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SIIWC tin.- I I N I . oiii—diiiierrsioHiil coupled transport and chemical kinetics 

model of the troposphere arnl stratosphere vias originnlly developed in 1972 (Chang 

e l al . , !i'74), there have Peon mnnv changes to the model's representation of 

:itmosplierii" physical ;md chemjeu) processes. Tlic puroose this report is to provide 

••i l>ricf description of the ciirrcril I.I.N I. one-dimensional coupled transport and 

ctiemicitl kinetics mmteS of the troposphere Jind stratosphere. 

'.ioiJcl Structure; 

Tlif LLNl . l-l» moocl currently extends from the ground to 56.25 Kin. Hie 

vertical Kriu structure is variable, hut usually has a 0.5-knWhick layer at the 

surface, 1-km thivk Inyors extending lmm U.5 to 34.5 km, H 1.75HOJI thick layer 

between 34.5 and jn,25 km and 2.5 km thick layers extending to 56.25 km. 

Work performed under the auspices of the U.S. Department of Energy by the 
taKrencre Uvermore National Laboratory under contract U'-7405-Eng-48. 
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Three of the minor constituents, 0( J D), H, and N in the model are assumed 

to be in instantaneous equilibrium, liaeh of the other 44 species in the model has its 

concentration calculated at each of 44 vertical levels extending from the surface to 

50.25 km. There is a continuity equation describing the l ime rate of" change of each 

of the 44 minor constituents at each altitude. The numerical technique used to 

solve the set of approximately 20(10 differential equations (resulting from a 

continuity equation for each species al each grid level) is the l iKAK method us 

described by Cluinu et al . (1974). The main advantage nf this method, which is a 

variable order, iniil l istep, implicit method, is it? ability to solve set- of 

mathematically st i f f differential equations for almost ar.y <̂ et of input jwrnineters. 

init ial ami boundary conditions, in narticular tiiose resulting from the chemical 

kinetics system. 

THANSPOrH I'AR AUKTKKJ/'.ATION 

The transport of atmospheric trace constituents in the 1-U model, is an 

empirical representation not util izing observed atmospheric motion directly but 

rather is based on the observations ol the temporal and spatial distributions of 

selected trace species. In the LI.NL one-dimensional model, the K profile was 

originally hased on an analysis of ( I I ami N O measurements (Chang in NKC, 

1H7H) with consideration also pven to measurements of radionuclide debris transport 

in th? lower stratosphere. This K profile ia shown in Figure 1. Although this 

K profile is useo in most model calculations, other K representations, such as 

those used in other models may be used as ivell. Several K, profiles have been 

used to tost the sensitivity of calculated results to transport parameterization 

uncertainties (Chami, 1974; Duewer et al., 1977; Luther et a l . , 1979). 
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rhemieal Kinetics System 

The LLNL 1-D model presently contains 141 chemical and photochemical 

reactions to determine the concentrations of 47 minor atmospheric constituents. 

These constituents include all of the known odd oxygen (O ). odd hydrogen 

(HO ). odd chlorine (OtO ), and odd nitrogen (NO ) species important to 

troposplicric and stratospheric chemistry. .Also included are source species (N.,0, 

II O, ehlorocarbons*, plus nil of the spenies resulting from methane oxidation. 

The chemistry of several other species, such as (',,11. and t ' H . , 'MVO also 

been studied with the mode!, but iiri- not included here. Sulfur chemistry will he 

added to the model in the near future for studying the stratospheric aerosol layer. 

The chemistry used currently in the model is primarily thBt recommended by 

the joint meeting of the NASA Panel for Data Evaluation and the COIJATA Ta->k 

(Jro'ip on Chemical Kinetics in March. 1981 (IV. Uemore, private communication, 

lyRl). rabies 1 through 3 show the reactions and rates currently in tl»e model. For 

the photodissociation reactions (Table 3), the sources of the absorption 

cross-sections and quantum yields used in the model to compute photodissociation 

rates are shown. Several reactions are included that are not given in the 

.\ ASA-1 'O I JA ' I A recommendations. Those reactions mostly involve chlorocarbons 

whose rates have been measured (but not considered in the NASA-f'OPATA 

recommendation) or for which reasonable estimates of the reaction rate can be 

made. There are also several reactions included for ivhich rate estimates are made 

based on similur corresponding react nns. 

The model is programmed such that any chemical rate can easily be modified. 

This ability is extremely useful in testing the effect of new laboratory 

measurements or studying the effect or reaction rate uncertainties. For example, 

the previous NASA Panel recommendations (NASA Panel for Data Evaluation, 1981) 
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gave two possible rates for ClONO,. (ciilorine nitrate) production. The faster 

of these rates is based on the rate of CdO+NO„ in laboratory studies, while the 

slower rate reflects the possibility, also based on laboratory studies, that chlorine 

nitrate isomers are being formed «s well as CiONO„. These isomers are 

assumed to dissociate immediately. m the mode), the slower rate is used, .as 

recommended by the combined NASA-CUDA'I'A Panels. However, it is 

straightforward to test the sensitivity of the model to the faster rate as well. 
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TABLE 1. Chemical reactions and rate 
the J 98! model chetnistrv. 

coefficients where k = A e B / I T used in 

l leaetiort Note 

1. 
2. 
3. 
4. 
5. 
8. 
?. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
13. 
16. 
17. 
18. 
lit 
20. 
21 . 
22. 
23. 
24. 
25. 
26. 
27. 
28. 

O + 0 2 + U •* O a + M 
O + 0% •* 2 0 , 
U 3 + NO + N 0 2 t C j 
O + N 0 2 * NO + O 
N , 0 + 0( l D) •» N'2

 + 0 2 

NgO-t 0{»D) * 2 N O 
N + Q„ •» NO + O 

N + NO •» N 2 * U 

0(»D>+ H 2 0 -+20H 

O + OH -* MO, • 0 

O + OH + O , + H 

O + HO - * O I ! + 2 0 

o + itu +on + o 2 

11 + O + M + HO + ill 
0 „ * H * O U + O, 

3 2 

HO„ * Olf -+ l | ? 0 +"o, 
OH + NO, + M + UNO + M 
OH * HNOg - U , 0 + NO 
H 2°2 + 0 " * Hl° * "°2 
N~ • 0(XD) + M * N 9 0 + ill 
N + N 0 2 + N O* O 
NO + O + M * NO + M 
NO+ HO, • N O + O H 
l l 2 + O i l U ) * O H + H 

OH + OH •* H O + O 
N + 0„ •* NO + O 
N 0 2 + O3 •+ N 0 3 + 0 2 

see Table 2 3 
1.5x10"" -2218 
3.8x16-" -1580 
9.3x10*" 0 
4.4X10"" 0 
7.2x10"" 0 
4.4x10"" -3220 
3.4X10-" 0 
2.3x10-" 0 
1.6x10"" -940 
2.3X10"1* +110 
1.4x10-" -580 
3.5x10-" 0 

see Table 2 
1.4x10-" -470 
3.0x10-" 0 
8 .0x10 '" 0 

see Table 2 1 
1.52x10"" +649 1,10 
2.9x10"" -160 1 

see Table 2 3 
2.1x10"" -800 2 

see Table 2 3 
3.7x10"" +240 1 
1.1x10"" 0 1 
4.5X10"" -275 1 

2.0x10*" -3000 4 
1.2x10"" -2450 1 
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TABLK 1. Continued 

Reaction Note 

29. OH + OH + M + H O + M see Table 2 3 

30. " 2 0 2 + ° - O I ! + H 0

2 

1.0x10-" -2500 1 

3 1 . CO + OH + .VI *U -> C02 + Al see Table 2 3 

32. OC D) + M + O + A! 2 .1x10-" 99 5 

33. CI + O a * C 2 0 * 0 2 2 .8x10-" -257 1 

34. CA + NO + M +C8.NO *• A! see Taolc 2 3 

35. CAO < o * a » o, 7.7x1 I T " -130 1 

36. NO + CAO " NO f ('A 0 .2SI0" 1 2 294 1 

3 7. « ' J * NO + M + ' l O N O • M see Table 2 3 

38. IICS. * 0<'D) - M ; A + OH 1.4x10-'° 0 1 

39. Oil * HO, * I I ,O + CA 2.8x10" " -425 1 

40. o + nra *on + CA 1.14x10-" -3370 1 

4 1 . OA + no 2 * lira + o^ 4 .8x10"" 0 1 

4 2. CI-CA *0( l l> ) - 3<-A 2.2x10"'° 0 l,R 

43 . CF, ("A 2

 + OCl)} * 2CA I . 4 x l 0 ' 1 0 0 1,6 

44. C A " + n 2 + " O A + H 3 .5x10-" -2290 1 

45. rs, + n ? o 2 * \\r% * no 2 1.1x10"" -980 1 

46. <"£.ONO + O -CS .U + NO 3.0xi 0 ' 1 2 -808 1,10 

47. en..on + on •* m * n ? o + no., 1.8x10"" -1112 1,6 

4 8. NO + NO + 2NO,., 2 . 0 x 1 0 ' " 0 1 

49. NO., + O + M * NO. + .\J see Table 2 3 

50. NO, f NO ' M * N , 0 . + Vl 2 15 2 .» 
see Tiible 2 3 

51 . 

5 2. 

5 3. 

N O + M - NO * NO, + \l 
2 o 2 3 

N O H I U + 2HNO, 
2 5 2 3 

0('1J) + 0 3 + 2 0 

see Table 2 

5.0.x ! ( T 2 2 

l . 2 x n r ' ° 

0 

0 

3 

7 

1 

54. 

55 . 

5fi. 

57. 

HO., + H 0 2 - H.,0 - l l 9 0 2 * t ) 2 * H 2 0 

0 * N 0 3 " > 0 2 + N C 2 

M 0 2

+ N 0 9 + M + H N 0 4 * M 

UNO + M~- HO • N O g * M 

sec 'I'Hble 2 

1.0x10-" 

see Table 2 

see TRble 2 

0 
3 
1 

3 

3 

58. 

59. 

60. 

OH + HNO^ * ! l 9 0 + N O , + 0 2 

C t + UNO - HCA + N 0 2 + 0., 

no„ + cio * o + iiore 

4 . 0 x 1 0 - " 

3 . 0 x 1 0 - " 

4 . 6 x 1 0 ' " 

0 

-300 
710 

1,10 

8 
1 

6 1 . CA + HOCA + HOA + CAO 3 . 0 x l 0 ' 1 2 -300 8 



- 7 -

TABI.E1. Continued 

Reaction Note 

62. 

63. 

64. 

65. 

fifi. 

B7. 

68. 

(ii). 
70. 

7 1 . 

7 2. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81 . 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

9 1 . 

9 2. 

93. 

OH + HOCS, + H O + CJtO 

0 + HOC*. -*OH + C t O 

OH + C H 4

 + c , l

3

 + ] 1

2 ° 
O + T H , + H I +011 4 i 
0(lU) + CH4 • C H O + H j 

OClD + CH + C H +OH 

r.M. + CH + IICS. + CH., 4 •) 
C£ +• CH..CJ!. + HO + CO + 2H<"fc 

Cli 0 + NO + NO +CII O 

CJ. + CH O * HOI + HCO 

CH O + HO -» CH OOll + O 

CHgO + 0 2 - CH 2 o '+ HO a 

OH + CHjO * l l 2 0 + HCO 

O + Cl l O - liCO + OH 

HCO + 0 2 • CO + HO 
Oil - C I ^ O O H * C I 1 0 2 + H 2 0 

CH * O * C H 0 + H 

C , l 3 ° 2 + O 3 + C H 3 O + 2 0 2 
C M 3 0 2 + 0 + C H 3 0 + 0 2 

C t O + OH + MO + CI 

C H 3 + 0 2 + M * C 1 I 3 ° 2 + M 

mo + OH •* wci + o 2 

H„ + OH * H O + H 
H + HO, - H 2 + 0 2 

OH + CH OOH + 011,0 + H O + OH 
0 + UNO. UH + NO + O 
OH + C l O N O , + HOCJ. + N 0 3 

CIL + CiONO, , + 1CS. + N 0 3 

HOMO+• OH +"-0* ^ ° 2 

OH + NO + II + HONO + M 

0 + O C i O + CHO + O 

NO + OCfcO + NO„ + C i O 

3.0x10-lz -150 
1.0x10"" -2200 
2.4x10"" -1710 
3.5x10"" -4550 
1.5x10-" 0 
1.4x10"*° 0 
9.6x10"" -1350 
3.4x10"" -1260 1,R 
7.4x10"" 0 
8.2x10"" -34 
e-oxio-1* 0 
1.0x10"" -2050 
1.0x10"" 0 
3.0x10"" -1550 1,10 
5.0x10"" 0 
2.2x10"" -160 1,10 
1.3x10-" 0 
LOxlO"1" -600 9 
3.0x10"" 0 9 
9.1x10"" 0 1,10 

see Table 2 3 
Not used (-v, 10 -«, 
7.7x10"" -2100 1 
4.2x10"" -350 12 
5.0x10"" -750 1,10 
7.4x10"" -2630 1,10 
1.2x10"" -333 1,10 
1.7x10-" -607 1,10 
6.6x10"" 0 12 

see Table 2 3 
2.5x10"" -1166 J 
2.5x10"" -600 1 
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TAHU-: 1. Continued 

Reaction A B Note 

94. OH + CH3<"CJ, •+ H O + ZCl 5.4X10 - 1 * -1820 1,6 
ga. OH + CFC-21 + 2CJI g.ilxlO"" -1013 1,6 
96. o î-O + ci'c-ia+ojt l.oxio"1 0 0 11 
97. o(au> + ci'<:-ii'i+4ci 3.axio_i* 0 tl 

98. OH + CJ"C-142i)+ CSL i . 5 x i i r " -1800 12 

HH. o('u) + cir-l\;i+:n:i 2.7fixiO- l l ) 0 13 

1110. 0 ( , l ) ) + C I ' ( > I M * 2 C a 1.62x10-" 0 13 
II) J. O('IJ) + ci r-iin+cs, 1.00x10-" 0 14 

1U2. OH + CFC-22* H O + CJL 7.BXI0' 1 3 -153(1 1,6 

103. OlMO + rrf t +4<*J!, 
4 

3 .5x10-" 0 1,6 



NOTES TO TABLE 1 

' . Draft report of the joint meeting of the NASA Panel for Data Fi-ihiation and 
the CODATA Task ""Jroup on Chemical Kinetics (IV. Dei'.ore, private 
communication, 1981). 

2. NASA Panel for Data Evaluation (JPL 81-3), 1981. 

3. The reaction is pressure dependent. See Table A-2 for discussion. 

4. Estimate designed to be compatible with upper limit given in reference 1, and 
low enough to have no significant effect on model performance. Reaction is 
retained only to facilitate rcintroduction if the evaluated upper limit should 
prove to be in error. 

5. Weighted average o( the rates of U(aD) + N 2 and u(lL>) *• U 2 from 
reference 1. 

6. Product chemistry has been simplified. 

7. Estimated reaction rate. This estimate is designed to include a possible 
heterogeneous contribution to the overall reaction. Important only in the 
lower troposphere. 

8. Estimated reaction rate. This rate is estimated based on the assumption that 
HNO4 and HOCA resemble I1 2 0 2 (as treated in JPL, 197H) in 
reactions with CI sind OH. 

9. Estimated reaction rate. Rate is estimated based on the assumption that 
ril3U2 closely resembles H O 2 in reaction with O or O3. 

10. Products are not given in references 1 or 2. The assumed products are based 
on products that seem the most chemically plausible. 

11. liased on formula given in Davidson et ah, (197S). 

12. Ilampson (1980). 

13. Pitts et al. (1974). 

14. Estimate based on consideration of reaction rate of other molecules with 
OtlD). 

CFC-21 CIIF CJl 2 

CFC-22 CH F 2 C I 
OFC-13 C CI F 3 

CKC-112 = CPCA 2 CF CI 2 
CFC-142b = C l J 3 C C f c F 2 

TFC-113 = CFCS.2 C F 2 C J l 

CFC-114 = C F 2 C I C F 9 Cil 
CFC-115 = C F 2 CH CF3 



T/\M,E 2. Hate coeff ic ients used for pressure-dependent r eac t ions . 

Expression h 

• A o lMK300/T)"<VAj(300m"i 
l /D f 

I + ' l o g . 
A o t M l ! 3 0 0 / 1 ) n o ^ 2 

A . (300 /T ) " i f 

Reaction Aa A| Mole 

HO + N O * M -

OH • NO + M H 

• UNO + M 

•UNO + M 

C £ 0 + NO + M + C £ O N O + M 

O + 0 2 + M •* 0 3 + M 

c n ^ O j + M ^ n i j O ^ M 

0( ' D) < ' N z ° • 
C i + NOj + M + C £ N O , 

H + 0 2 • M + H 0 2 + M 

0 H + NO + M * H N O , + M 

UH + OH + M * H j O + M 

N O . * N O . + M+ N „ 0 . + M L & £ 5 
O + NO + M * N O , + W 

O + NO + M+ NO + M 

N . O . + U* N O . + N O , + M 

a.isio" 3 ' 
2.tSxlO" 3 0 

4 . 5 x 1 0 " " 

1 .6x10"" 

B . j i c i n " " 

2 . 2 x 1 0 " " 

3 . 5 x 1 0 " " 

U S x l O " 3 0 

5 . 5 x 1 0 " " 

6.7X10" 3 1 

2 . 5 x l 0 " 3 1 

1.4X10" 3 0 

1 .2x l0" 3 1 

9 . 0 x 1 0 " " 

, . , 8 , , 0 - V l l U O / T 

5.0 

2.0 
3.8 

3.4 

2.1 

2.2 

0,4:5 

1.9 

1.4 

3.3 

0.8 

2.8 

1.8 

2.0 

2.8 

(5.5x10" 1 2 

2 . 4 x 1 0 " " 

1 .5x10"" 

1.5X1U"" 

2 .0x l l l " 1 2 

3 .0x10"" 

3.0X10"" 

3 . 0 x 1 0 " " 

8 .0XI0" 1 3 

3 . 0 x 1 0 " " 

2 .2X10"" 

T . 5 2 X 1 0 ' V - U 1 S O / 1 ' 

2.0 1 

1.3 1 

1.9 1,2 

1.9 1.2 

- 1 

1.7 1 

1.0 1 

1.0 1 

1.1) 1 

u 1 

0 1 

11 1 

-0.8 



TAHLK 2. (Continued.) 

Notes 
5 . 2 x l O " 6 e - l o u ' 5 / T 

l lNOj * M •• 110, * N 0 2 + M k = P5—TTKT 5 

4 " Z 1+4 .86x10" I Z M°- B r 

OH +CO + M * II + C 0 2

 + M k = 1.35x10"" (1 + 
2 . 4 6 x l 0 + 1 9 

I lxio-34 e+3730/T 
HOo + HOo + HoO* HoOo + HoO + Oo k = ra om-iTW 

NOTES TO TAHI.E 2 

1. Draft report for joint meeting of NASA Panel for \>>it» Evaluation unci ro i» . \T . \ Task 
Group on rhemieal Kinetics, I'.'81. 

2. Top expression is reeommc.ldcd in I. The upper one i.s used in most of the 1.1.Nl. 
one-dimensional calculations hut because uneortiiuity *Till lnr£e, second expression is 
also often used. 

3. Based on data in reference 1 and the equilibrium constant from NHS 513 (1978). 

4. Based on Cox (1978). 

5. riased on Graham et al. (1978). 
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TABUE 3. Photolysis reactions. Alternative products of reaction are shown in 
parentheses, but they a re not used in the 1981 chemistry. 

R e a c t i o n N o t e 

1. 0 , ? -* 2 0 1,2 

2 . o + o • o 0 1,3 

:i. O * 0 ( l l ) f + O i > 1,3 

4. NO • N O + O 1,-1 

r>. N O + N^ + 0<Mi) 4 

fi. NO + \ * O .T 

7, HNO.j - O H « NO., 4 

a. H 2 " 2 » 2 0 K •1 

9. MO,, + Oil + O 4 

10. ( J t O N O . , •* ' ' i + NO t f t O * NO J 4,6 

1 1 . urn * if + cz 4 

12. m o •* <•& + (j 1 

13. P £ U + <"£ + 0 ( ' l ) t Not used 

14. ( •£NO. , * ^i - ¥ HO 4 

15. <jci.o * czv + o 7 

I t . •'!'.,<--"£., * 2«:n 4,« 

17. ( • F n i . , -»3C«. 4,8 

18. ' • r £ , 4 - » c t 4,8 

I ' l . N . , 0 . •* NO f N O , <2N(> 9 * O) 4,H 

211. N O , + NO + O., 4 

2 1 . NO.j + NO,, + 6 4 

2 2 . H 0 O •»!!*• Oil il 

2:i . U N O * HO + NO (HO + NO. ? ) 10,6 

24 . IIOOJl -. OH + CI 4 

2 5 . n i O l l i . > CM + OH 4 

>fi. C H „ 0 - HCO + If 11 

27 . n i o -* co + H 
2 i 

II 

28. C H „ C 1 * CH + CI 4 

29. MONO + OH + NO 4 

.HO. ru3rc*a.{ •» set. 4,8 

3 1 . ( T C - 2 1 -• 2CJ. 4 

32 . C F C - l J * C i 13 

33 . C F C - 1 1 2 + 4 C & 12 
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Tiihtr 3. rontinued 

Reaction Note 

34 CT (M4» ,+ Ct 14 

35. CfV-J 13 + 3C4 12 
36. r f r - l 14-* 2 m 12 

37. C K ' - l l5-» I'X, 12 
38. OJ-T-22+C& 4 
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NOTi:S CUR CABLE 3. 

Contributes to the optical depll) of the model atmosphere. 

The Sehumntin-Kumre hands are !*iven a special t rea tment based on Hudson 
nnci .Mahle (1972). 

The quantum yields of reactions ? anti 3 are given a special t rea tment based 
on the temperature-dependent t rea tment of NASA Panel for l>at« Kvaluation 
( (381/ . 

Hased on the data of NASA P.inel for l>at« Evaluation (1 981 )• IWiere data for 
several temperatures ;irc divert, iv<.' have used the data at T. 2:tfi K. 

Nitric oxide photolysis is bnsori nn the t rea tment of 1 redenck and Hudson 
(197i0. We have averaged ra t"s over the sunlit hernia/here for daytime 
photolysis. 

The prodii<'t« used for X \ ' i ) : i IX - <~£, OH. No?) «re nil onsed on 
nniilogy with ( ' t O N O j tlatii of Ch.rng et a!. (I!i7»)". '1'his t rea tment is 
hitjhlv uiiccrliiin. 

based on data in Untsoli (l!)7-li. 

Product chemistry Ims been simplified. 

Ireatiiu-iit bused on lnompson et »i. (iy63>. 

Treat men t hs lsed on Molina and ^nlinti (l*»80). 

Treatment based on cross sections of Hnss et nl . (1980), quantum yields based 
on licCrnff :md Calvert (1976) and Moortecat nn<1 iVarncrk (197 9). 

iiased on recommendation of" NASA Panel on Laboratory Measure merits in 
NASA Reference Publication 1 (MM (Hudson and Heed, 1979). 

Jlnsed on llubrich, et nl., (1977). 

Hased on lliihrieh and Stuhl (11801. 

I 
! 
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Uadiative Processes 

Photodissociation processes in the atmosphere are often extremely i:nportant 

mechanisms for the production and destruction of chemical species. In the l,LNL 

model, the rates of 38 photodissoeialion reactions (see Table 3) are updated as a 

function of altitude at each time step for nil model calculations. It is necessary to 

continually update the photod issue iat ion rates in order to properly account for 

chnnges in photodissoeiution with changes in the distribution of important absorbers 

of solar wavelengths such ns the species o , f .O ? and NO . 

There is evidence for a moderate temperature dependence in many 

photoahsorpt ion cross-sections. With the exception of O , OH C), NO and O 

photolysis, we II;IVP not treated this temperature dependence explicitly, but have 

•jscd cross-sections measured at roughly 230°K for all temperatures- As a result 

several of our calculated trace species pholodissociation rates should be more 

accurate lor the stratosphere then the loiver troposphere. 

Hie solar flux is divided into 148 wavelength bins extending from 133.3 nm to 
/ 

To.i.n nm. The si>te of the 'individual bins increases from 0.*» nm at lower 

wavelengths to 1(1.(1 nm in the upper .vavelength region. The solar flux at the top of 

the atmosphere is based on the reco'i>mcndations of Hudson and Heed (1979). The 

solar /.enith angle is varied with time for diurnal calculations and is held fixed for 

diurnal-averaged calculations at a value corresponding to noon at 30UN at solar 

equinox. 

In order to accurately compute pliotodissociation rates, i t is important to 

describe radiative processes, such as multiple scattering, in addition to attenuation 

by gases such as O,. O and X ' ) i p . Multiple scattering is included in the 

model using a simplified method that is computationally fast so that i t can be used 

for diurnal calculations. The method is similar to that of Isaksen et a l . (1977) in 

terms of the numerical method but quite different in terms of the physical 
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assumptions. The atmosphere is divided into optically thick layers and each layer 

can absorb and scatter radiation. The layer is assumed to scatter radiation 

isotropically with half of the scaiiered f lux going upward and the other half 

downward at an average zenith angle. The earth's surface is also assumed to scatter 

isotrcpieally, and a surface albedo of 0.25 is used to approximate the effect of 

clouds on the upward scattered radiation. Using a high surface albedo a.id no clouds 

gives results that arc nearly identical to those from dividing the atmosphere into 

clear and cloudy regimes and averaging the results (the exception being the region 

below the cloud layer, which is not important for the model applications considered 

here). For each atmospheric layer there is a contribution to the solar flux density 

from the direct flux and by the diffuse fluxes incident on the layer from above and 

from below. The flux density due to the various fluxes together can he much 

greater (depending on the wavelength and altitude) than the flux density computed 

considering only gaseous absorption (Luther and Geiinas, 1976; Luther and luiebbles, 

1976). 

The effect of clouds on photolysis rates in the lower troposphere is included by 

multiplying the photolysis rates calculated in the model by a factor which is a 

function of altitude. The multipliers used are shown in Table 4. These multipliers 

are based on a subjective analysis of available data on the amount of cloudiness and 

eloud types in the troposphere (Hoyt, 19761, eloud type altitude, oloud albedo, and 

cloud absorptivities. 
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Table 4. Multiplier of tropospheric photolysis rates to account for 
clouds 

titude Multiplier 
0 tt.7 
1 0.7 
2 0.7 
•3 0,75 

4 0.83 
a 0.83 
f, 0.<*7 
7 0.97 
8 0.97 
M 0.98 

in 0.99 

11 on 1.0 

BOUNDARY CONDI HONS 

The model allows for either fifced concentrations or a flux condition at the 

surface as a lower boundary condition. I'or most of the calculations, six species are 

assumed to have iixed concentrations {see Table 5), while a surface flux was 

assigned to the other speeies. Zero flux was assumed except for those species shown 

in Table 5. When those species with fixed boundary conditions in Table 5 are given 

flux boundaries, a flux is determined to give an ambient concentration the same as 

t/iose in Table 5. 

Zero flux is assumed for all speeies except NO and NO. at the upper 

boundary. NO and NO. are assumed to have a very small flux from the 

mesosphere into the stratosphere. 
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IVater vapor concentrations are fixed in the troposphere and calculated in the 

stratosphere. Hater vapor concentrations in tha troposphere are based on 30°N data 

from Oort and Kasmu-^en (>°?1). 

Tabic 5. Uoundary conditions 

Fixed Mix nK llntios 

N 2 0 .(Oil. ppmv 

C " l 1.G5 ppmv 

" 2 0.56 ppniv 

CH CI 0.6 2 ppbv 

CO 0.12 ppm v 
H 2 0 1.69 x HP 2 

Surface ITux (moleci.-les c i n ' V ) 

NO 1.60 x 10* 
N°2 3.30 x 10' 
HNO a 

L67 x 109 

HCl 3.67 x 10'° 

Sources and Sinks 

In addition to sources and sinks from the chemistry and boundary conditions 

described above, there are additional sinks due to dry and/or wet removal for many 

species in the model. A source for nitric oxide from cosmic r ly dissociation of 

N, ; is also included based on the results of Nicolet (1974). 

Wet removal processes are parameterized by a first-order loss rate. The wet 

removal of the trace species IlNOg, H

2

0 2 ' H C 1 ' c l o » CIONO-, 

CINL>2, HNQ 4, HOC1, CH 2 0 and CH OOH is assumed to vary with 
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altitude as shown in Table fi. NO is assumed to have a loss rate half the above 

rate. 

Dry deposition rates at the surface are also parameterized by a first-order loss 

rnte as shown in Table 7. These loss rates ap(>ly only when a species does not have a 

fixed surface concentration. 

Table (i. IVel removr.t parameterization 

Altitude, km Loss Hate, see** 

0 3.86 x Ifl"6 

1 3.86 x 11T6 

2 3.86 x t0~« 
3 3 . 8 6 K 1 0 ' 6 

•1 3.86 x l<i*6 

5 3.86 x 10** 
ti 1.93 x HI" 6 

7 K93x l O - ' 
8 9.58 x 10- ' 
» 4.78 x If) ' 7 

10 0 
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Table 7. Dry deposition rates in the lowest layer (z=0). 

Loss Rate Loss Rate 
Speojes (sec" 1) Species (see"') 

oC'p) i.o x u r 5 N O s 
2.0 x 1(T 5 

°3 •1.1) x 1 0 ' 6 

N 2 ° 5 2.0 x 10" 5 

NO 1.0 X 111"6 
H 2° I) 

N Q 2 3.0 x 10 '* UNO, 
4 

2.0 x 1 0 ' 5 

N ' 2 0 flf Maci •> 2.G X t<?~* 

UNO 
3 

2.0 x 1(T 5 HCO 2.0 x 10" 5 

OH 2.0 x 10" 5 C H 2 O 1.0 x 10" 5 

H 0 2 
2.0 x t 0 - s 

C H 3 
2.0 x 10" 5 

H 2 ° 2 

2.0 x IO" 5 CH OOH 2.0 x 10" 5 

Ci 2.0 x 10" 5 C H 3 0 2.0 x 10" s 

C 1 0 N 0 2 
2.0 x 10" 5 

C l * 3 ° 2 
2,0 x 10" s 

CIO 2.0 x HI" 5 CO 5.0 x 10* 7 

P H 4 0 c i o 3 2.0 X I 0 " s 

"•2 1.0 x 10 - ' ocio 2.0 x 1 0 " s 

Cll. ,01 0 HONG 2.0 x 10" s 

0 l N O 2 2.0 x ID" 5 

HC1 2.0 x 10" s 

CCi. » 

Qther_Physical Data 

The N„ and O distributions are fixed based on the U.S. Standard 

Atmosphere (I97fi). The temperature distribution, when held fixed, is usually based 

on the U.S. Standard Atmosphere (1976) data for mid-latitudes. 
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TEMPERATURE FEEDBACK 

Although many calculations with the model are made assuming a constant 

temperature distribution with time, the capability also exists to determine the 

temperature explicitly at stratospheric altitudes as a function of time. When this 

temperature feedback process is included, the temperature profile above 13 km is 

calculated using a stratospheric radiative transfer model, and the temperature 

profile is specified at lower altitudes. The model includes solar absorption and 

long-wave interaction by O., 110, and CO , along with solar absorption by 

NO,.. The techniques adopted for treating' long-wave radiative transfer are tiio 

same as those described by Knmanathfin (1974). This formulation was chosen 

because it is computationally effieient, and its accuracy has been demonstrated 

(Hnmanntlian, 1974, 1976) by comparison with much more complex models. The 

effects of und justification for the simplifying assumptions used in the model are 

discussed bj Ramanathan (1976). 

A band absorptance formulation is used to treat the 9.6-um band of 0„ 

and the fundamental and several hot and isotoptc bands of C0„ in the i5-um 

region. An emissivity formulation is used to treat long-wave radiative transfer by 

H O . Solar absorption by O is treated by using the empirical formulation 

given by Lindzen and Will (1973). The band absorptanee formulation by Houghton 

(1963) is adopted for solar absorption by II 0» and the band absorptance 

formulation by fUimanathan and Cess (1974) is adopted for solar absorption by 

CO.. The empirical formulation of Luther (1976) is used for solar absorption by 

NO,. Solar absorption by O and NO^ are treated independently because 

absorption by these species is weak in the region where their absorption bands 

overlap. Solar radiation scattered from the troposphere is included by assuming an 

albedo of 0.3. Doppler broadening effects are included for CO, and O. as 

described in Appendix & of Ramanathan (1976). The temperature dependences of 

the band absorptance and band intensity are included in the longwave calculations of 

CO. and 0„. 
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A single cloud layer is included at 6.5 km with 42% cloud cover as was 

suggested by Cess (1974). The lapse rale within the troposphere is assumed to be 

-6.5 K/km, and the temperature at the earth's surface is specified to be 288 K. 

DIUHNAL AND DIUUNAL-AVERAGED MODELING 

Fn addition to the capability for diurnal calculations, we have also developed a 

fully diurnal-averaged model that is consistent with our diurnal model. The diurnal 

model is used to generate species profiles for comparison with measurements and 

for perturbation studies involving short time integrations (e.g., solar eclipse 

effects). The diurna l-averaged model is used for perturbation and sensitivity studies 

involving longer time integrations. There is a significant computer time saving in 

using the diurnal-averaged model for calculations longer than a few model days. 

The procedure that is used in developing the fully diurnal-averaged model is 

also applicable to two-dimensional models. If the continuity equation is averasted 

over a time period (24 hours in our case) that is very small compared to the time 

scale of the problem of interest, then one obtains averaged terms of the form 

k,.e,e. and J.c. where e. is the concentration of species i at time t and 
IJ I J I I i 

altitude a, k.. is the two-body chemical rate coefficient, and J. is the 

photodissociations rate coefficient for species i. 

We define the diurnal weighting factors at- M) and Bjte) by 

and 

k..c.e. =<x.. k.. e. c. 
IJ I j IJ ij ( J 

J.c. = S. J. c. 
i i i l l 



- 2 3 -

Since k.. is defined and is independent of time, we have 

and 

a-. = c c. I e, c. 
U » J « 3 

R. - 3.C, I J. C. . 
I 1 I I I 

The computation of photodissoemtion rates can be an expensive part of 

stratospheric model calculations, hence evaluation of J.'s in the diurnal-ave'-aged 

model can he expensive. If we define 8- t>y 

r i y . H O O n - " \ 

then the computation in the dJurrt.il-.-fveraged model is greatly simplif ied. The 

diurnal model is used to determine c.c., i.e., c., e., and J. so 

that a-- and g. can be obtained for every chemical and photochemical 

reaction in the model. 

A basic assumption in this approach is that a-- and g. are relatively 

insensitive to changes in c. and c . This is generally the case, however, because 

the a., and fi. primarily represent functional weighting factors which are 

sensitive to the functional shape of the diurnal variations in e. and c. and not to 

changes ii> the absolute niRgnitude of c. and c . So lone as there is no drastic 

change to stratospheric ozone, there should be very l i t t le change in the diurnal 

functional shape of al l the species. If there are significant changes, the diurnal 

model can be used to reevaluate the a-, and g. and iterate this averaging 

process. 
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If, (cm2/sec) 

F inu rc 1 . D i f f u s i v e I rans' iort: c o e f f i c i o n i p r i m a r i l y 
used in LL/JL \-Z motJet. 


