K S(298 K

SPECIES Alt\llf(ﬁw%?—r) i?;(lzriil-lﬁ) J lé—1 molz1 cal (K-1 mo)l-1 References b-¢
Br(q) 30.91+0.11 7.39+0.03 | 245.468+0.005 | 58.66840.001 [28]
HBr -36.29+0.16 -8.67+0.04 198.700+0.004 |  47.490+0.001 (28]
Br.0 106.24+2.5 25.4+0.6 [34]
HOBr -60.5+1.1 -145+0.3 [34]
BrO 126.2+1.7 30.2+0.4 232.97+0.1 55.68110.023 [19,103]
OBrO 163.9+4.4 39.24+1.1 27142 64.810.5 [19,43], est.
BrOO 10840 26+10 289+3 69.140.7 [19]
BrO; 221450 53+12 28542 68.140.5 [19], est.
BrOBr 107.6+3.5 25.7+0.8 290.8+2 69.5010.48 [19]
BrBrO 168420 4045 313+2 748105 [19], est.
BrNO 82.17+0.8 19.64+0.2 273.66:+0.8 65.4140.2 [102]
Z-BrONO 71.9 17.19 [53], calc.
E-BrONO 88.3 211 [53], calc.
BrNO2 452 10.8 [53], calc.
BrONO, 42.36.3 10.1+1.5 [76]
BrF -58.9+1.0 -14.08+0.3 228.985 54.729 [33]
BrCl 14.79+0.16 3.53+0.04 | 240.046 57.372 [33]
CH2Br 1694 40.4+1.0 [100]
CHBr3 23.8+4.5 5.7+1.1 330.67 79.03 [13]calc.,[33]
CHBr, 188.9 45.0+2.2 [100]
CBr3 235425 5646 334.57 80.0 [33]
CH2Br. -11.145.0 27412 294 70.23 [13], calc.
CH3Br -37.7+15 -9.02+0.36 245.85+0.25 58.76+0.06 [49]
CH2CH:Br 135.646.7 32.4+16 [10]
CHsCHBr 127+4 30.4+1 [67] corr.
CH3sCH:Br -61.5+1.0 -14.7+0.3 287.3+0.4 68.660.09 [47,50]
CHsCBr2 140.245.4 33.5+1.3 [69]
CHsCBrH 26.7+1.9 6.4+0.5 [47]
CF3Br -641.4+2.3 -153.3+0.5 [89]
CBrs 83.9+3.4 20.0+0.8 358.06 85.6 [13,33]
CH2BrCOOH ~383.5+3.1 —91.740.7 337.05.0 80.5+1.2 [30]
| 106.76+0.04 25.52+0.01 180.787+0.004 |  43.209+0.001 [28]
l2 62.42+0.08 14.9240.02 | 260.687+0.005 | 62.306-:0.001 (28]
HI 26.50+0.10 6.33£0.03 | 206.590+0.004 | 49.37640.001 (28]
HOI -69.6+5.4 -16.6+1.3 255.0+0.1 60.9510.03 [12,34]
10 115.945.0 27.7+1.2 239.6+0.1 57.2740.03 9,34]
0l0 7715 18+4 279.9 66.9 [65], calc.
100 96.6+15 23+4 308.4 73.7 [65], calc.
103 242450 58+12 293+4 70.0£1.0 [20], est.
Ie] 92.4+15 22.1+4 306.5 73.3 [65]
10 134.14+15 32.1+4 317.8 76.0 [65]
100l 156.8+15 37.5+4 337.0 80.5 [65], calc.
100 103.0+15 24.6v4 339.9 81.2 [65], calc.
1010 124.24+15 29.7+4 349.7 83.6 [65], calc.
ollo 224.0+15 53.5+4 356.3 85.2 [65], calc.
INO 121+4 29.0+1 282.8+4 67.61 [101]

A-6




S(298 K S(298 K
SPECIES Alt\llf(ﬁwi?—r) i?;(lzriil-lf) J lé—1 molz1 cal (K-1 mo)l-1 References ¢
INO2 60.2+4 14 441 294+6 70.3£15 (101]
ICI 17.506+0.105 4.184+0.025 | 427.567 102.191 [22]
IBr 40.88+0.08 9.77+0.02 | 258.95 61.89 [22]
CHsl 13.76+0.12 3.29+0.03 | 253.70+0.25 60.6350.06 [49]
CHalz 118.4+0.1 28.30+0.03 | 309.41+1.34 73.95+0.32 [49]
CFsl -586.2+2.1 -140.10.5 307.78 73.56 [33,89]
CH3CHl -7.5+0.9 -1.7940.2 295.52+0.42 70.63+0.10 [47,50]
S 277.1740.15 66.25+0.04 | 167.829+0.006 | 40.112+0.002 (28]
Sz 128.6+0.3 30.74+.07 228.167+0.010 | 54.53340.003 (28]
HS 142.80+2.85 34.13+0.68 | 195.55 46.74 [74], corr., [33]
H2S -20.6+0.5 -4.9240.12 | 205.81+0.05 49.19+0.01 [28]
SO 4.78+0.25 1.14+0.06 | 221.94 53.04 [33]
SOz ~296.8140.20 -70.94+0.05 | 248.223+0.050 | 59.32740.012 28]
SO3 -395.9+0.7 —94.62+0.17 | 256.541 61.315 [33]
HSO —6.142.9 -15+0.7 7]
H2S04 ~733+2 -175.240.5 299.282 71.530 [33]
CS 279.775+0.75 66.87+0.18 | 210.55 50.32 [33]
CS: 116.7+1.0 27.9+0.2 237.882 56.855 [33]
CS20H 110.5+4.6 26.4+1.1 321420 7715 [71]
CHsS 125.0+1.8 29.87+0.44 [73], corr.
CHsSH -22.9+0.7 -547+017 | 255.14 60.98 [31,79]
CH2SCHs 136.8+5.9 32.7+1.4 [40]
CHsSCHs -37.4+0.6 -8.9440.2 285.96 68.35 [31,79]
CHsSSCH3 —24.7+1.0 -5.9+0.3 336.80 80.50 [31,79]
0CS —141.742 -33.9+0.5 231.644 55.36 [33]
Notes:

a.
b.

C.

Error limits are estimates from the original references.

If two references are given for a substance, the first refers to the enthalpy value while the second to the

entropy.

The terms “calc” and “est” indicate that the value is calculated or estimated. The term “corr” indicates

that an enthalpy value has been adjusted to reflect the value chosen in this table for a reference

substance.
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D. DATA USEFUL IN TEACHING KINETICS CALCULATIONS FOR
STRATOSPHERIC CHEMISTRY

Extracted from:
Kinetics and Photochemical Data for Use in
Stratospheric Modeling. #12
JPL Publication 97-4 2002.

Solar Fluxes
Temperature and Pressure Profiles
Concentration Profiles

Photolysis Rate Constants



APPENDIX 3: SOLAR FLUXES AND SPECIES PROFILES

Figures 6 and 7 show data for solar irradiances and fluxes. These were provided by Kenneth
Minschwaner. The solar irradiances are from measurements by the Solar Ultraviolet Spectral Irradiance
Monitor (SUSIM) forA < 400 nm (VanHoosier et al. [6]), and by Neckel and Labs [5] for 40& €00
nm. The SUSIM measurements are spectrally degraded to 2 nm full width half-maximum to correspond to
the resolution of the Neckel and Labs data. Additionally, a normalization factor that varies linearly from
1.17 at 400 nm to 1.0 at 440 nm has been applied to the Neckel and Labs irradiances in order to match
SUSIM values at 400 nm. Irradiances from 110 to 120 nm are based on measurements by Mount and
Rottman [4] and Woods and Rottman [8]. Values below 110 nm are not plotted.

The solar fluxes are computed from the sum of the direct, attenuated solar beam plus angularly
integrated scattered radiation. Fluxes at 0, 20, 30, 40, and 50 km are based on the solar irradiances,
assuming a solar zenith angle of 3dd the U.S. Standard Atmosphere (1976). Molecular and aerosol
scattering are taken into account; the latter process is appropriate for "moderate volcanic" conditions (Fenn
et al. [2]). The surface albedo is 0.3. Ozone cross sections follow the recommendations herein; oxygen
cross sections in the Herzberg continuum are taken from Yoshino et al. [9]; Schumann-Runge band
absorption is determined using the high-resolution treatment of Minschwaner et al. [3], with fluxes
spectrally degraded to 1.0 nm resolution.

The species and "J" value profiles presented in Figures 8-16 were provided by Peter Connell. They
were generated by the LLNL 2-D model of the troposphere and stratosphere. The temperature profile is an
interpolation to climatological values. Surface source gas boundary conditions are those for the year 1990,
as reported in chapter 6 of the WMO/UNEP report [7]. The equatorial tropopause source gas mixing ratios
are: total chlorine 3.4 ppb, total fluorine 1.6 ppb, total bromine 18 ppt, methane 1.67 ppm, and nitrous
oxide 309 ppb. The kinetic parameters used were consistent, to the extent possible, with the current
recommendations. Representations of sulfate aerosol and polar stratospheric heterogeneous processes
which were included are hydrolysis of nitrogen pentoxide and chlorine and bromine nitrate and reaction of
hydrogen chloride with chlorine nitrate and hypochlorous acid. The model run represents a periodic
steady-state atmosphere with 1990 surface abundances of source gases.

The "J" values were calculated with a clear sky, two-stream radiative transfer model with

wavelength binning of 5 nm above 310 nm and 500Ldselow. Surface reflectance includes the effect of
average cloudiness on the albedo. Oxygen cross sections in the Schumann-Runge region were calculated
by the method of Allen and Frederick [1], corrected for the Herzberg continuum values of Yoshino et al.

[9].

The fluxes and profiles are given to provide "order of magnitude" values of important photochemical
parameters. They are not intended to be standards or recommended values.
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E. DATA ON CLIMATE CHANGE

Extracted from:
2002 Summary Report of the Intergovernmental
Panel on Climate Change

Indicators of the human influence on the atmosphere during the Industrial Era
Global Warming Potentials

The global mean radiative forcing of the climate system

Variations of the Earth's surface temperature

Simulated annual global mean surface temperatures
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Figure 3: Many external factors force climate change.

These radiative forcings arise from changes in the atmospheric composition, alteration of surface reflectance by land use, and variation in the output
of the sun. Except for solar variation, some form of human activity is linked to each. The rectangular bars represent estimates of the contributions of
these forcings — some of which yield warming, and some cooling. Forcing due to episodic volcanic events, which lead to a negative forcing lasting
only for a few years, is not shown. The indirect effect of aerosols shown is their effect on the size and number of cloud droplets. A second indirect
effect of aerosols on clouds, namely their effect on cloud lifetime, which would also lead to a negative forcing, is not shown. Effects of aviation on
greenhouse gases are included in the individual bars. The vertical line about the rectangular bars indicates a range of estimates, guided by the
spread in the published values of the forcings and physical understanding. Some of the forcings possess a much greater degree of certainty than
others. A vertical line without a rectangular bar denotes a forcing for which no best estimate can be given owing to large uncertainties. The overall
level of scientific understanding for each forcing varies considerably, as noted. Some of the radiative forcing agents are well mixed over the globe,
such as CO,, thereby perturbing the global heat balance. Others represent perturbations with stronger regional signatures because of their spatial
distribution, such as aerosols. For this and other reasons, a simple sum of the positive and negative bars cannot be expected to yield the net effect
on the climate system. The simulations of this assessment report (for example, Figure 5) indicate that the estimated net effect of these perturbations
is to have warmed the global climate since 1750. [Based upon Chapter 6, Figure 6.6]
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Departures in temperature (°C)
from the 1961 to 1990 average

Departures in temperature (°C)
from the 1961 to 1990 average

Variations of the Earth's surface temperature for:

(a) the past 140 years
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Figure 1: Variations of the Earth’s
surface temperature over the last
140 years and the last millennium.

(a) The Earth’s surface temperature is
shown year by year (red bars) and
approximately decade by decade (black
line, a filtered annual curve suppressing
fluctuations below near decadal
time-scales). There are uncertainties in
the annual data (thin black whisker
bars represent the 95% confidence
range) due to data gaps, random
instrumental errors and uncertainties,
uncertainties in bias corrections in the
ocean surface temperature data and
also in adjustments for urbanisation over
the land. Over both the last 140 years
and 100 years, the best estimate is that
the global average surface temperature
has increased by 0.6 + 0.2°C.

(b) Additionally, the year by year (blue
curve) and 50 year average (black
curve) variations of the average surface
temperature of the Northern Hemisphere
for the past 1000 years have been
reconstructed from “proxy” data
calibrated against thermometer data (see
list of the main proxy data in the
diagram). The 95% confidence range in
the annual data is represented by the
grey region. These uncertainties increase
in more distant times and are always
much larger than in the instrumental
record due to the use of relatively sparse
proxy data. Nevertheless the rate and
duration of warming of the 20th century
has been much greater than in any of
the previous nine centuries. Similarly, it
is likely” that the 1990s have been the
warmest decade and 1998 the warmest
year of the millennium.

[Based upon (a) Chapter 2, Figure 2.7¢
and (b) Chapter 2, Figure 2.20]
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Simulated annual global mean surface temperatures
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Figure 4: Simulating the Earth’s temperature variations, and comparing the results to measured changes, can provide insight into the
underlying causes of the major changes.

A climate model can be used to simulate the temperature changes that occur both from natural and anthropogenic causes. The simulations
represented by the band in (a) were done with only natural forcings: solar variation and volcanic activity. Those encompassed by the band in (b) were
done with anthropogenic forcings: greenhouse gases and an estimate of sulphate aerosols, and those encompassed by the band in (c) were done with
both natural and anthropogenic forcings included. From (b), it can be seen that inclusion of anthropogenic forcings provides a plausible explanation
for a substantial part of the observed temperature changes over the past century, but the best match with observations is obtained in (c) when both
natural and anthropogenic factors are included. These results show that the forcings included are sufficient to explain the observed changes, but do
not exclude the possibility that other forcings may also have contributed. The bands of model results presented here are for four runs from the same
model. Similar results to those in (b) are obtained with other models with anthropogenic forcing. [Based upon Chapter 12, Figure 12.7]

-



F. COMPARING THE STRATOSPHERIC CHEMISTRY OF THE HALOGENS

Atomic C|hlorine Atomic Clhlorine
h T M] [02] [03] [CHA4] k'O2 k'O3 k'CH4 %02 %03 | %CH4
10 222 | 8.50E+18 | 1.8E+18 | 1.5E+12 | 2.0E+13 6.4E+04 | 1.3E+01 | 4.0E-01 100% 0.0% | 0.001%
20 215 | 2.00E+18 | 4.2E+17 | 7.5E+12 | 4.0E+12 3.7E+03 | 6.5E+01 | 6.5E-02 98% 1.7% | 0.002%
25 218 | 9.00E+17 | 1.9E+17 | 7.0E+12 | 2.0E+12 7.4E+02 | 6.1E+01 | 3.5E-02 92% 7.6% | 0.004%
30 223 | 3.00E+17 | 6.3E+16 | 5.0E+12 | 7.0E+11 8.0E+01 | 4.5E+01 | 1.4E-02 64% 36.2% | 0.012%
40 240 | 1.00E+17 | 2.1E+16 | 7.0E+11 | 7.0E+10 7.9E+00 | 6.9E+00 | 2.3E-03 54% 46.4% | 0.015%
50 268 | 1.70E+16 | 3.6E+15 | 8.0E+10 | 8.0E+09 1.9E-01 | 8.8E-01 | 4.7E-04 18% 81.9% | 0.044%

Atomic Fluorine Atomic Fluorine
h T M] [02] [03] [CHA4] [H20] k'O2 k'O3 k'CH4 k'H20 %02 | %03 %CH4 %H20
10 222 | 8.50E+18 | 1.8E+18 | 1.5E+12 | 2.0E+13 1.E+15 | 9.6E+04 | 1.2E+01 | 9.9E+02 | 1.4E+04 | 86% 0.0% 0.895% 13%
20 215 | 2.00E+18 | 4.2E+17 | 7.5E+12 | 4.0E+12 | 1.0E+13 | 5.5E+03 | 5.7E+01 | 1.9E+02 | 1.4E+02 | 93% 1.0% 3.237% 2%
25 218 | 9.00E+17 | 1.9E+17 | 7.0E+12 | 2.0E+12 | 6.0E+12 | 1.1E+03 | 5.3E+01 | 9.7E+01 | 8.4E+01 | 82% 4.0% 7.252% 6%
30 223 | 3.00E+17 | 6.3E+16 | 5.0E+12 | 7.0E+11 | 3.0E+12 | 1.2E+02 | 3.9E+01 | 3.5E+01 | 4.2E+01 | 51% 16.7% | 14.863% | 18%
40 240 | 1.00E+17 | 2.1E+16 | 7.0E+11 | 7.0E+10 | 8.0E+11 | 1.2E+01 | 5.9E+00 | 3.8E+00 | 1.1E+01 | 37% 17.9% | 11.496% | 34%
50 268 | 1.70E+16 | 3.6E+15 | 8.0E+10 | 8.0E+09 | 2.0E+11 | 3.1E-01 | 7.5E-01 | 4.9E-01 | 2.8E+00 7% 17.2% | 11.186% | 65%

This makes use of the JPL Data Evaluation and the material in Section E of this coursepack.




G. HETEROGENEOUS CHEMICAL KINETICS

The rate, Ry, of collision of a gas phase species, A, with the surface of aerosol
particles is given by

Vﬂ ve

Reon = ) X [A] % Surface area per unit volume

...where v,,. (meters/sec) is the average gas kinetic speed of species A:

b, — [sRT
ave ]W

R is the gas constant (8.314 Joules mol”' K™

M is the molecular mass in kg/mole

[A] is the concentration of A in molecules cm”™.

Surface area per unit volume is usually expressed in pm” cm™ air.

So watch the units conversions!

The rate, R, of reaction of a gas phase species, A, aerosol particles =y X Ry

=y X VT X [A] % Surface area per unit volume

...where Y is the reactive uptake coefficient (see Section 5 of the JPL Data
Evaluation). The value of y varies between 0 and 1, and represents the fraction of
collisions that result in reaction.

y may be a complex function of composition and temperature of the particle,
and is generally time dependent.

The lifetime, T, of A with respect to heterogeneous reaction is

\% .
y X T X Surface area per unit volume



H. CONCENTRATION DATA IN THE TROPOSPHERE



I. LIFETIMES WITH RESPECT TO OH, O3, AND NO;















K. TROPOSPHERIC PHOTOCHEMISTRY

HONO +hv - OH+NO (Major OH source in the a.m.)

HONO; + hv - OH + NO; (very slow in comparison to deposition)

N>Os5 +hv — NO, + NO; (slow with respect to thermal decomposition)

RONO; +hv - RO+ NO, (T = days to weeks, somewhat slower than RONO, + OH)
HOOH +hv - 2 OH (T~ )

NOs3; +hv - NO; + O or NO + O, (absorbs strongly in the red, T = seconds)

H,C=O+ hv - H+HC=0 (45%) (T = hours)
S H,+CO  (55%)

RCH=0 + hv - R+HC=0 (1= days)

RC(=0)OONO; + hv -  RC(=0)O0 + NO, (slower than thermal dissociation)
RC(=0)O + NO;



