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THE LENL ONE-DIMESSIONAL TRANPORI-KINTHICS

VODEL OF FHE FROPOSPHERE ARD STRATUSPHERE: 1981

11, J. Wuebbles
September, 1981
Sinee the LLNL one~dimensional coupled transport and chemieal kinetics
wodel af the troposphere and stratosphere was originally developed in 1972 (Chang
¢l al., 1474), there have heen many changes to the model's representation of
stwosphierie physical and ehemiral proeesses. The purpose this reporl is to provide
u brief deseription of the curren! LINIL one-dimensional coupled transport amnd
chemien! Kineties motiel of the troposphere and siralosphere,
siodel Strictures
The LLNL -8 moagel currently extends from the ground to 56,25 km. The
vertical grig strueture is variable, but usually has a 0.5-km-thick laver at the
surtace, =k thieh Jayers extenuing iram 0.3 1o 33.3 km, a 1.75-km thiek layer

between 34.5 and 51,25 km and 2.5 km thiek lavers extending to 36.25 km.

Work performed under the auspices of the U.S. Department of Energy by the
lawrence Livermore National Laboratory under contract W-7405-Eng-48.
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Three of the minor constituents, O(*1), H, and N in the model are assumed
to he in instantaneous equilibrium. Each of the other 44 species in the model has its
conceniration caleulated at each of 44 vertical levels extending from the surface to
56.25 km. There is a2 continuity equation deseribing the tinie rate of change of each
of the 44 minor eonstituents at euch altitude. The numerical technigue used to
solve the set of approximately 2000 differential equations f(resulting from a
continuity equation for each specics al cach grid levei) 15 the GEAR inethod us
deseribed by Chang et al. (1973). The wain advantsge of this method, which is a
varinble order, multistep, implicit  method, is ils ability te solve sei~ of
mathematioally stiff differential equations for alinost any <ot of input parsmeters,
initizl ang boundarv conditions, in particular those resulting from the ehemical

kineties system,

TRANSPORT PARAETERIZATION

The transport of atwmospheric trace constituents in the 1-U mcedel, is an
cmpirical representution not ulilizing observed atmospheric motion directly but
rather is based on the ohscrvations of the temporial and spatial distributions of
selected trace species. In the LLNL one-dimensional model, the l\'z profile was
originally based on an amudysis of CH, ang N'ZO measurements {(Chang in NRC,
1976} with consideration alse riven to measurements of radionuelide debris transport
i the jower stratosphere. This h’z profile 15 shown in Figure 1. Although this
1\’7. profile is usea in most model »aleulations, other K;. representations, such as
those used in other models muy be used as well. Several Kz profiles have been

used to test lhe sensitivitv of caleulated results to transport parameterization

uncertainties (Chane, 19743 Duewer et al., 1977; Luther et al., 1979).



Chemical Kinetics System

The LLNL 1-D model presenily contains 141 c¢hemical and photochemical
reactions to determine the concentrations of 47 minor atmospheric constituents.
These constituents include all of the known odd oxygen (Ox). odd hydrogen
mox). odd chlorine (FE()x), and odd nitrogen (.\‘Ox) speeies (mportant Lo
tropospheric and stratospheric chemistry. Also included are source species (N ?0,
”'ZU' chlorocarbons), plus all of the speeies resulting from methane oxidation.
The chemistry of several other species, such as (Tzll_l and (‘2“6' bave ulso
heen studied with thi:e model, but are not ineluded here. Sulfur chemistry will be
ndded to the model in the near future for stidying the stratospheric scrosol laver.,

The chemistry used currently in the model is primarily that recommended by
the joint meecting of the NASA Panel for Data lvaluation and the CODATA Task
Uroup on Chemicenl Kineties in Alarch, 1881 (W. Demore, private communication,
149R1). lubles | throurh 3 show the reactions and rates currently in the model. For
the photodissociation reactions (Table 3), the sources of the absorption
eross-sections and quantum vields used in the model to compute photodissociation
rates are shown. Several reactions are included that are not given in the
NASA-CODATA recosnmendations, These reactions mostly involve ehloroearhons
whnse rates have been measured (but not eonsidered in the NASA-CODATA
recommendation) or for which reasonable cstimates of the reaction rate cun be
made. There are :also several reactions ineluded for which rate estimates are made
based on siniilar corresponding reaetions,

The model is programmed sueh that any ehemiecal rate ean easily be modified.
This ability is extremely useful in testing the effect of new laboratory
measurements or studying the effeet of 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 CLUNO, {ehlorine nitrate) production. The faster
of these rates is based on the prate of C20+N02 in laboratory studies, while the
slower rate reflects the possibility, also based on laboratory studies, that chiorine
nitrate isomers are being formed »s well as CLONO, These isomers are
assumed 1o dissociate immediatety, In the meodel, the slower rate is used, as
recommended by the combined NASA-CODATA  Panels, However, it is

stroightforward to test the sensitivity of the model to the faster rate as well.




! TABLE 1. Chemical peactions and rate eoefficients where k = AeB/T used in
i the 198! model chemistry.

. eaction A E Note
‘ 1. 040,+M +0, «M see Table 2 3
. 0+0, 120, 1.5x10°4 ~2218 !
f 5. U+ NO + N()2 c, 3.8x10°12 -1580 i
‘: 4. 0+ NO, +NO+O, 8.3x10° 12 0 ]
| 5. NZO*O('D) Nt 0, 4.4x10°% 0 1
ﬁi B NU otb) + 2NC 7.2x10~ 4 9 ]
; . N+O,*NO+O 4.4x10712 ~3ZZ0 1
, 8. N*NOs+N,*+U 3.4x10°%2 0 )
! g, O}~ u,0 +20H 2.3x10710 0 1
' 10. G, +OH +1i0, + 0, 1.6x10712 -940 1
: 11 o +OH >0, + H 2.3x107% +110 1
12 0, o, + ou + 20, 1.4x1073% -580 1
. 13. O+lu, +0H+U, 3.5x1074 0 1
‘ 14 1ro,+M +u02+m see Table 2 3
. . 15. Qg+t Ol + o, 1.4x10-t® -410 1
; 16, HO, +HO, +1,0,+0, 3.0x10"12 ] 1
17. HO, + Ol + Ul u . o, a.0x10-1! 0 1
18, O+ NO,+ W' HNoJ M see Table 2 1
' 19 OB+ :mo + 11,0 + NO, 1.52x10°%2 +64% 1,10
20 H,0,+ ou + nzo * 4O, 2.9x10742 -160 1
21. 9¢0('D)*\I»N90+m see Table 2 3
: 22. N+ NO, *N,0+0Q 2.ixip™ 4 -800 2
; 23. NO+O+M=+NO,+ M see Table 2 3
' 24. NO+HO, » NO, * OH 3.7x10742 +240 1
i 25, 1, +0O{('D) + OH + 1 i.1x10°'® 0 1
26, OH+OH~+H,0~ o 4,5x10°12 -275 1
27, N+0,>NO+O, 2.0x10" % -3006 4
28. NOp+ 03 + NOg+0, 1.2xig™»? -2450 b
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TABLFE 1. Continued
Reaction A B Note
29, OH + OH + Al + ”202 + A see Table 2 3
30. H,0,*0 =+ Ol +HO, 1.0x10-4? -2500 ]
3. CO+0H+ M1+ (‘.O2 + Al see Table 2 3
3. 0Dy« M +0O+ M 2.1x10"°1 99 5
38, CRtO, C0 + Oz 2.8510°4 -257 l
4. g+ N()2 + Al > CL N()2 + M see Tavle 2 3
35. RO QU +Cg +0, 7.7x10° 1) -130 1
36. NO +CRO + NO, +C 6.2x10"32 294 1
37 CRO+ NG, + M+ w\02 + 3 see Toble 2 3
38, HCR 4+ O(D) + CR + O 1.4x10°%° 0 |
39. Ol + HCRL 1,0+ CR 2.8x k0" 12 -125 H
40. O+ 1L +OH + ¢4 LisxlooM  -3370 1
4. CL+HO, +1ICR + O, Laxio-! 0 1
42 CFCR, ¢ O(‘H) + 300 22510710 0 1,6
43. CF, (‘1 +O0D) » 204 1.4x10-10 0 1,6
14, Cg r| +1CR + H 3.5x107 1 -2290 1
15, g+ ”yuz + HOCR + 110, l.1x10° ¥ -980 1
46.  CLONQ, ¥ O + LU+ NO, 3.0x30742 -808 1,10
47, CH,0R + Ol >R+ 11,0+ HO, 1.8x10°12 -1112 16
48, NO+ NO, »2NO, 2.0x107 4 0 1
19. \O + O+ 0 ~»NUi + M see Table 2 3
50. NU‘, + 1\() £ A+ N O + M see Tuble 2 3
5i. NZUS + .\l - :‘.()‘2 + M.)3 + M see Table 2 3
5. N,U ¢ U + 2N, a0x10°22 0 7
53. ()(‘u)+03 +'2()2 1.2x1p°10 ] 1
54. HO, * HO, “ H,0 + 1,0, + 0, + 1,0 sec Table 2 3
55 0+ ) NO, +02+ NO, 1.0x10"1! (] 1
56. 110, * NO, * al + H\!O s see Table 2 3
57. HNU_, + \l - HO + NO + M see Table 2 3
58. OH+HNO, > u + No +0, 4.0x10712 0 1,10
59. Cr+ HNo4 + H(‘IL + N()2 + o 2.0x10°12 -300 8
0. HO,* €20 + 0, + HOCL 1.6x10712 710 1
61. CR + HOCL + HCL + CRO 3.0x10°%2 -300 8
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TABLE 1. Continued

Reaction A B Note

62, OH + HOCL » ”20 +CRO 3.0x10°12 -150 1
63. O+ HOCZ +OH +CLO 1.0x107 32 ~2200 |
64. OM+CH, + Cll3 + nzo 2.4x10712 -1710 \
85, O+CH, +Cll,+ oH 355101 -4550 !
68, 0('u)+cu4 »Cuzcﬂnz 1.5x10"11 1} 1
67. 0O+ CH =+ cu3 + OH 1.4x1071° 0 |
68, CH, +CR + HCY +CHy 9.6x19°12 -1350 1
69, g+ t:nu(m + HO, + CO + 211 3.4x10-11 -1260 1,6
70. (‘.Ii302+ NO + N02+CH30 7.4x10712 1} 1
Tl €L+ CHO +1ICH + HCo 8.2x10° 1 -34 t
T2 CH,O, ¢ HO + CH,00Ml + 0, 6.0x10°% 0 1
73. Cll 0 +0, » Pn2o + 1102 1.0x10712 -2050 1
74, ou + CI!20 + ll20 + HCO 1.0x1074? ] i
75. 0+ CHL » HCO + OH 3.0x10° 41 -1550 1,10
76. HCO+0, + cO+ Hu2 5.0x10°12 0 1
77, Ol + cnxuou - (:11302 + 1120 2.2x10"32 ~-160 1,10
78. CH3 +0 »(“J!2o+li 1.3x1071° 0 1
9. CH O, +0, +CH 0+202 1.0x10°* ~600 g
80. (‘11302 +0 +(‘H o+o2 3.0x10° 12 0 9
8l. CRO +OH +no +Cg 9.1x10712 0 1,
82. CI13+02+\1 »C:|302+ M see Table 2 3
83. (RO +OH »IIC + 02 Not used (v 107%2)

B4 Hy* OH -+ H, 0 +11 7.7x1071% ~2100 1
g5. H + 10, + u + 0 4.2x107 1 ~350 12
86. OH + m|3oon + CH ,0 1,0+ OH 5.0x10°32 ~750 1,10
87. O+HNU, *UH+ N02+02 7.4x10712 -2630 1,10
88. Oli + CRONO, + HOCL + NO, 1.2x10732 ~333 1,10
89. Ci& +CLONO, +2Ck + NO, 1.7x10712 =607  1,iD
90. HONO+Ol ~+ uzo + No2 6.6x10°12 9 12
9l. OH+ NO+ )M +HONO+ ) see Table 2 3
82 0+0CLO +» R0+ 0, 2.5x107 3! -1166 1
83. NO+QCrLO » NO, *+ CL0 2.5x10712 -600 1




TABLE 1.

Continued

Reaetion A B Note
94, OH+CH CCR, + 1,0 +3CL 5.4x10712 -1820 t,6
g5 O + CFC-21+ 2C8 g.9x10°1? -1013 1,6
96. OCD)+ CrC-13+ CL 1.ox1071 0 11
47, OCDY+ CFC-112+ 408 3.0x1u~t0 (] th
98. OH + CFC-142b+ CL 1.5x10742 -1800 i2
99, OCDY+ CFC-113+ 308 275510710 0 13
1o, O'D) + CPC=-11d» 208 [B2x10°10 ] 13
1Nl ORD)+ CFO-H5+ R 100X 10710 ] 4
102, OH + CFU-22+ 1,0 + C4 7.8x10°13 -1530 1,6
104, o)+ ceg > 4y, 4.5x10710 0 1,6

A
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NOTES TO TABLE 1

Draft report of the joint meeting of the NASA Panel for Data Fraluation and
the CODATA Task “roup on Chemical Kineties (W. Deiiore, private
cominunication, 1981}.

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

The reaction is preossure dependeni. Scc Table A-2 for discussion.

Estimate designed to be eompatible with upper limit given in reference 1, and
low enough to have no signifieant effuet on model performance. Reaction is

retained only to facilitate reintroduction if the evuluated upper limit should
prove to be in error.

Weighted average of the rates of U(*D) + N, and O(D) + Oy from
reference 1.

Produet chemistry has been simplified.

Fstimated reaction rate, This estimate is designed to inelude a possible
heterogencous contribution to the overall reaction. Important only in the
jower troposphere.

Estimated reaction rate. This rate is estimated based on the assumption that
HNOg and HOCL resemble Ho0, (as treated in JPL, 1979) in
reactions with Cg and OH,

Estimated reaction rate. Rate is cstimated hased on the assumption that
11305 closely resembies HO4 in reaction with O or Og.

Products are not given in references 1 or 2. The assumed produets are hased
on produets that seem the most chemically plausible.

l3ased on formula given in Davidson et al., (1978).,
l{ampson {1980).
Pitts el al. (1979,

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

CFC-21 = CHFChj
CFC-22 = CHFyC%
CFC-13 = CCL'Fy
CFC-112 = CFCig CF Cly
CFC-142b = ClgC CLFq
CEC-113 = CFCLy CFyCR
CFC-115 = CFgq Cy CF3
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TABLE 2. Rate coeflicicnts used (or pressure-dependent reactions.

Expression 11

) AgiMK300/T0 o) f At (300/1) "% 4 2
I+ AGIMI(300/1770; A;{300/T11 R EXCLRE
Reaction Ay ng Af n; Note
HO, + NO, + M+ HNO, + M 2151073 5.0 6.5x10742 2.0 1
OH + NO, + M+ uNoj + M 2,6x10°3° 2.9 2.4x10°12 1.3 1
CLO+ N02+M-»L10N02+m 4.5x10732 1.8 L5x%10°42 1o 1,2
0+0,+M+0,+M 1.6x10°%* 3.4 16x10°4 1.9 1,2
6.2x10734 2,1 ——— - 1
Cl + 0, + A CH 0y TN 2.2x10" 1 2,2 2.0x1n°42 1.7 1 b
o m N, + M= N0 N 3.5x10%%7 0,45 -— .- 1 )
cL o+ No2 + M CLND, 1.6x10°%° 1.9 3.0x1071} 1.0 1 !
H+0,+ M+ HO, + M 5,5x10°32 1.4 -— - 1
OH + NO + M+ HNO, + M 6.7x10° % 3.3 3.0x10°1! 1.0 1
OH + OH + ¥+ 1,0, + M 2.5x10" ¥ 0.8 3.0x1073 (W] 1
NO, + NO  + M+ N, O, + R 14x10°% 2,8 8081073 ] }
O+ NO+ M+ NO, + M 1.2x107 % 1.8 3.0xi07 1 0 1
0+ NO, + M+ NO, + ¥ 9.0x107%2 2.9 Lexloit ] 1
N,0 + M+ NO, + NO_ + M 1.18x10-3¢1 H1BU/T 2.8 7sexiatee )t 1T -0.8 3




TABLE 2, (Continued.)

Notes
5.2x1076 o-10015/T -

HNOy + M » 1105 * NOg + M k=——__—T_T 5

L 1+4.86x1071 20 0-6
. - g M
OH+CO+M + 11 +COg+ M kK = 1.35%10713 (1 + 276n10719 ) i
1.1x10734 +3730/T
4

HOg + HOp + HoO > HgOy * 11,0 + Oy N
2 2T L “ 1+\x3.5x 1418 g=20607)

NOTES TO TABLE 2

braft report for joint mecting of NASA Panel for Data Evaluation and CODATA Task
Group on Chemical Kinetics, 1981,

—

2. Top expression is recommended in 1. The upper one is used in most of the LLNIL
one-dimensional calculations but hecuause uncertminty still large, second expression is
also often used.

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

4, Based on Cox (1978).

5. Based on {draham et al. (1978),

-t -
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Photolysis reuactions. Alternative products of reaction are shown in

parentheses, but they are not used in the 1981 chemistry.

Reaction Note

1. G, 20 1,2
2. 0,+0+0, 1.3
.0, oty + 0, 1,3
4. NO, » RO+ O 1,4
5. N20+N2+o(‘|.) 1
f. NO+N+OQ 5
T.HNO, + Ol ¢ NO, 1
A 11,0, » 200 1
9. 1O, >0 +O 1
10, r'zéxrvz + 0L+ NO (RO - NO) 1,6
1. HCL »1f+Cg 1
12, U -+ + 0O n
13. €20 =g+ 0fin Nnt used
4. CLNO, + O ¢ RO, 1
15. UCLI = CLO+ G 7
6. CF,CL, =+ 201 4,8
17. CFCR, ~3CR 1.8
iy ('(‘9,4 .,* AL 4,8
19, N,0- = NO+ NO, (2NO, + ) 1,6
0. NO, + NGO+ O, 1
2. NO, » NO,+0O 1
22, H,0 + 1+ Ol 9
2% WNO, »HO* NO_ (HO, « XO,) 10,6
24, 1IOCE = Q¥ + O 3
25. (‘|13Ou=.. . ('1—13 + OH 4
2. ©H,0 + HCO+ N 1
27, CH,O »CO+H, "
28. CH,CL +CH, + CR 4
29, HONO + Ol + NO 4
30, CHCCL, + 302 1.8
1. CFC-21+2C98 4
32. CFC-13+C2 13
33, CFC-112+4C1 12

| H W) Im———
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Tablte 3. Continued

Reaection Note
34, CFOC-13265+ Cg 14
35. CFC=113+ 3CR 12
36, CFC-114+20¢ 12
37, CFC-115+ 02 12
38. CFC-22+('¢ 4
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NOTLES FOR TABLE 3.
Contributes (o the optical depth of the model atinosphere.

The Sehumann-Runge hands are given a special treatment based on Hudson
and Mahie (14972).

The quantum yields of reactions 2 ane 3 are given a special trealment based
on the teniperature-dependent treatment of NASA Panel for Data Evaluation
(testh.

Hased on the diuta of NASA Panel for Data Evaluation {198)). Where duta for
severil temperatures are given, we have used the data at + 230 K.

Nitrie oxide photolvsis is hased on the treatment of trederiek and Hudson
(1979}, We huve averapged ralos over the sunlit henusphere for davtime
photnlysis.,

The products used for XNOy (X = €2, UH, NUg) arc all based on
anulogy with CRUNOy data of Chang et al. (1479, This treatment s
highlv uneertain,

Based on distiy in Watson (F97-H.

Praduel ehemistry has been simplified.

Treatment bascd on Tnompson et ai. (1463).

Treatment based on Molina and Mintina (1980).

Treatinent based on cross seetions of Bass el al. (1980), quantum vields based
o heGrall suad Calvert (1976) and Moorteat and Warneek (197 9).

flased on recommendation of NASA Panel on Laboratory Measurcments in
NASA Referenee Puhlieation 1044 (liudson and Reed, 1979).

3ased on tiuhrieh, ot ul., (1977).

Hascd on Hubrich and Stuhl (1980),
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Radiative Proeesses

Photodissociation proeesses in the atmosphere are often c«tremely important
mechanisins for the production and destruction of chemical species. In the LLNL
model, the rates of 38 photodissociation reactions (see ‘l'able 3) are updated as a
function of altitude a1 each time step for all model csleulations. [t §s necessary to
continually update the photodissoeiation rates in order to properly nccount for
chanres in photodissociation with ehangres in the distribution of important absorbers
of solar wavelenglhs sueh as the specics ()3, (. 02 and N02.

There is evidence for a noderaie temperature dependence in many
photoabsorption c¢ross-seetions. With the exeeption of 03. CHZO’ NG and 02
photlolysis, we have nnt treated this temperature dependence explicitlv, but have
used eross—sections measured at roughly 230°K for all temperatures. As a result
several of our caleulated trace species photodissociation rates should be more
aceurate for the stratosphere then the lower troposphere.

The <olar flux is divided intt} 118 wavelength bins extending from 133.3 nm to
733.0 nm. The size of the sindividual bins increases from 0.9 nm ut lower
wavelengths to 10 nm in the upper waveleng.h region. The solar flux at the top of
the atmosphere is based on the recommendations of Hudson and Reed (1979). The
solar zenith angle is varied with time for diurnal ealculations and is held fixed for
diurnal-averaged calculations at a value corresponding to noon at 30°N at solur
equinox.

In order to aecuralely compute photodissociation rates, it is important to
deseribe radiative processes, such as multiple seattering, in addition to attenuation
by uases such us ()2. 03 and !\‘r)g. Multiple scattering is inecluded in the
model using a simplified method that is computationally fast so that it ean be used
for diurnal calculations. The method is similar to that of Isaksen et al. (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 optieally thick layers and each laver
can absorb und scatter radiation. The laver is assumed to scatter radiuation
isotropically with half of the scaitcred flux going upward and the other half
downward at an average zenith angle. ‘The earth’s surface is also assumed L0 scatter
isotrcoically, and a surface albedo of 0.25 is used to approximate the effeect of
clouds on the upward seattered radiation. Using a high surface albedo anxd ne elouds
gives results thal arc nearly identieal to those from dividing the atmosphere into
elear and cloudv regimmes and averaging the results (the exeeption being the region
helow the eloud laver, which is not important for the model applications eonsidered
here). For each atmospheric layer there is a contribution to the solar flux density
from the direct flux and by the diffuse fluxes ineident on the laver from above and
frowm bLelow. The flux density due to the various fluxes together ean be much
greater (depending on the wavelength and altitude) than the flux density computed
considering only gaseous absorption (Luther and Gelinas, 1976; Luther und Wuebbles,
1976).

The effect of elouds on photolysis rates in the lower troposphere is ineltided by
miuitiplying the photolvsis rates caleulated in the model by a factor whieh s a
funetion of altitude. The multipliers used are shown in Table 4. These multipliers
are based on a subjective anelysis of available data on the amount of cloudiness and
eloud types in the troposphere (Hovt, 1976}, eloud type altitude, cloud albedo, and

cloud absorptivities.
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Table 3. Multiplier of tropospheric photolysis rates to account for
clouds
Altitude Multiplier
t 0.7
| 0.7
2 0.7
X 3 0.75
% 4 0.83
b D83
i 13 097
‘| g 0.97
! 8 0.97
! El 0.8
1 .99
tlon 1.0

BUOUNDARY CONDITIONS
The modet atlows for either {ixed coneentrations or a flux eondition at the
surface as a lower boundary condition. For most of the calculations, six speecies are

assumed to have {ixed concentrations (see Table 9), while a surface flux was

|
l
i
|

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

in Table 5. When those speeies with fixed boundary conditions in Table 5 are given
flux boundaries, a flux is determined to give an ambient concentration the same as
those in Table 5.

Zero flux is assumed [or ail species exeept NO and N(.)2 at the upper
] boundary. NO and NO2 are assumed to have a very small flux from the

mesosphere into the stratosphere.
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Water vapor concentrations are fixed in the troposphere and calewlated in the
stratosphere. Water vapor concentrations in the troposphere are based on 30°N data

from Oort and Rasmussen (1971),

Table 5. f3oundary conditions

Fixed Mixing Ratios

N 20 300. ppmv
P_lrl_‘ 1.65 ppmv
H2 0.56 ppmv
(‘,113Cl 0.62 ppbv
CO 0,12 ppmv
11,0 1.69 x 1072

Surface Flux (molecules em”357Y)

NO 1.60 x 10°
NO, 3.30 x 10°
HNo, [.67 x tu®
HCl 3.67 x 101°

Sources and Sinks

In addition to sources and sinks from the chemistry and boundary conditions
deseribed above, there are additional sinks due to dryv and/or wet removal for many
species in the model. A source for nitric oxide from cesmie riy dissoeiation 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 1he trace species }lN03, }1202, HCl, Cl0, CIONOZ,

ClNuz, HN04, HOCI, CHZO and CH300H is assumed to vary with

I P S 2
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altitude as shown in Table 6. No2 is assumed to have a loss rate half the above
rate,

Dry depositicn rates at the surface are also parameterized by a first-order loss
rate as shown in Table 7, These loss rates apply onlv when a speeies does not have a

fined surface concentration.

Table 6, Wek ramavel parameterization

Altitude, km Loss Rate, see™?

3.86x 1076
3.86x 1078
3.86x 10°°
3.36 x 10°8
3.86 x tu"®
3.86x 1078
193 x 107¢
193 x 10”7
9.58 x 1077
478 x §0°7
10 a

TN f L) Y e D
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Table 7. Dry deposition rates in the lowest layer (z=0).

Loss Rate Loss Rate
Species sec™?) Species (sec™ )
0(39) 10x g% NO, 2.0 x 1073
0, L0 x 107€ N,O, 2.0 x 3078
NO L& x 10-¢ H20 )]
NO, 3.0 1078 HNO, 2.0 x 1073
N ,0 v (HaCt < 20x (¢-*
HNG, 2.0 x 1073 HCO 2.0 x 1075
oil 2.0 x 1075 CH,0 1.0 x 1075
HO, 2.0 x 10°3 cH, 2.0 x 1073
H,0, 2.0 x 10°3 CH,00H 2.0 x 1073
Ci 2.0 x 1075 CH40 2.0 x 1075
(:10.\102 2.0 x 1075 cn,0, 2.0x10°%
Clo 2.0 x 1073 Cco 5.0 x 1077
CH, 0 cro, 2.0x10°°
H, 1.0 x 1077 ocCl10 2.0 x 1073
cn,el 0 HONO 2.0 x 1075
cn:luz 2.0 x 1073
HCL 2.0 x 1073
el ¥

Other Physieal ata

and 02 distributions are fixed based on the U.S. Standard

The N

2

Atmosphere (1976). The temperature distribution, when held fixed, is usually baseq

on the 1.8, Standard Atmosphere {1976} data for mid-latitudes.

PRUNppe—
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TEMPERATURE FEEDBACK

Although many calceulations with the model are made assuming a constant
temperature distribution with time, the capability also exists to determine the
temperature explieitly 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 stratospherie radiative transfer model, and the temperature
profile is speeified at lower altitudes. The model includes solar absorption and
long-wave interaction by 03, uzo, and COZ’ along with solar absorption by
NOZ' The techniques adopted for lreating long-wave radiative transfer are the
same as those described by Ramanathan (1974). 'This formulation was chosen
beeause it is computationally efficient, and its accuracy has been demonstrated
(Ramanathan, 1974, 1976) by comparison with much more complex models. The
effects of and justification for the simplifying assumptions used in the model are
diseussed b;, Ramanathan (1976).

A band ahsorptance formulation is used to treat the 9.6-um band of 03
and the fundamental and several hot and isotopic bands of 002 in the 15qym
region. An emissivity formulation is used to treat long-wave radiative transfer by
HQO. Solar absorption by 03 is treated by using the empirical f{ormulation
given by Lindzen and Will (1973). The band absorptance formulation by Houghton
(1963) is adopted for solar absorption by H?(), and the band absorptance
formulation by Ramanathan and Cess (1974) is adopted for solar absorption by
(“.02. The empirical formulation of Luther (1476) is used for solar absorption by

NO,. Solar absorption by O3 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 C()2 and 03 as
deseribed in Appendix B of Ramangthan (1976). The temperature dependences of
the band absorptance and band intensity are included in the longwave eaieulations of

CO2 and 03.
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A single cloud layer is included ai 6.5 km with 42% ecloud cover as was
suggested by Cess (1974). The lapse rate 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.

DIURNAL AND DIURNAL-AVERAGED MODELING

In addition 1o the capability for diurnal ealetilations, we have also developed a
fully diurnal-averaged model that is consistent with our diurnat model. The diurnal
model is used {0 gencrate speeies profiles for eomparison with measirements and
for perturbation studies involving short time integrations (e.g., solar eclipse
effeets). The diurnal-nveraged model is used for perturbation and sensitivity studies
involving longer time integrations. ‘fhere is a significant computer time saving in
using the diurnal-averaged model for caleulations longer than a few model days.

The procedure that is used in developing the fully diurnal-averaged model is
alse applicable to two-dimensional models, If the continuity equation is averaged
over a time period (24 hours in our easej that is very small compared to the time
scale of the prohblem of iInterest, then one obtains averaged terms of the form
E;_LTJ and .T:EI- where °; is the concentration of speeies i at time t and
altitude =z, kij is the two-body chemical rate coefficient, and Ji is the
photodissociations rate coefficient for speciesi.

We define the diurnal weighting factorsa j(Z) and Bi(z) by

k.ee. =a. k. c e
ijry 1ypog oty

and
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Sinee kij is defined and i5 independent of time, we have

and

The computation of photodissociation rates ean be an expensive part of
stratospherie model caleulntions, heace evaluation of Ji‘s ip the diurnal-averaged
model can he expensive. I we define Bi by

L noon =
B; =% ¢ / (.)i ci) '

then the computation in the diurnal-azveraged model is greatly simplified. 'The
— o - — fnoon

diurnal  mocgel is used to determine cicj. Jici' ci. ej. and Ji S0
thut uij and Bi ean be obtained f(or every chemical and photochemical
reaetion in the maodel.

A basie assumption in this approach is that aij and Bi are relatively
insensitive to changes in < and cj. This is generally the case, however, because
the aij and Bi primarily represent {unclional weighting factors whieh are
sensitive to the fupcticiial shape of the diurnal variations in e and cj and not to
changes in the absolute magnitude of e; and cj. So long as there is no drastie
change to stratospheric ozone, there should be very little change in the diurnal
functional shape of all the speeies. If there are significant changes, the diurnal

model can be used to reevaluate the %5 and Bi and iterate this averaging

process.
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