Supplement to The chemistry of daytime
sprite streamers — a model study

Chemical reaction scheme

Holger Winkler, Justus Notholt

The set of model reactions. The rate coefficients are in units of s—! for uni-

molecular, ¢cm3

s~ for two-body, and em8s~1 for three-body reactions. T is

the gas temperature in Kelvin. M stands for an inert molecule.

No Reaction Rate coefficient Reference
Electron attachment

EA-1 e+ Oz + 02 = 05 + Oz 1.4x10729%(T/300) ~ ! xexp(—600/T) [15]
EA-2 e+ 02+Nz =05 +Ng 1.07x 10731 x(T/300) =2 xexp(—70/T) [15]
EA3 e+0+02—0"+02 10731 [9]
EA-4 e+0+02—-0;+4+0 10731 [9]
EA-5 e+03—>0; +0 1079 [9]
EA-6 e4+03 =0 +0, 10—11 [9]
EA-7 e+ 03+02 =05 +02 103t (3]
EA-8 e+NO+M—NO~+M 1030 9]
EA-9 e+ NOz —» NO; 3x10~ 11 [9]
EA-10 e+ NOz - O~ +NO 10— [9]
EA-11 e+ H20+ Oz — O5 4+ H20 1.4x10729 (3]
Electron detachment

ED-1 O; + Nz = e+ 02+ Ny 1.9%10712x(T/300)9-5 x exp(—4990/T) [9]
ED-2 O, +02 e+ 02+ 02 2.7x1071%x (T /300)°-% x exp(—5990/T) [9]
ED-3 O, 4+ 0O2(a) +e+ 02402 2x10710 [9]
ED-4  O; 4+ O2(b) > e+ Oz + O2 3.6x10710 [9]
ED-5 O3 +N2(A) e+ O2 + Ny 2.1x107° [9]
ED-6 O, +N2(B) e+ 02+ Ny 2.5x107° [9]
ED-7 O, +O0 —e+0g3 1.5x10710 [9]
ED-8 O, +N—e+NO; 5x10~10 9]
ED-9 O, +H0 — e+ Hy0+ 02 5x1072 xexp(—5000/T) 3]
ED-10 O~ 4+ 02(a) > e+ O3 3x10710 [9]
ED-11 O~ +O32(b) - e+ O+ 02 6.9x10~10 [9]
ED-12 O~ +N2(A) - e+ O+ Ny 2.2x107° [9]
ED-13 O~ +N2(B) e+ O+ Ny 1.9x1079 [9]
ED-14 O~ + Nz — e+ N20 10712 (3]
ED-15 O~ +Hz — e+ H20 7x10710 (3]
ED-16 O~ +0 — e+ 02 5x10710 [9]
ED-17 O~ +N —e+NO 2.6x10710 9]
ED-18 O~ +02 »e+03 5x107 18 [9]



ED-19 O~ +NO — e+ NO2

ED-20 07+03—)e+02+02
ED-21 0g+0—>e+02+02
ED-22 O; + O3 = e+ 302

ED-23 NO™ 4+ N2O — e+ NO + N2O
ED-24 NO~™ +NO — e+ NO +NO
ED-25 NO~ 4+ CO3 — e+ NO + CO»
ED-26 NO; + 0O — e+ NO3

ED-27 OH™ +0 — e+ HO2

ED-28 Cl~ +H — e+ HCI
Associative and Penning ionisation

Al-1 Na(a'l) + Na(A) — e+ N
AI-2 Na(al) + Na(al) — e + N
AL-3 Na(al) + Na(al) — e+ NJ
Al-4 N(P) + N(?°P) — e + N
AL5 N(?P) + O — e+ NO*

AI-6 N(?P) + N(?D) — e + N
Positive ion chemistry

P-1 NI +N+N2 — NI + Ny
P-2 Ngt+og—>02++N2

P-3 Ny +0 - NOT +N

P-4 NI +0 -0t +N;

P-5 Ngt+03—>03'+O+N2
P-6 N2 +N20~>N20++N2
P-7 NI +N20 — NOt + N + Ny
P-8 NJ +NO — NOT + N;
P-9 Ny + N2 + N2 — NJ +N;
P-10 N%r +Na(A) = NI +N
P-11 Ny +N = Nt + N,

P-12 NI +0; —NOJ +N;
P-13 NI +02 - O0F + N+ Ny
P-14  Ni +NO — NoOt + N,
P-15  NJ +Nz(A) = NJ + N
P-16 Ny +N— Nj + Ny

P-17  Ni +NO — NO* +N+N;
P-18 NI +NO — N2Ot + Ny
P-19 N;+02—>O§+N+N2
P20  Nj +Nz —» NJ + Nz +N;
P-21  NJ +02 = O3 + Nz + Ny
P22 Ny +0— 0% +Nz+N;
P23 N +N—= Nt 4+ N+ Ny
P-24  Nj +NO — NOt + N3 + Ny
P-25 Nt + Ny + Ny — NI + Ny
P26 Nt +N+M-Ni+M
P-27 NT+0+M—NOT+M
P28 NF+0—-0T+N

P-29 N+ + O3 — NOt+ + O2
P30 Nt +02—0F +N

P-31 N+t + 02 — OF +N(?D)
P-32 Nt + 02 - NOt +0
P-33 N+t 4+ 02 — NO*T + O('D)
P-34 Nt + 03 — OT + NO
P-35 Nt +NO - NO*T +N
P36 Nt +NO—Nj+O

2.6x10710
5x10719%(T/300)0->
3x10710

10—10

5.1x10712

5x10712

8.3x10~12

10-12
4x10719%(T/300)°-5
9.3x10710x(T/300)°->

1.5x10~11
10-H
2x10~10
10711
10-H
10712

9% 10739 xexp(400/T)
6x10~ 11 x(T/300)— %5
1.3x10~ 9% (T/300)~ -5
10~ x(T/300) 92
10710

5x10710

4x10710

3.3x10710
5.2x10~29 x (T/300)~2-2
3x10~10
2.4x10~15xT
4.4x107 11

2.3x10~11
7x10~ 1 x (T /300)0-5
3x10~10

6.6x10~11

7x10 11

7x107 11

2.3x10~11
2.1x10716x(T/300)0-5
2.5x10~10

2.5x10710

10—11

4x10—10
9x1073%xexp(400/T)
10—29

1072

10-12

5x10710
2x10719%(T/300)0-%
8.4x10~ 11 x(T/300)°->
5x107 11 x (T/300)0->
2x10719%(T/300)0-%
2.8x10~11

8x10~10

3x10712



P-37
P-38
P-39
P-40
P-41
P-42
P-43
P-44
P-45
P-46
P-47
P-48
P-49
P-50
P-51
P-52
P-53
P-54
P-55
P-56
P-57
P-58
P-59
P-60
P-61
P-62
P-63
P-64
P-65
P-66
P-67
P-68
P-69
P-70
P-71
P-72
P-73
P-74
P-75
P-76
P-77
P-78
P-79
P-80
P-81
P-82
P-83
P-84
P-85
P-86
P-87
P-88
P-89
P-90

Nt +NO — Of + N3
N++NQO—)NO++N2

OF + 024+ 02 — Of + 02

02 +N2+N2~>NQO;+N2
OJ +Nz — NOt +NO

0 +N = NOt+0

OJ +NO — NO*t 4 0

OJ +NOz — NOJ + 02
ogwrNoz — NO+ + O3

OJ +N205 — NOJ + NO3 + O
OF +02 = OF + 02 + 02

Oy +02(a) = OF + 02 + 0o
O +O02(b) — OF + 02 + 02
Of +0 — 0F + 03
O}+NO~)NO++OQ+02
OI+N2 —>N20++02

N2OF + No —>o§t+2N2

N202 +OQ—)O4 + No
N20;+H20—>O;(H20)+N2
Ot +0+M— 0Of +M
OT+N+M— NOT+M

Ot +02 - 0F +0

Ot + Ny - NOt +N

Ot +N2 +M — NOt + N+ M
Ot +NO; — NOJ +0

Ot +NO - NOt +0

Ot +NO — Of +N

Ot +N(®D) - Nt +0
O++NQOHNQO++O

Ot +N20 - NOT +NO

Ot +N20 — OF + Ng

Ot +035 = 0Of +02

NOJ +NO — NOT + NO;
N2OF + NO — NO+t + N30
NO++N2+N2 —>NO+(N2)+N2
NO* 4+ Oz + N3 = NOT(02) + Na
NO++02+02 —)NO+(02)+02
NO* + 03 — NOJ + O3

NO* + N205 — NOJ + 2NO;
Ot +Hy - OHT +H

Ot +Hy0 — H, Ot +0
Ho0% + 02 — OF + H20
H20%" + NO2 — NOJ + H20
H20%" + NO — NO* + H20
OH* + 02 — Of + OH

N} 4+ Ho0 — HaoO% 4 2N,
N3F+H20~>H20++N2

N+t + Hy0O — HOt + N
H20++HQO—>H+(H20)+OH
HQO++H2 A)H+(H20)+H

aT

H+(H20) +HO0+M — H+(H20)2 + M
H+(H20 2 +HO+M — H+(H20)3 + M
4+ M

)
H+(H20)3 +HO+M — H+(H20)
H+(H20)4 +HO+M — H+(H20)5

10-12

5.5x10~10
2.4x10739x(T/300) 32
9x10731 x(T/300) 2
4x10721x(T/300) 2
1.2x10~10

4.4x10~10

6.6x10~10

10—11

8.8x10~10

3.3x107x(T/300)~*xexp(—5030/T)

10—10
10710
3x10~10
10-10

4.61x10712x(T/300)2-> xexp(—2650/T)
1.1x1076 % (T/300) =53 xexp(—2357/T)

107°

4%x10~9

10—29

10—29

2x107 11 x (T/300) 04
1.2x10~ 2 x(T/300) !
6x10729 % (T/300) 2
1.6x10~°

2.4x10~11

3x10~12

1.3x10~10

4%x10~10

2.3x10-10

2x10~ 11

10710

2.9x10-10

2.9%x10~10

2x10731 x (T/300)~44
3x10731

9x10—32

10715

5.9x10~10

1.62x1072

2.6x10~9

3.3x10710

1.2x10~°

4.6x1077

3.8x10-10

3x10~9

2.4x10~9

2.7x1079

1.85%x109

7.6x10710
4.6x10727x(T/300)~4
8.6x10~27x(T/300)~7-5
3.6x10727x(T/300)~81
4.6x10728x(T/300) 140



P-91

P-92

P-93

P-94

P-95

P-96

P-97

P-98

P-99

P-100
P-101
P-102
P-103
P-104
P-105
P-106
P-107
P-108
P-109
P-110
P-111
P-112
P-113
P-114
P-115
P-116
P-117
P-118
P-119
P-120
P-121
P-122
P-123
P-124
P-125
P-126
P-127
P-128
P-129
P-130
P-131
P-132
P-133
P-134
P-135
P-136
P-137
P-138
P-139
P-140
P-141

H+(H20)5 + HO+M — H+(H20)6
H+(H20)6 +HO+M — H+(H20)7
H*(H20)2 + M — H (H20) + Hy0 + M
H+(H20)3 +M — H+(H20)2 +H2O0+M
H+(H20)4 + M — H+(H20)3 + H20+M
HT(H20)5 + M — HT (H20)4 + H2O + M
H+(H20)6 +M — H+(H20)5 +HO+M
H+(H20)7 +M — H+(H20)6 + H20 + M

OF +H0 — OF (H20) + 02

07 (H20) 4+ Ho0 — Ht(H20) + OH + O3
ozf(HQO) 4 H0 — H*(H,0)(OH) + O
H+(HQO)(OH) + Hs0O — H+(HQO)2 + OH

OF + Hy0 4+ Ny — OF (H20) + Ny

02 + H20 + Og — O2 (H20) + O2

NO* + HyO +M — NO+(H20) + M
NO+(HQO) + HsO+M — NO+(HQO)2 + M
NOt (HQO)Q +H20+M — NO+(HQO)3 + M
NO*+ (H20)3 + H20 — Ht (H20)3 + HNOs
NO* 4 CO3 + M — NO+(CO3) + M

NO+* (COQ) + H20O — NOt (HQO) + COs
NOt(CO3) + M — NOtT + COs + M

NO* H20) + CO2 + M — NO+(HQO)(C02) + M
NO+ H20)(CO2) + H20 — NO+(HQO)2 + COq

NO*(H20)2 + CO2 + M — NOT(H20)2(CO2) + M

NO+* HQO)Q(COQ) + Hs0O — NO+* (HQO)3 + COso

NO+ HQO)Q(COQ) +M — NO+(H20)2 +CO2 + M

NOt HQO)(COQ) +M — NO+(H20) + CO2 + M
NO+ H20)2 +No+M — NO+(H20)2(N2) +M
NO*(H20)(N2) + CO2 — NO*+(H20)(CO2) + Na

NO+ H20) + No + M — NO+(H20)(N2) + M
NOt HQO)(NQ) + M — NO+(HQO) + N2 + M
NO+ HQO)Q(NQ) +M — NO+(H20) + No+ M
NOt Nz) + CO2 — NO+(COQ) + No

NOt
NO+t

2 +H20—>NO+(H20)+N2
2)+M —= NOt + Ny + M

NO*1(N3) + 0y — NOt + Ny

Na)
N2)
Na)
NO* (02 ) 4+ O2 — NOt+ + 09

H+(H2 )+ CO2 +M — H+(HQO)(C02) + M
H+(H20) +No+M — H+(HQO)(N2) + M
HT(H20)(CO2) + HyO — Ht(H20)2 + CO2
Ht(H20)(CO2) + M — HT (H20) + CO2 + M
H+(H20)(N2) + COg — H+(H20)(COQ) + Ny
H+(H20)(N2) + H,O — HT (H20)2 + Na
H+(H20)(N2) + M — H+(H20) + N + M
H+(H20)2 +CO2+M — H+(H20)2(C02) + M
H+(H20)2 +No+M — H+(H20)2(N2) + M
H+(H20)2(002) +H,0 — Ht (H20)3 + CO2
HT(H20)2(CO2) + M — Ht(H20)2 + CO2 + M
H+(H20) (Ng) + COy — H+(H20)2(COQ) + No
H+(H20)2(N2) +M — H+(H20)2 + No + M

Negative ion chemistry

N-1
N-2
N-3
N-4

e+ 03 e+ 0O+ 02
0~ +03 - 05 +0
07+02+M—>O;+M
O_+02(a)—>02_ +0

(
(
(
(
(
(
(
(
NOT (HQO)Q(NQ) + CO2 — NO+(H20) (COQ) + No
(
(
(
(
(
(
(
(

5.8x10729x(T/300) 153

5.74x10729x (T/300)~15-3
2.5x1072x(T/300) > xexp(—15900/T)
1.2x1072x(T/300) 8% x exp(—9800/T)
1.5x1071 x (T/300)~?-1 xexp(—9000/T)
1.7x1073 % (T/300) ~15 xexp(—6400/T)
4x1073x(T/300) 163 xexp(—5800/T)
7.17x10~4x (T /300) 163 xexp(—5390/T)
1.5x10~9x(T/300)0-°
2x10719%(T/300)0->

10~9%(T/300)°-3
1.4x1079x(T/300)%-5

2.5x10728

2.6x10728

1.8x10728 x(T/300)~47
10~27 % (T/300) %7

10727 % (T/300)~+7

7x107 11

7x10730% (T /300)~3

1079 x(T/300)°-5
6.2x10~7x(T/300) > xexp(—4590/T)
7x10739%(T/300) 3

1072 x(T/300)°-5

7x10730% (T /300)~3

1079 x(T/300)°-5

3.8x 1076 x(T/300) 5 xexp(—3335/T)
3.8x10~x(T/300) % xexp(—4025/T)
2x10731 x (T/300)~44
10~9%(T/300)0-3

1072 x(T/300)°-5
2x10731 x (T/300)~44

6.3x1078 x(T/300) ~%4xexp(—2150/T)
6.3x1078x(T/300) %4 xexp(—1800/T)
7.99x10710

2.35x1079 % (T/300)70-% + 2.41x10~10
1.5x1078x (T/300) =53 xexp(—2093/T)
1079

1079

8.5x10728x(T/300)~*
3.5x10731x(T/300) 4
2.33x1079%(T/300)~0-% + 2.39x 10710
5.5x 1073 x (T /300) 2 xexp(—7700/T)
8.38x10~10

2.6x107°

1078 x(T/300) ~% 4 xexp(—2800/T)
8.5x10728x(T/300)~*

3.5x10731 x(T/300)~*
2.27x1079%(T/300)70-% + 2.33x10710
1073 x(T/300) ~® xexp(—6200/T)
7.8x10~10
1.2x1078x (T/300) ~5-4 x exp(—2700/T)

10~8

5.3x10~10
1.1x10739%(T/300) 1
10-10



N-5

N-6

N-7

N-8

N-9

N-10
N-11
N-12
N-13
N-14
N-15
N-16
N-17
N-18
N-19
N-20
N-21
N-22
N-23
N-24
N-25
N-26
N-27
N-28
N-29
N-30
N-31
N-32
N-33
N-34
N-35
N-36
N-37
N-38
N-39
N-40
N-41
N-42
N-43
N-44
N-45
N-46
N-47
N-48
N-49
N-50
N-51
N-52
N-53
N-54
N-55
N-56
N-57

O0; +0—= 07 +02

05 +02+M— Oy +M

02_ +03—>Og + O2
O;+O~>O;+OQ

Oy +M =05 +02+M

Oy +0—= 05 +02

Oy +0 =07 +202

OZ + O2(a) —>O; + 202

04_ + O2(b) —>02_ + 202
O_+COQ+M—)CO§+M

O; +CO2+M — COyf +M

Oz +CO2 — COg5 + O2
OZ+COQ *)COZ‘FOQ

O~ +NO+M — NO; +M

O~ +NO2 — NO, +0

O~ +N20 - NO~ +NO

O; +NO2 — NO; + Oz

O5 +NO3 ~>N037+02

O; +NO — NO; + O2

O3 +NO - NO; +0

O; + NO2 *)NO27+03

Og + NO2 —>NO§ + O2

Oz +NO3 — NO; +Og3
NO~™ + 02 — O; +NO

NO~™ +NO2 — NO, +NO

NO~™ + N30 — NO; + Na
NO;+O3 —)NO; + Oq

NO; +NO2 — NO; +NO

NO; + NO3 — NO; + NOg
NOj3 + NO — NO; + NOg2

NO; +N205 — NO; +NO3 + NO
CO;+O~>O;+CO2

CO3 + NO — NO; + CO2

CO3 + NO2 — NO3 + CO2
COZ+O—>CO;+02
COZ+O3—>O§+C02+OQ
CO; +NO — NOg + CO2
07+H20+M—)07(H20)+M
02_ +H20+M—>02_(H20)+M
O; +HQO+M4)O37(H20)+M
Oi(HQO)"rOQ —)Og + H>O
O; +HNO3 — NO3 + HO2
O;(HQO)+NOQ —)NO; + HsO + Oy
O;(HQO)-FNO—)NO; + H2O
OQ_(HQO)+O3 — O35 +H20 + Oz
O;(HQO)JrCOQ —)CO; + H20 + O2
O;(HQO)-FCOQ —>COZ + H20
COz + HNO3 — NOg; + OH + COg2
NO; +H— OH™ +NO

OH™ + 03 — O5 + OH

OH™ + CO2 + M — HCO5 + M
O~ +HCl— Cl~ + OH

O, + HCl — CI™ + HO2

3.3x10710
3.5x10731x(T/300)~1
4%10~10

3.2x10~10

10710 xexp(—1044/T)
4x10~10

3x1010

10710

10—10
3.1x10~28x(T/300)°0-5
4.7x10729
5.5x10710x(T/300)0-5
4.3x10710x(T/300)°-5
10729

1.2x107°

2x10~10

8x10~10

5x10~10

2.6x10~12

10—11

7x10~10

2x10-11

5x10~10

5x10~10

7.4x10-16

2.8x10~14

1.8x10~11

4x10~12

5x10~10

3x10~15

7x10~10
1.1x10~19 % (T/300)0-5
1.1x10~ 1 x(T/300)0-5
2x10719%(T/300)0-2
1.4x10719 % (T/300)0-5
1.3x10719%(T/300)0-5
4.8x10~11

1.3x1028

2.2x10—28

2.7x10728

6.2x10~11

2.9x1079

9x10~10

3.1x10-10

8x10~10

1.8x10~10

5.8x10~10
3.51x10~10
3x10719%(T/300)0->
9x10~19%(T/300)0->
7.6x10728x(T/300)0-5
2x1079%(T/300)0-°
1.6x1079 % (T/300)9->



N-58
N-59
N-60
N-61
N-62
N-63
N-64
N-65
N-66
N-67
N-68
N-69
N-70
N-71
N-72
N-73
N-74
N-75
N-76

CO; +H — OH™ 4+ COq

OH~ 4+ HCIl — Cl~ + H20

NOZ_ + HCl — Cl~ + HNO2

NO; + HCl — C1~ + HNO3

(X); + HCl — Cl~ 4+ OH + COq
Cl~ + NO2 — NO,; +Cl

Cl~ + HNO3 — NO; + HC1

Cl= 4+ O3 — ClO™ + O2

ClIO™ +03 — ClI™ 4+ O2 4+ O29
ClO~ + O3 —%(); + CIO + O2
ClIO~™ + NO — NO2_ + Cl

Clm +H20+M — Cl_(HQO) + M
Cl~ (H20)+M — ClI~ + H. O+ M
Cl~ (H20) + H — e + HC1 + H20
Cl™ +CO2+M — C1=(CO2) + M
Cl=(CO2)+M — Cl~ + CO2 + M
Cl~ + HC1+ M — CI~ (HCl) + M
Cl~ (H20) + HC1 — Cl~ (HCl) + H2O
Cl~(HCl)+ M — C1~ + HC1+ M

Electron-ion recombination

EI-1

EI-2

EI-3

EI-4

EI-5

EI-6

EI-7

EI-8

EI-9

EI-10
EI-11
EI-12
EI-13
EI-14
EI-15
EI-16
EI-17
EI-18
EI-19
EI-20
EI-21
EI-22
EI-23
EI-24
EI-25
EI-26
EI-27
EI-28
EI-29
EI-30
EI-31
EI-32
EI-33
EI-34
EI-35

e+ N - N+N

e+ NJ — N +N(®D)
e+0] -0+0
e+0] - 0+0('D)

e+ 05 — O('D) + O('D)
e+07 +M— 024+ M
c+N§"+M—>N2+M
e+NOt +M — NO+M
e+ Nt 4+ M= N+M
e+O0OT+M—-0+M
e+N+—>N2+N2
e+Ni*—>2N+N2

e+ 0 = 02+ 02

e+ 0f - 20+ 02

e+ NOt - O+N

e+ NOt — O +N(®D)
e+ Nt 5N

e+ 0t =0

e+ NOT(N2) = NO + Ny
e+ NOT(02) = NO + Oq
e+N20;—)OQ+N2
e+NOJ - NO+0
e+N20+%O+N2

e+ NI — N+N;

e+ NJ — N+ Nz(A)

e+ N7 — N+ Na(B)

e+ H0F — O +2H

e+ HOt - OH+H
e+H20+—)O+H2
e+OHt - O+ H

e+ Ht(H20) — OH + 2H
e+ Ht(H20) — H + H20
e+ Ht(H20) — OH + Ha
e+ Ht(H20) — O+ H+ Ha
e+ HT H20)2 — H+ 2H20

A~~~

1.7x10710

10710

1.4x107°

10712

3x107 11

6x10712

1.6x10~°

5x10713

6x10711

10711

2.9x10~11

2x10729%(T/300) 2
9.2x107%x(T/300) 3 xexp(—7450/T)
8x10~ 11

6x10~29x(T/300) 2
2.6x1075x(T/300) 3 xexp(—4000/T)
10—27

1.30x10°

3.33x1073 % (300/T) xexp(—11926/T)

2.8x10~7x(T/300)~ 05
2x10~7"x(T/300)~0->
3.84x1078x(T/300)~ 07
1.13x10~7x(T/300) =97
8.88x10~8x(T/300)~0-7
6x10727x(T/300)~ 15
6x10727x(T/300)~ 15
6x1027x(T/300)~ 15
6x10727x(T/300)~ 15
6x10~27x(T/300)~ 15
2x1076x(T/300)~0->
1.4x1076x(T/300)~0-41
1.4x1076x(T/300)~0-5
1.7x1077
4x10~7x(T/300)~ 15
3x1077x(T/300)~1
4x10712x(T/300)—0-58
3.24x10~ 12 x(T/300)~0-66
1.3x1076x(T/300)~0-5
1.3x10~6x(T/300)~0-5
1.3x1076x(T/300)~0-5
2x10~7x(T/300)~0-3
1.3x10~6 % (T/300) 05
3.5x1076x(T/300)~0-5
4.30x10~7"x(T/300)— 5
4.30x10~7 x(T/300)~0->
3.05x10~7x(T/300)~0->
8.6x10~8x(T/300)~ 05
3.9x10~8x(T/300)~0-5
3.75x1078 x(T/300)~ 05
2.58x10~7 x (T /300)~0->
1.08x 1077 x(T/300) =95
6.02x 108 x(T/300)~ 95
5.6x1079x (T/300)~0-5
2.6x10~6x(T/300)~ 05



EI-36
EI-37
EI-38
EI-39
EI-40
EI-41
EI-42
EI-43
EI-44
EI-45
EI-46
EI-47
EI-48
EI-49
EI-50
EI-51
EI-52
EI-53
EI-54

e+ Ht H>0)3 — H+ 3H20

) 3.8x1076x(T/300)~0-5
e+ Ht H20)4 — H+ 4H50
)

4.9x107%x(T/300)—0-5
5x10~%x(T/300)~0-3
6.2x10~%x(T/300)~0-5
8.27x1076x(T/300)~0->
1.5x10~6 % (T/300) 05
2x1076x(T/300)~0->
3x10~%x(T/300)~0-3
1.5x10~6x(T/300)~0-5
1.5x1076x(T/300)~0-5
2x1076x(T/300)~0-3
1.5x1076x(T/300)~0-5
2x1076x(T/300)~0->
2x1076x(T/300)~0-3
1.5x1076 % (T/300)~0-5
2x10~6x(T/300)~0-3

(
(
e+ Ht(H20)5 — H+ 5H20
e+ H+(HQO)6 — H 4+ 6H0
e+ H+(H20)7 — H+ 7TH20O
e+ HT(H20)(OH) — H+ H20 + OH
e+ H+(H20)(COQ) — H+ H20 + CO2
e+ Ht(H20)2(CO2) — H+ 2H20 4 CO2
e+ H+(HQO)(N2) — H 4+ Hy0 + Ny
e+ H+(H20)2(N2) — H + 2H20 + Ny
e+ OF (H20) — Hz0 + O2
e+NO+(H20) — NO + H0O
e+ NOT(H20)2 — NO + 2H0
e+ NO+(H20)3 — NO + 3H20
e+ NO+(C02) — NO + COq
e+ NO*(H20)(CO2) — NO + Hy0 + CO»
)
)
)

e+ NOt(H20)2(CO2) — NO + 2H30 + CO2 2x1076x(T/300)~0->
e+ NOT(H20)(N2) — NO + HoO + Ny 2x10~%x(T/300)~0-3
e+ NOt(H20)2(N2) — NO + 2H20 + No 2x1076x(T/300)~0-3

Ton-ion recombination

II-1

1I-7

II-8a
11-8b

A= +Bt* - A+B

for A~ = [0~,0;,05,NO~,NO; ,NO;]

and BT = [01,0F,Nt,NJ,NO*,NOJ, N, O]
A=+ BC)T - A+B+C 1077

for A~ =[0~,0;,05,NO~,NO; ,NO3]

and (BC)t = [Nf,of,NoJr,Nof,N20+,N;,NI,NO+(N2),No+(02),Nzo;]

2x10~7x(T/300)~0->

Oy +At 5202 +A 107
for AT = [N*,N}, 0%, 0], NO*+,NOJ,N,0+]
Oy +(AB)t - 20, +A+B 10~7

for (AB)T = [NI,N}, 0}, NO+(N2), NOt(02), N2OF ]
A-+Bt*+M—-A+B+M

for A= = [07,0,]

and Bt = [01,0], N+, N}, NOt]

A= +Bt*+M - AB+M

for A= = Oy

and Bt = [OF, Nt NOT]

A= +Bt+M - AB+M

for A= = O~

and Bt = [01,0],Nt,NJ,NO+]

X" +Yt 5 X+Y 6x10~8x(T/300)~ 05
X" 4+YT+M=X+Y+M 1.25x1072% x (T /300) 4
for all X~ /Y* combinations not included in (II-1)—(II-7)

2x10725%(T/300) 22

2x10725x(T/300) 25

2x10725%(T/300)~2-5

Neutral chemistry

C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-9
C-10
C-11
C-12
C-13

N+0z - NO+O 1.5x107 1 xexp(—3600/T)

N+ O3 — NO + Oqg
N+ NO — O+ N»
N+ NOy - N2O+ O
N + NOs — NO + NO
N + NOs — 20 + No
N + NOg — Ng + O2
N+N+M— Ny +M
N+O+M—-NO+M
O+ 03 = O2 4+ 02
O+ NOs — NO + Oy
O+ NO3 — NO2 + O2
O+ 0O+ Ny — O3+ Ny

10—16

2.1x10~ " xexp(—100/T)
3x10712

2.3x10712

9.1x10713

7x10713
8.27x10~3%xexp(500/T)
1.76x107 3t xT—05

8x 10712 xexp(—2060/T)
5.1x10712 xexp(210/T)
10—11

2.76x10734 xexp(720/T)

[9]
[9]

[9)

[9]

[9]



C-14
C-15
C-16
C-17
C-18
C-19
C-20
C-21
C-22
C-23
C-24
C-25
C-26
C-27
C-28
C-29
C-30
C-31
C-32
C-33
C-34
C-35
C-36
C-37
C-38
C-39
C-40
C-41
C-42
C-43
C-44
C-45
C-46
C-47
C-48
C-49
C-50
C-51
C-52
C-53
C-54
C-55
C-56
C-57
C-58
C-59
C-60
C-61
C-62
C-63
C-64
C-65
C-66
C-67
C-68
C-69
C-70

O+0+02 = 02+ 02

O+ 02 + Nz — O3 + Na

O+ 02402 - 03+ 02

O+ 03+ 02 =+ O3+ 03+ 02
O+0+02 —>03+0+09
O+ NO2 +M — NO3 + M
O+ NO + No — NOs + No
O+ NO + 0Oz — NO3 + O9
O+ NO — NO»

NO + NO3 — NO2 + NO2

NO + O3 —+ NO2 + Og
N02+03 —)N03+02

NOs + NO3 — NO + NO2 + O9
NOQ+N03+M~>NQO5+M
NO3 + NO3 — NO3 + NO3 + O2
H+O2+M — HO2 + M

H+ Hz + Oz — HO2 + Ha 4+ O2
H+OH+M — HO+M

H+ NO2 — NO + OH
H+O3—)OH(V)+02

O+ HO2 — OH(v) 4 O2

O+ HOs — OH + Oy
OH(v)+ O - H+ O2
OH(v)+M — OH + M

H+ O3 — HO2 + O

H+ HO2 — OH + OH

H+ HOs — O + Hx0O

H + HO3 — Hg + O2
H+N03~>NOQ+OH

OH + OH — H20 4+ O

OH+0O —-H+ 02

OH+ Hy - H, O+ H

OH + O3 — HO2 + O2
OH + HO2 — H20 4 O2

OH + HNO2 — H20 + NOg
OH+N —- NO+H
OH+NO+ M — HNO2 + M
OH + NO2 + No — HNO3 + N2
OH + NO3 + Oz — HNO3 + O2
OH + NO3 — HO2 + NO2

OH + HNO3 — H20O + NOs3
OH + HO2 — H20 + O2

HO3 + O3 — OH + O3 + O2
HO2 + NO — OH + NO»

HO2 + NO2 — HNOg + O2
HO2 + NO3 — HNO3 + O2
HO2 + N — OH + NO

N20O5 + H2O — HNO3 + HNO3
N2Os5 + O — N3 + 309

HNO32 + O — OH + NO2
HNO3 + NO3 — HNO3 + NO2
H+4+NO+M — HNO +M
HO2 + NO — HNO + O3

HNO + H — NO + Ho

HNO + OH — H20 + NO
OH+ OH + M — H209 + M
HOs + HO3 — H05 + O9

3.81x10733x(T/300)0-63
6.2x10734x(T/300)~2
6.9x10734x(T/300)~ 125

1.5x10734 xexp(750/T)

2.15x10734 xexp(345/T)
8.9x10732x(T/300)~2

1.2x10731 x(T/300) 1682

9.3x10732 % (T/300) 1682

3.02x10~ 11 x (T /300)~0-75
1.5x107 1 xexp(170/T)
3x107 12 xexp(—1500/T)
1.2x107 13 xexp(—2450/T)

2.3x107 13 xexp(—1600/T)

5.9x10~29 x (T /300)~1-27

8.5x 10713 xexp(—2450/T)
5.94x10732x(T/300) !
5.79x10732x(T/300)~0-8

6.88x 10731 x(T/300) 2
2.2x10710xexp(—182/T)
1.4x10719xexp(—470/T)
3x107 11 x (1.-0.52)

3x10711x0.52

2.5x10710x(T/300)0-5

10~ 13 x(T/300)0-5

7.5x10713

2.35x107 19 xexp(—373.7/T)
9.18x10~ M xexp(—971.9/T)

2.57x107 11 x (T/300)0-3598 x exp(—346/T)
5.8x10~10xexp(—750/T)

1.55x 10713 x(T/300)1498 x exp(267.3/T)
2.1x107 11 x(T/300)~ 0186 xexp(—153.9/T)
2.31x10712x(T/300)>47 xexp(—1761/T)
1.47x 10712 xexp(—932.7/T)
4.38x10~ 11 xexp(110.9/T)

1.8x 107 xexp(—390/T)

3.92x 1071 xexp(72.3/T)

7.4x10731 x (T /300) 24
2.6x10739x(T/300)~2?
2.2x1073%x (T /300)~ 29

2.2x10~11

7.2x10715 xexp(785/T)

1.7x107 1 xexp(416/T)

1.66x 10713 xexp(—1409.6/T)
3.6x10712xexp(240/T)

1.2x10713

9.21x10713

2.19x10~ 11

5x10719

3x10~16 % (T/300)0-5

10712 xexp(—2000/T)

2x10715

7.32x10732 % (T/300)~ 1318 xexp(—184.3/T)
9.1x10~19 % (T/300) xexp(2819/T)
2.35x10~ 11 x (T /300)%-94 x exp(—249/T)
1.26x 10711 % (T/300)%99 xexp(—334.2/T)
6.05x10731 x(T/300)~3

8.05x10~ 11 x (T/300)~1



C-71
C-72
C-73
C-74
C-75
C-76
C-77
C-78
C-79
C-80
C-81
C-82
C-83
C-84
C-85
C-86
C-87
C-88
C-89
C-90
C-91
C-92
C-93
C-94
C-95
C-96
C-97
C-98
C-99
C-100
C-101
C-102
C-103
C-104
C-105
C-106
C-107
C-108
C-109
C-110
C-111
C-112
C-113
C-114
C-115
C-116
C-117
C-118
C-119
C-120
C-121
C-122
C-123
C-124
C-125
C-126
C-127

HO2 + HO2 + M — H20O2 + O + M

H;05 +H — OH + H20O
H202 + H — HO2 + Ho
H05 4+ OH — H20 + HO9
H202 + O — OH + HO»
H2025 + NO3 — HO9 + HNOj3
Cl+03 — Cl1O + O9

Cl+ H202 — HCl 4+ HO2
Cl+ He — HClI+ H

Cl+ HO2 — HCI + O2

Cl4+ HO2 — CI1O + OH
ClO+ O — Cl+ Og
ClO + NO — Cl+ NOq
ClO + OH — Cl+ HOq
ClO + OH — HCI 4 Oq
HCl+ OH — Cl+ H20
HCl+ O — Cl+ OH
N(D) + O3 =+ NO+ O
2D) + 02 — NO + O('D)
2D) + N3 — N + Ng

N(

(

(

(®D)+0 —=N+0
(®D) + N20O — NO + Ng
(®D) +NO — O + Ny
(®D) + NO — N0
(®P) + O2 - NO + O
(®P) + N2 — N(2D) + N»
(®P) +N = N(?D) +N
(®P) +NO — O + Ny
(D) + N3 — O+ Ny
(!D)+ 02 =+ O+ O3
(1D)+OQ —)O-i-OQ(a)
(D) + 02 — O + O2(b)
(*D) + O3 — 20 + O2
(D) 4+ 03 = O2 + O2
(!D)+03 - 0+ 03
('D) + N3O — NO + NO
(!D) + N2O — N3 + O3
(ID) + N2O — O + N30
(!D)+NO = N+ Oy
(D) + NO2 — NO + Og
('D) + H,O — OH + OH
(!D) + Ho0 — Ha + O2
(1 )+H2~)OH+H
(1D)+H202 — H20 + Oy
(1S) + HoO — OH + OH

( S)+H204)H2+02

(*S) + HoO — O + H20

(*S) + 02 — O + Oz

( S)+02—>O(1D)+02

(1S) + Ny — O + Ny

(1S) + 03 — O('D) + O + Oz
( S)+O3—>02+02
(!S)+0 = 0O(*D)+ 0O

(18) + NO — O + NO

(1S) + NO — O(!D) + NO
( S)+NQOHO+NQO

1

Q0000000000000 0O0OO0O0O0O0O00OO0O000ZZ2Z2Z22222227Z

1.9%x10733 xexp(980/T)
4x107 1 xexp(—2000/T)

8x 107 xexp(—4000/T)
4.53x107 12 xexp(—288.9/T)

1.79x 10713 x (T/300)292 xexp(—1394/T)

4.1x10716
2.3x107 11 xexp(—200/T)
1.1x10~ M xexp(—980/T)
3.05x 10~ 11 xexp(—2270/T)
1.4x107 1 xexp(270/T)
3.6x107 1 xexp(—375/T)
2.8x107 1 xexp(85/T)
6.4x107 12 xexp(290/T)
7.4x10712 xexp(—270/T)
6x10713 xexp(—230/T)

1.8x10~ 2 xexp(—250/T)
10~ xexp(—3300/T)
1.5x10~ 12 x(T/300)0->
6x10~12x(T/300)0->
6x10715
4x10~13x(T/300)0-2
4.5x10713x(T/300)°-5
3.5x10712

1.8x10~10

6x10711

2.6x10712

2x10718

1.8x10~12

3x10~ 11

1.8x 107 xexp(107/T)

6.4x107 12 xexp(67/T)
10712

2.56x 1071 xexp(67/T)
1.2x10~10

1.2x10710

2.41x10~10

7.2x10~11

4.4x10~11

10—12

1.7x10710

3x1010

2.19x10710

3.57x10~10

1.1x10~10

5.2x10~10

5x10~10

5x10710

3x10~10

4.3x10712 xexp(—850/T)x0.69
4.3x107 12 xexp(—850/T) x0.31
5x10~17

2.9x10~10

2.9x10~10
5x107 1 xexp(—301/T)
1.8x10710

3.2x10710

6.3x10~12



C-128
C-129
C-130
C-131
C-132
C-133
C-134
C-135
C-136
C-137
C-138
C-139
C-140
C-141
C-142
C-143
C-144
C-145
C-146
C-147
C-148
C-149
C-150
C-151
C-152
C-153
C-154
C-155
C-156
C-157
C-158
C-159
C-160
C-161
C-162
C-163
C-164
C-165
C-166
C-167
C-168
C-169
C-170
C-171
C-172
C-173
C-174
C-175
C-176
C-177
C-178
C-179
C-180
C-181
C-182
C-183
C-184

O('S) + N0 — O(!D) + N3O
O('8) + 0O2(a) — O(*D) + Oa(b)
O('S) + 02(a) > O+0+0

Os(a) + HoO — Hs0 + O2
O2(b) + Ng *}OQ(&)“FNQ
O3(b) + Oy — Og(a)-i-Oz
Os(b +O—)Oz(a)+02
Os(b +O—)O(1D)+OQ
O2(b) + O3 — 202(a) + O
Og(b + NO — OQ(a) + NO
O2(b) + H2O — H20 4 O2
NQ(A) + N2 — Ng + No
NQ(A)"FOQ — 20 + Ny
N2(A) + Oz — O + N20
NQ(A)+OQ *}OQ(&)“FNQ
N2(A) + Oz — Oz(b) + No
N2(A) + 0 — O(!S) + No
N2(A) + O — N(?D) + NO
NQ(A)+N—)N(2P)+N2
NQ(A)+N4>N+N2

NQ(A) + NO — N2 + NO
N2(A)+N20—>N+NO+N2
NQ(A)"FNQ(A) — NQ(B)"FNQ
NQ(A) + NQ(A) — NQ(C) + N2
NQ(A)#»HQO*)H‘FOH‘FNQ
N2(A) 4+ Oz2(a) — N2(B) 4+ O2
N2(B)+OQ—>O+O+N2

NQ(B)"FNQ —)NQ(A)-i-NQ
NQ(B)+N2 — N2 + No
N2(B)+NO — N2(A)+NO
N+N+M — N2(B)+M
N2(C) + O2 —>O(IS)+O+N2
NQ(C) + No %Nz(all)+N2
Ng(a’1)+02—>0+O+N2
N2(a/1)+N2 *}N2(B)+N2
N2(a’') + NO — N + O + Ng
Na(al) + 02 - 04+ O+ N»
Ng(a1)+N2 — No + No
Ng(al)+NO—)N+O+N2
N2(al)+H204)H+OH+N2
O2+hr —-0+4+0
Og+hl/~)02+o

Oz +hv — Oz + O(ID)
NO+hv - N+O

NO2 +hvy - NO + O
NOg-I—hI/—)NOQ-i-O
HNOs3 + hvy — NO32 + OH
N20 + hv — O('D) + Ng

10

3.1x10712

3.6x10711

3.4x10~11

1.4x10~19
2.2x10718x(T/300)°-8
7x10716

2x 107 xexp(—600/T)
4.88x10718

2.48x10~17
5.2x107 1! xexp(—2840/T)
9.7x107 13 xexp(—1564/T)
10731 x(T/300)0-5
3x10718

4.9x107 % xexp(—253/T)
3.73x10716 % (T /300)%* xexp(—241/T)
8x10~14

3.39x 10711 x (T/300) ~ 01 xexp(—4201/T)

1.8x10~ 11

4x10~14

6.7x10~12

3x10~18

1.63x 10712 x(T/300)0-55
7.8x10~14
1.29x1012
1.29%x10~12
2.1x10~ 1

7x10712

5x10~11

2x10~ 11

7x10 11

10—11
3x10719%(T/300)0->
1.5x10~ 9% (T/300)0->
5x10~ 14
10~10x(T/300)°->
3x10~10

3x10~11

2x10~12

2.4x10~10
2.4x10733x(T/300)°->
3x10-10

10711

2.8x10~ 11

4x10~15

3.6x10-10
2.8x10~ 1

2x10~13

3.6x10~10

5x10~ 14

f(hv)

F(hv)

f(hv)

F(hv)



C-185 N305 + hv — NO3 4+ NO3 f(hv)

[

C-186  N205 +hv — O + NO + NO» f(hv) 2]
C-187 H20+hv — H+ OH f(hv) 2]
C-188  HO2 +hv — O + OH f(hv) 2]
C-189 H505 + hv — OH + OH f(hl/) [2]
C-190 HCl+hy — H4+Cl f(hv) 2]
C-190 CIO+hv—Cl+0 f(hv) 2]
Radiative de-excitation

RA-1  O('D) - O+hv 9.1x1073 [15]
RA-2  O('S) = O('D) + hv 1.43 [15]
RA-3  O2(a) - O2 + hv 2.22x10~4 [15]
RA-4  Oz(b) = Oz +hv 7.7x1072 [15]
RA-5  OH(v) — OH 4 hv 218 (15]
RA-6  N3(B) — N2(A) +hv 1.5x10° [9]
RA-7  N3(C) — N2(B) + hv 3x107 [9]
RA-8  Na(al) = Ny +hv 8.55 x103 (3]
RA-9 N(®D) - N+hv 1.06x10~° [13]
RA-10 N(?P) — N(2D) + hv 7.9x10~2 [13]
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