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Appendix 3

RATE COEFFICIENTS FOR SECOND-

ORDER GAS-PHASE REACTIONSa,b

Table A.3.1

Reaction A Factor Ea/R k298

O + O3 → O2 + O2 8.0 × 10−12 2060 8.0 × 10−15

O(1D) + O2 → O + O2 3.2 × 10−11 –70 4.0 × 10−11

O(1D) + O3 → O2 + O2 1.2 × 10−10 0 1.2 × 10−10

→ O2 + O + O 1.2 × 10−10 0 1.2 × 10−10

O(1D) + H2 → OH + H 1.1 × 10−10 0 1.1 × 10−10

O(1D) + H2O → OH + OH 2.2 × 10−10 0 2.2 × 10−10

O(1D) + N2 → O + N2 1.8 × 10−11 –110 2.6 × 10−11

O(1D) + N2O → N2 + O2 4.9 × 10−11 0 4.9 × 10−11

→ NO + NO 6.7 × 10−11 0 6.7 × 10−11

O(1D) + CH4 → products 1.5 × 10−10 0 1.5 × 10−10

O(1D) + CCl4 → products 3.3 × 10−10 0 3.3 × 10−10

O(1D) + CH3Br → products 1.8 × 10−10 0 1.8 × 10−10

O(1D) + CH2Br2 → products 2.7 × 10−10 0 2.7 × 10−10

O(1D) + CHBr3 → products 6.6 × 10−10 0 6.6 × 10−10

O(1D) + CHClF2 → products 1.0 × 10−10 0 1.0 × 10−10

O(1D) + CCl3F → products 2.3 × 10−10 0 2.3 × 10−10

O(1D) + CCl2F2 → products 1.4 × 10−10 0 1.4 × 10−10

O + OH → O2 + H 2.2 × 10−11 –120 3.3 × 10−11

O + HO2 → OH + O2 3.0 × 10−11 –200 5.9 × 10−11

H + O3 → OH + O2 1.4 × 10−10 470 2.9 × 10−11

H + HO2 → products 8.1 × 10−11 0 8.1 × 10−11

aThe rate constant (cm3 molecule−1 s−1) is expressed by k = Aexp(−Ea/RT), where
A, the pre-exponential factor, is given in cm3 molecule−1 s−1, and Ea/R (activation
energy of the reaction divided by the gas constant) is given in Kelvin. The value of the
rate constant k298 at 298 K is given in cm3 molecule−1 s−1.

b Sander, S.P., R.R. Friedl, D.M. Golden, M.J. Kurylo, R.E. Huie, V.L. Orkin,
G.K. Moortgat, A.R. Ravishankara, C.E. Kolb, M.J. Molina, and B.J. Finlayson-Pitts,
Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies, Evaluation
No. 14, JPL Publication No. 02-25, Pasadena, Calif, USA, 2003.
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608 AERONOMY OF THE MIDDLE ATMOSPHERE

Reaction A Factor Ea/R k298

OH + O3 → HO2 + O2 1.7 × 10−12 940 7.3 × 10−14

OH + H2 → H2O + H 5.5 × 10−12 2000 6.7 × 10−15

OH + OH → H2O + O 4.2 × 10−12 240 1.9 × 10−12

OH + HO2 → H2O + O2 4.8 × 10−11 –250 1.1 × 10−10

OH + H2O2 → H2O + HO2 2.9 × 10−12 160 1.7 × 10−12

HO2 + O3 → OH + 2O2 1.0 × 10−14 490 1.9 × 10−15

HO2 + HO2 → H2O2 + O2 2.3 × 10−13 –600 1.7 × 10−12

M→ H2O2 + O2 1.7 × 10−33 [M] –1000 4.9 × 10−32 [M]
O + NO2 → NO + O2 6.5 × 10−12 –120 9.7 × 10−12

OH + HNO3 → H2O + NO3 (see Note)
OH + HO2NO2 → products 1.3 × 10−12 –380 4.6 × 10−12

HO2 + NO → NO2 + OH 3.5 × 10−12 –250 8.1 × 10−12

HO2 + NO3 → products 3.5 × 10−12

N + O2 → NO + O 1.5 × 10−11 3600 8.5 × 10−17

N + NO → N2 + O 2.1 × 10−11 –100 3.0 × 10−11

N + NO2 → N2O + O 5.8 × 10−12 –220 1.2 × 10−11

NO + O3 → NO2 + O2 2.0 × 10−12 1400 1.8 × 10−14

NO + NO3 → 2NO2 1.5 × 10−11 –170 2.6 × 10−11

NO2 + O3 → NO3 + O2 1.2 × 10−13 2450 3.2 × 10−17

OH + CO → products 1.5 × 10−13× 0 1.5 × 10−13×
(1 + 0.6 PatmPP ) (1 + 0.6 PatmPP )

OH + CH4 → CH3 + H2O 2.45 × 10−12 1775 6.3 × 10−15

OH + CH2O → H2O + HCO 1.0 × 10−11 0 1.0 × 10−11

OH + CH3OH → products 6.7 × 10−12 600 8.9 × 10−13

OH + CH3OOH → products 3.8 × 10−12 –200 7.4 × 10−12

OH + HCN → products 1.2 × 10−13 400 3.1 × 10−14

OH + CH3CN → products 7.8 × 10−13 1050 2.3 × 10−14

HO2 + CH3O2 → CH3OOH + O2 3.8 × 10−13 –800 5.6 × 10−12

NO3 + CH2O → HCO + HNO3 6.8 × 10−16

HCO + O2 → CO + HO2 5.2 × 10−12 0 5.2 × 10−12

CH2OH + O2 → CH2O + HO2 9.1 × 10−12

CH3O + O2 → CH2O + HO2 3.9 × 10−14 900 1.9 × 10−15

CH3O2 + CH3O2 → products 2.5 × 10−13 –190 4.7 × 10−13

CH3O2 + NO → CH3O + NO2 2.8 × 10−12 –300 7.7 × 10−12

O + FO → F + O2 2.7 × 10−11 0 2.7 × 10−11

F + O3 → FO + O2 2.2 × 10−11 230 1.0 × 10−11

F + H2 → HF + H 1.4 × 10−10 500 2.6 × 10−11

F + H2O → HF + OH 1.4 × 10−11 0 1.4 × 10−11

F + CH4 → HF + CH3 1.6 × 10−10 260 6.7 × 10−11

FO + NO → NO2 + F 8.2 × 10−12 –300 2.2 × 10−11

FO2 + NO → FNO + O2 7.5 × 10−12 690 7.5 × 10−13

CF3O + O3 → CF3O2 + O2 2 × 10−12 1400 1.8 × 10−14

From Brasseur and Solomon, 2006 (III)
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Reaction A Factor Ea/R k298

CF3O + NO → CF2O + FNO 3.7 × 10−11 –110 5.4 × 10−11

CF3O + CH4 → CF3OH + CH3 2.6 × 10−12 1420 2.2 × 10−14

CF3O2 + O3 → CF3O + 2O2 < 3 × 10−15

CF3O2 + NO → CF3O + NO2 5.4 × 10−12 –320 1.6 × 10−11

OH + CF3CH2F (HFC-134a) 1.05 × 10−12 1630 4.4 × 10−15

→ H2O + CF3CHF
O + ClO → Cl + O2 3.0 × 10−11 –70 3.8 × 10−11

O + OClO → ClO + O2 2.4 × 10−12 960 1.0 × 10−13

O + HCl → OH + Cl 1.0 × 10−11 3300 1.5 × 10−16

O + HOCl → OH + ClO 1.7 × 10−13 0 1.7 × 10−13

O + ClONO2 → products 2.9 × 10−12 800 2.0 × 10−13

OH + ClO → Cl + HO2 7.4 × 10−12 –270 1.8 × 10−11

→ HCl + O2 6.0 × 10−13 –230 1.3 × 10−12

OH + OClO → HOCl + O2 4.5 × 10−13 –800 6.8 × 10−12

OH + HCl → H2O + Cl 2.6 × 10−12 350 8.0 × 10−13

OH + HOCl → H2O + ClO 3.0 × 10−12 500 5.0 × 10−13

OH + ClONO2 → products 1.2 × 10−12 330 3.9 × 10−13

OH + CH3Cl → CH2Cl + H2O 2.4 × 10−12 1250 3.6 × 10−14

HO2 + Cl → HCl + O2 1.8 × 10−11 –170 3.2 × 10−11

→ OH + ClO 4.1 × 10−11 450 9.1 × 10−12

HO2 + ClO → HOCl + O2 2.7 × 10−12 –220 5.6 × 10−12

Cl + O3 → ClO + O2 2.9 × 10−11 260 1.2 × 10−11

Cl + H2 → HCl + H 3.7 × 10−11 2300 1.6 × 10−14

Cl + H2O2 → HCl + HO2 1.1 × 10−11 980 4.1 × 10−13

Cl + CH4 → HCl + CH3 1.1 × 10−11 1400 1.0 × 10−13

Cl + CH2O → HCl + HCO 8.1 × 10−11 30 7.3 × 10−11

Cl + OClO → ClO + ClO 3.4 × 10−11 –160 5.8 × 10−11

ClO + NO → NO2 + Cl 6.4 × 10−12 –290 1.7 × 10−11

ClO + ClO → Cl2 + O2 1.0 × 10−12 1590 4.8 × 10−15

→ ClOO + Cl 3.0 × 10−11 2450 8.0 × 10−15

→ OClO + Cl 3.5 × 10−13 1370 3.5 × 10−15

OH + CHF2Cl (HCFC-22) 1.0 × 10−12 1600 4.7 × 10−15

→ CF2Cl + H2O
OH + CH3CFCl2 (HCFC-141b) 1.25 × 10−12 1600 5.8 × 10−15

→ CH2CFCl2 + H2O
OH + CH3CF2Cl (HCFC-142b) 1.3 × 10−12 1770 3.4 × 10−15

→ CH2CF2Cl + H2O
O + BrO → Br + O2 1.9 × 10−11 –230 4.1 × 10−11

OH + HBr → H2O + Br 1.1 × 10−11 0 1.1 × 10−11

OH + CH3Br → CH2Br + H2O 2.35 × 10−12 1300 3.0 × 10−14

HO2 + Br → HBr + O2 1.5 × 10−11 600 2.0 × 10−12

HO2 + BrO → products 3.4 × 10−12 –540 2.1 × 10−11

From Brasseur and Solomon, 2006 (IV)



610 AERONOMY OF THE MIDDLE ATMOSPHERE

Reaction A Factor Ea/R k298

Br + O3 → BrO + O2 1.7 × 10−11 800 1.2 × 10−12

Br + H2O2 → HBr + HO2 1.0 × 10−11 >3000 < 5 × 10−16

Br + CH2O → HBr + HCO 1.7 × 10−11 800 1.1 × 10−12

BrO + O3 → Br + 2O2 ∼ 1.0 × 10−12 >3200 < 2 × 10−17

BrO + NO → NO2 + Br 8.8 × 10−12 –260 2.1 × 10−11

BrO + ClO → Br + OClO 9.5 × 10−13 –550 6.0 × 10−12

→ Br + ClOO 2.3 × 10−12 –260 5.5 × 10−12

→ BrCl + O2 4.1 × 10−13 –290 1.1 × 10−12

BrO + BrO → 2Br + O2 2.4 × 10−12 –40 2.7 × 10−12

→ Br2 + O2 2.8 × 10−14 –860 5.0 × 10−13

OH + OCS → products 1.1 × 10−13 1200 1.9 × 10−15

S + O2 → SO + O 2.3 × 10−12 0 2.3 × 10−12

SO + O2 → SO2 + O 2.6 × 10−13 2400 8.4 × 10−17

SO + O3 → SO2 + O2 3.6 × 10−12 1100 9.0 × 10−14

Note: The rate coefficient for this reaction is a complex function of
temperature and pressure and can be obtained as follows:

k(M,T) = k0 +
k2k3[M]

k2 + k3[M]

where k0 = 7.2 × 10−15 exp (785/T)
k2 = 4.1 × 10−16 exp (1440/T)
k3 = 1.9 × 10−33 exp (725/T)

From Brasseur and Solomon, 2006 (V)



Appendix 4

RATE COEFFICIENTS FOR GAS-PHASE

ASSOCIATING REACTIONS a,b

Table A.4.1

Reaction Low-Pressure Limit High-Pressure Limit

k300
0 n k300

0 m

O + O2
M→ O3 6.0 × 10−34 2.4

H + O2
M→ HO2 5.7 × 10−32 1.6 7.5 × 10−11 0

OH + NO2
M→ HNO3 2.0 × 10−30 3.0 2.5 × 10−11 0

HO2 + NO2
M→ HO2NO2 1.8 × 10−31 3.2 4.7 × 10−12 1.4

NO2 + NO3
M→ N2O5 2.0 × 10−30 4.4 1.4 × 10−12 0.7

CH3 + O2
M→ CH3O2 4.5 × 10−31 3.0 1.8 × 10−12 1.7

FO + NO2
M→ FONO2 2.6 × 10−31 1.3 2.0 × 10−11 1.5

ClO + NO2
M→ ClONO2 1.8 × 10−31 3.4 1.5 × 10−11 1.9

ClO + ClO M→ Cl2O2 1.6 × 10−32 4.5 2.0 × 10−12 2.4

BrO + NO2
M→ BrONO2 5.2 × 10−31 3.2 6.9 × 10−12 2.9

OH + SO2
M→ HOSO2 3.0 × 10−31 3.3 1.5 × 10−12 0

aThe rate constant (expressed in cm3 molecule−1 s−1) is given by

k(M, T) =

(
k0(T)[M]

1 + k0(T)[M]/k∞(T)

)
0.6{1+[log10(k0(T)[M]/k∞(T))]2}−1

where [M] is the air density (molecules cm−3), and T is the temperature (kelvin).
k0 is expressed in cm6 molecule−2 s−1, and k∞ in cm3 molecule−1 s−1. k0(T) =
k300
0 (T/300)−n, k∞(T) = k300∞ (T/300)−m.

b Sander, S.P., R.R. Friedl, D.M. Golden, M.J. Kurylo, R.E. Huie, V.L. Orkin,
G.K. Moortgat, A.R. Ravishankara, C.E. Kolb, M.J. Molina, and B.J. Finlayson-Pitts,
Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies, Evaluation
No. 14, JPL Publication No. 02-25, Pasadena, Calif, USA, 2003
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  OH + NO2 � HNO3                                                                 3.90 (-27) exp(10125/T) 
  ClO + ClO � Cl2O2                                                                  9.30 (-28) exp(8835)

kIIIequiv kIIIequiv kIIIequiv kIIIequiv



(12 LT)

Adapted from Brasseur and Solomon, 1986; including tropospheric extension           (VIII)



Appendix 6

ATMOSPHERIC PROFILES

Appendix 6 presents numerical values for several atmospheric
quantities as a function of the log-pressure altitude (km). All the
variables are represented by zonally, latitudinally and annually averaged
values derived from the SOCRATES model (Brasseur et al., J Geophys
Res: 95, 5639, 1990). The values listed in the Tables should be
considered as approximate, and should be used only for crude estimates
of physical and chemical parameters of the atmosphere.

The first Table provides an estimate of the geometric height z (km),
the atmospheric pressure p (hPa), the absolute temperature T (K), the
atmospheric scale height H (km) and the air number density n (cm−3).

The subsequent Tables provide indicative values of the volume mixing
ratio (left column) and number density (cm−3, right column) for several
chemical constituents of the atmosphere.

615
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616 AERONOMY OF THE MIDDLE ATMOSPHERE

Table A.6.1.

log-palt. z Pressure Temperature H Air Dens
(km) (km) (hPa) (K) (km) (cm−3)

0 0.0 1.013E+03 290.2 8.6 2.5E+19
5 6.0 4.959E+02 250.5 7.4 1.4E+19
10 11.2 2.428E+02 215.6 6.3 8.2E+18
15 15.7 1.188E+02 198.0 5.8 4.4E+18
20 20.3 5.818E+01 208.0 6.1 2.0E+18
25 25.1 2.848E+01 216.1 6.4 9.6E+17
30 30.1 1.394E+01 221.5 6.5 4.6E+17
35 35.2 6.826E+00 228.1 6.8 2.2E+17
40 40.5 3.341E+00 240.5 7.1 1.0E+17
45 46.2 1.636E+00 251.9 7.5 4.7E+16
50 51.9 8.008E−01 253.7 7.5 2.3E+16
55 57.7 3.920E−01 247.2 7.4 1.2E+16
60 63.2 1.919E−01 235.4 7.0 5.9E+15
65 68.4 9.395E−02 220.6 6.6 3.1E+15
70 73.2 4.599E−02 207.3 6.2 1.6E+15
75 77.8 2.251E−02 198.0 5.9 8.3E+14
80 82.3 1.102E−02 195.3 5.9 4.1E+14
85 86.8 5.396E−03 195.4 5.9 2.0E+14
90 91.3 2.641E−03 192.5 5.8 1.0E+14
95 95.7 1.293E−03 185.2 5.6 5.1E+13
100 99.8 6.330E−04 176.3 5.4 2.6E+13
105 104.0 3.099E−04 177.6 5.5 1.3E+13
110 108.4 1.517E−04 192.5 6.0 5.7E+12

From Brasseur and Solomon, 2006 (X)
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Table A.6.2.h

log-palt. NOx NOy HOx

0 4.7E−10 1.2E+10 5.2E−10 1.3E+10 5.7E−12 1.5E+08
5 6.3E−11 9.1E+08 1.3E−10 1.9E+09 3.5E−12 5.0E+07
10 1.0E−10 8.5E+08 3.9E−10 3.2E+09 1.1E−12 8.9E+06
15 1.4E−10 6.2E+08 4.8E−10 2.1E+09 6.3E−13 2.7E+06
20 2.9E−10 5.9E+08 3.4E−09 6.8E+09 1.6E−12 3.3E+06
25 9.6E−10 9.1E+08 7.1E−09 6.8E+09 6.7E−12 6.4E+06
30 4.4E−09 2.0E+09 1.3E−08 5.7E+09 2.0E−11 9.0E+06
35 1.1E−08 2.4E+09 1.7E−08 3.6E+09 4.9E−11 1.1E+07
40 1.2E−08 1.3E+09 1.4E−08 1.5E+09 1.3E−10 1.3E+07
45 9.6E−09 4.5E+08 1.0E−08 4.8E+08 2.8E−10 1.3E+07
50 7.5E−09 1.7E+08 7.8E−09 1.8E+08 4.8E−10 1.1E+07
55 6.5E−09 7.4E+07 6.6E−09 7.6E+07 6.7E−10 7.7E+06
60 6.9E−09 4.1E+07 6.9E−09 4.1E+07 1.0E−09 6.1E+06
65 1.1E−08 3.3E+07 1.1E−08 3.3E+07 2.2E−09 6.8E+06
70 1.9E−08 3.0E+07 1.9E−08 3.0E+07 7.1E−09 1.2E+07
75 2.9E−08 2.4E+07 3.0E−08 2.4E+07 3.1E−08 2.6E+07
80 5.0E−08 2.0E+07 5.0E−08 2.0E+07 2.0E−07 8.3E+07
85 9.3E−08 1.9E+07 9.3E−08 1.9E+07 1.2E−06 2.4E+08
90 2.0E−07 2.0E+07 2.0E−07 2.0E+07 2.0E−06 2.0E+08
95 4.8E−07 2.4E+07 4.8E−07 2.4E+07 2.3E−06 1.2E+08
100 1.3E−06 3.3E+07 1.3E−06 3.3E+07 2.4E−06 6.3E+07
105 4.7E−06 5.9E+07 4.7E−06 5.9E+07 2.5E−06 3.2E+07
110 1.4E−05 8.2E+07 1.4E−05 8.2E+07 2.7E−06 1.6E+07
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