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FOREWORD

This report summarizes work done under NASA Cooperative Agreement
NCCI-30 during the period December 1, 1979 through November 30, 1980.
This agreement was supported by NASA/Langley Research Center (LaRC)
through the Atmospheric Sciences Branch of the Atmospheric Environmental
Science Division. The technical monitor was Dr. Joel S. Levine of the
Atmospheric Environmental Science Division,
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THE SULFUR BUDGET OF THE TROPOSPHERE

By

S.N. Tiwari! and T,R. Augustsson®

SUMMARY

A one-dimensional photochemical tropospheric model has been used to
calculate the vertical profiles of tropospheric species, Particular
attention is focused on the recent inclusion of the chemistry of the
sulfur group, which consists of 13 species involving a total of 45
chemical reactions. It is found that the chemistry of the sulfur species,
because it is largely anthropogenic, plays an increasingly important role
in the distribution of tropospheric gases, The caleulated vertical
profiles are compared to available measurements and generally found to
be in good agreement,

INTRODUCTION

During the last few years there has been a growing concern over
possible anthropogenic effects on the troposphere. The chemistry of
the sulfur group is particularly interesting since the emissions of the
species in the sulfur family are to a large extent anthropogenic in origin.
Of all the tropospheric chemical families, sulfur is peshaps the least
studied and understood. Thus, a detailed scheme to caleculate the vertical
distributions of 13 sulfur gases in the troposphere has been developed.
Studies of sulfur in the atmosphere have primarily been consnerned with the
so-called "aerosol layer' (refs. 1 - 5) or concentrated en highly specific
reaction paths and mechanisms in the troposphere (refs. 6 - 7) or certain
regions (refs. 8 - 10), Very few global assessments of sulfur species
exist (refs. 11 - 12), and those studies are qualitative in nature.

! Eminent Professor, Department of Mechanical Engineering and Mechanics,
0ld Dominion University, Norfolk, Virginia 23508,

2 Graduate Research Assistant, Department of Mechanical Engineering and
Mechanics, 0ld Dominion University, Norfnlk, Virginia 23508,



The recently developed sulfur package allows for quantification (ref. 13).

The research work in this area has been going on for some time, and
we now have a one-dimensional, time-independent, global, tropospherie,
photochemical model. The model currently includes the chemistry and
photochemistry of OH, HOj, NO, (= NO + NO2), HNO3, NO3, NaOs, HNOa, CHz, CH30z,
Cll300H, CH30, HaCO, HCO, O, O('D), O3, H, NH, NHz, NH3, NaHa, NaHj,

N2Hy, S, S0, SO, SOz, HSO3, Ha804, HS, 28, CS, CSa, CH3SH, CH3SCHj3,

and COS. Of these 36 species, 16 are being transported (i.e., we use

the continuity equation) and the remaining 20 are assumed to be in photo-
chemical equilibrium (because they are short lived)., There are 108
reactions and 12 photodissociations in the current model, and the vertical
transport is simulated by the use of eddy diffusivities. The results of
the preseat model have been compared with results of other models with
similax chemistry, rate coefficients, and eddy diffusion parameters.

In general, good agreements between various results has been found,
Recently, an "ammonia package'" has been included in the present model,
This consists of the chemistry of N3 and five other closely related
species, A total of 21 chemical reactions has been added to describe
accurately the vertical profiles of the "ammonia group.' Ammonia has
been the subject of intensive studies, and the results have been reported
in references 14 to 17,

The significance of coupled radiative-chemical studies of the Earth's
troposphere has been emphasized strongly in the NASA Reference Publication
1022 titled "Man's Impact on the Troposphere' (Lectures in Tropospheric

Chemistry, ref., 11). It is evident from this publication that the chemical
composition of the troposphere is determined by complex geochemical

cycles of carbon, nitrogen, sulfur, oxygen, and hydrogen species between
the atmosphere, the oceans, the crust, and the biosphere. In recent

years, anthropogenic activities have become a significant source of tropo-
spheric species, As stated in the above reference, changes in the natural
abundance of tropospheric species may alter other species via chemistry

as well as produce perturbations in climate. For example, tropospheric
ozone is strongly affected by tropospheric levels of nitrogen dioxide

and methane, and stratospheric ozone is controlled by tropospheric nitrous

oxide. Many of these anthropogenically produced species have absorption

i3



lines within the 8~ t¢ 12-um atmospheric window, which contributes to

the greenhouse effect. These greenhouse absorbers include carbon dioxide,
methane, nitrous oxide, ammonia, and ozone., The information available

in the cited reference, therefore, indicates the need for coupled radiative-
chemical studles of the Earth's troposphere in a systematic manner,

The coupling between the Naval Research Laboratory's radiative
transfer model (which includes Rayleigh and Mie scattering and surface
albedo) to the NASA/LaRC one-dimensional tropospheric photochemical model
has recently been completed. The preliminary results indicate that the
vertical distributions of several key tropospheric species are altered
significantly (ref. 18). The next report will address this topic in
more detail.

The next section of this report ("Tropospheric Sulfur Species'")
reviews and summarizes the existing literature on sulfur species, Each
sulfur species is discussed briefly and available measurements pxe
identified. The section titled "One-Dimensional Tropospheric Photochemical
Model'" then discusses the philosophy of modeling as well as the NASA/LaRC
one=dimensional global, tropospheric, photochemical model used for the
calculations summarized under '"Results and Discussion,' This model now
consists of 37 chemical species (13 of which are in the sulfur group)
and 108 rcactions (of which 45 are sulfur related), The major text of
"Fesults and Discussion' describes all the reactions, productions, losses
and lifetimes for each sulfur species as calculated by the present work,
We have found that the sulfur species family consists of gases in various
states of oxidation (from highly reduced to highly oxidized) with a wide
range of lifetimes (from 107 s to 4 mo)., In the same section we identify
the various sources (i.e., natural vs, anthropogenic) and sinks (homogencous
vs. heterogeneous) for all) sulfur species. In the concluding section
("Future Perturbations to the Sulfur Budget'), some global implications
resulting from perturbations in the sulfur budget are discussed. The
continuity equation and its numerical solution together with appropriate
boundary conditions are discussed in Appendixes A to C. Appendix D
describes the calculations of incident solar radiation and photodissocia-
tion rates, while Appendix E discusses the convergence critewria empluyed
in this study.

(92



TROPOSPHERIC SULFUR SPECIES
Introduction

According to R, Stewart et al, (ref. 11, p. 42):

The abundances, sources and sinks, and photochemistry of
atmospheric sulfur compounds are all poorly understood relative
to oxygen, carbon or nitrogen compounds, Various sulfur species
are important components of air pollution in many poarts of the
world. The anthropogenic input to the sulfur cycle is clearly
significant and likely to inercase in magnitude, but the con-
sequences of these facts have been relatively little explored,

They further conclude (p. 40} that:

Man is also intervening in the sulfur cycle, Lut global=

scale congequences of this influence have yet to be identified.

Yost of the sulfur dioxide that enters the atmosphere is of

industrial origin ond can potentially alter such things as the

atwospheric aerosol loadinm and the acidity of rainfall over

at least mesoscale regions, The 20 Mt/yr of sulfur added to the

soil in fertilizers is relativelv large compared with natural

sources, If substantially increased coal burning occurs in the
future in response to shortages of alternate fuels, the magnitude
of the industrial sulfur source will increase still further, It

is essential that some attempts to understand the potential impact

of this fact be made in future research,

The purpose of this study is to explore and try to understand the
implications that an inerease in sulfur loading will have on global tropospheric
chemistry. It has been known for a long time that species of the sulfur
family adversely affect the air gquality on the local and regional scales,
This is due mainly to anthropogenic emissions in large metropolitan areas.
furthermore, it has been known for about two decades that species of the
sulfur family diffuse upward into the stratosphere where they form sulfate
particulates that constitute the so-called '"aerosol layer!" usually found at
around 20 km (ref. 2). Natural emissions of particulates from volcanoes

also contribute to the aerosol layer.

The sulfur group consists of species in various reduced and oxidized
states and with widely varying lifetimes. All sulfur species have in common
an unrelenting trend toward further oxidation. The oxidation chain for the

sulfur family is shown schematically in figure 1.
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Sulfur Dioxide (80; = mixing ratio = 5.0 x 1070y

In large concentrations, 802 is very toxie to animals and plants,
It is an important precursor to formation of partigculates. This affeets
the aerosol loading, which has climatic implications in addition to the very
obvious problem of reduced visibility, Another climatic aspeet to consider
is the thermal infrared absorption bands that S0» has at 8.7 um and 7.3 um
(ref, 19), At the present time the measurements of SO02 are very inconclusive
and in some cases contradictory, For exampie, Georgii and Gravenhorst
(ref, 20) and Maroulis et al. (ref. 21) found that sulfur dioxide inereases
with altitude, while Georgii (ref, 22) found o deercase with altitude,
This fact is currently a source of some controversy in the scientific
literature.

Carbonyl Sulfide (COS ~ mixing ratio = 5.0 x 10°17

COS is a very stable molecule and is consequently well mixed in the
troposphere. It difcuses into the stratosphere where it is believed to
undergo photodissociation, It subsejquently recombines with other spegies
to form SOz, which, in the stratosphere, is believed to be the gaseous
precursor of the aerosol layer (refs. 1 - 2}, The observational data of
COS indieate a relatively uniform distribution, Sandalls and Penkett
{ref. 23) found values varying from 4,0 x 1072 to 5.0 x 1079 ywith a mean
concentration of 5,1 x 10710, Maroulis et al. (ref. 24) measured averaged
concentrations of 4.35 x 10710 in Philadelphia, 4.54 x 10710 at Wallops
Island (Virginia), and 5.11 x 10710 at Lawton (Oklahoma}., Torres et al.
(ref., 25) found values ranging from 4 to 5 x 10710 duping the so-called
"GAMETAG" flights. The average value during those flights was 4.7 x 10710,
Hanst et al, (ref. 26) found values of about 2 to 3 x 10710 in some measurements
that had large experimental uncertainties associated with them,

Hydrogen Sulfide (H;8 — mixing ratio = 2,0 x 10710)

Hydrogen sulfide is formed primarily by microbial activity in the soil
and in tidal flats (ref. 27), but it is also emitted by volcanoes (ref. 28)
as well as by some industrial activities such as wood pulping (ref. 29) and sewage
treatment (ref., 30). Measurements of the vertical distribution are very
sparse, but seem to indicate a very rapid decrease with altitude, particularly



in the first few meters (ref. 22), The mixing ratio at the surface has
been estimated at 0,2 parts per billion by volums (ppbv)(rcf. 31). The
measurements by Georgii (ref. 22) seem to verify this value.

Carbon Disulfide (USp = mixing ratio = 1,9 x 10710)

€Sy is formed both naturally by volcanic emissions (ref, 32) and by
anthropogenic emissions such as manufacturing of petroleum (ref. 33) und
of synthetic fiber (E.P.A,, 1973-1975, vefs. 34-36). C€S» has been measured
in seawater (vef., 37), giving an almost constant value of 5.2 x 10~}3
g/ml of water over a wide range of latitudes, This would indicate a natural
source for carbon disulfide, Atmospheric measurements vary from 7 x 107}!
to 3.7 x 10°19 with an average value of 1.9 x 10~'0 (ref, 23). It has
recently been suggested in references 4 and o that the oxidation of CS»
to form SO0z might bLe similar to the oxidation for C€OS, It has also buen
argued that CSa might oxidize to form COS (ref, #4), In either case, CSa
is an important precursor for aerosol formation.

Sulfuric Acid (HpS50, =— mixing ratio= 1.0 x 10710

H2S0y is formed chemically as well as naturally, by voleanic emission
(ref., 358), and anthropogenically, in automobiles (ref. 36) and in H2S0,
manufacturing (ref, 39). Sulfuric acid occurs both in liwuid and solid
forms. It forms the solid form (sulfate, SO§™) when it recombines with
cations other than hydrogen. llence, HaS0, affects the environment in
two ways:

(i) by formation of aerosol particulates, which reduce both incoming
radiation and visibility, and
(ii) by lowering the pH in rainwater,

In Scandinavia, which is downwind from the large industrial areas in
Germany and Great Britain, a gradual lowering of pH in rainwater has been
observed. The average rate of decrease has been 0.3 to 0.4 units per decade
(ref, 40), Similar acidic rainfalls have been observed in the Atlantic
provinces of Canada, downwind of the highly industrialized metropolitan
"northeast corridor" (ref. 9). Acid precipitation is known to have an
adverse effect on soils and vegetation. If a soil becomes more acidic,

-

leaching of nutrients in the tov soil layer (humus) is accelerated (ref., 7).



This leaching affects, among other things, the rate of growth of trees:

for example, forest productivity in Scandinavia has deereased by one percent
per year during the last few decades with high incidents of acldiec preci~
pitation (ref. 9).  Ammonin (NH3) plays an important role in neutralizing
acidic sulfur syecies, Consequently, if the global sulfur budget increases
more rapidly than the global ammonina budget, a further increase in acid
precipitation would be expected,

Sulfurous Acid Radical (HSO3 -— mixing ratio o 1.0 x 10741

It is of utmost importance to find out how gaseous sulfur is eventually
converted into aerosol particulates. One reaction scheme that eventually
produces HaS804 is via the HSO3 radical, This HSO3 to H;504 conversion
is not immediate, however, It 1s therefore of considerable interest to
discover the ultimate fate of the HSO3z radical, Some complex reaction
schemes for HSO3 have been suggested (refs. 41-43), but none is supported
by rate constants,

Intermediate Sulfur Species

The five intermediate sulfur species listed below are all very short lived
and are therefore assumed to be in photochemical equilibrium (PCE), Their
lifetimes vary from 10°% to 10=" seconds and, hence, they react almost
instantaneously to form other species. Due to their reactivity they cannot
be measured in situ, Their vertical profiles are caleulated from known
kinetie data,

4,0 x 10717y

1]

(1 Sulfoxy (80); (mixing ratio

5

(11)  Carbon sulfide 1C8); (mixing ratio = 0,0 x 107%9)

4]

(ii1) Thiohydroxyl radical(is); “mixing ratio = 4,0 x 107¢1)
(iv)  Sulfur trioxide (S03); (mixing ratio = 4,0 x 107°2)
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=
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(v) Atomic sulfur (S(3p)]; (mixing ratio



ONE=DIMENSIONAL TROPOSPHERIC PHOTOCHEMICAL MODEL

The one-dimensional, global, tropospheric, photochemical model that
has been under development at NASA/LaRC now contains a total of 108 chemical
reactions and 12 photolytic reactions. Of this, the recent inlcusion of the
sulfur group contributes 45 reactions (reaction 64 to reaction 108). Table 1
lists the photodissociation processes that are included with their rates at
the surface for a solar zenith angle of 45°, Table 2 lists all the chemical
reactions with appropriate rate coefficients,

Table 1., Photochemical reactions.

Photodissociation

No. Process Rate (Z=0), s~1(45°)
1 03 + hv = 0(!D) + 0y 6.3 E-6
2 03 + hv »~ 0 + 0y 3.0 BE-4
3 NOs + hv = NO + O 7.6 E-3
4 NO3 + hv = NOs + O 8.2 E-2
5 NO3z + hv = NO + 0q 2,0 E-3
6 NaOg + hv - NOp + NOj3 2.0 E-5
7 HNO3 + hv - OH + NO2 1.6 E-7
8 HNO» + hv = OH + NO 4,8 E-4
9 H20p + hv + 2 OH 1.6 E-6
10 CHo0 + hv =+ HCQ + H 2.0 E-5

11 CHy0 + hy + Hy + CO 6.5 E-5
12 CH300H + hv -+ CH30 + OH 1.6 E-6




Table 2, Chemical reactions,
Reaction Rate Expression
No, 3 Reaction (mole = cgs units) Referixl?i
1 CHy + OH = CH3 + Hy0 2,4E~12%exp(~-1710.0/T) (a)
2 CHy + O(!D) » CH3 + OH 1,3E~10 (a)
3 CHy + 05 + M + CHz0p + M 2,2E-31*(300.0/T)2+2 (a)
4 CH305 + HOg = CH300H + 0p 3.0E~11*exp (~500,0/T) (b)
5 CHyO0H + OH -+ CH30a + Hz0 0.,2E-12%exp (-750.0/T) (a)
6 CH302 + NO = CH0 + HNO» 0.0 (c)
7 CH30a + NOz = CH,0 + HNO3 0.0 (d)
8 CH30a + NO =+ CH30 + NO; 8.0E-12 (a)
) CH30 + 0z = CH0 + HO» 5.0E-13*exp (-2000.0/T) (a)
1n CHa0 + OH = HCO + Hy0 1,7E-11%exp(-100.0/T) (a)
11 HCO + 0z =+ CO + WOy 5.0E-12 (a)
12 CO + OH + COp + H 1.35E-13%(1 + P, ) (a)
13 CO + HOp + COp + OH 1.0E-20 ()
14 Hy + OH + H + H0 1,2E-11%exp(-2200.0/T) (a)
15 H+ Op + M > HOp + M 5,5E-32*(5300,0/T; 1% (a)
16 0¢lp) * Hp0 »~ 2 OH 2.3E-10 (a)
17 0¢(lD) + Hp +~ H + OH 9.9E-11 (a)
18 HOp + OH =+ Hp0 + Oy 4.0E-11 (a)
19 OH + OIl + H0 + O 1,0E-11%*exp(-500.0/T) (a)
20 HOp + HOp = Hp0p + 0y 2,5E-12 (a)
21 H:02 + OH =+ HOa2 + H0 1.0E-11*exp(-750.0/T) (a)
22 HO, + NO +~ OH + NOj 3.4E-12%exp (250,0/T) (a)
23 HO, + NOp =+ HNO2 + 02 3.0E-14 (£)

10



Reaction
No.

Table 2,

(continued).

Rate Expression

Reaction (mole — cgs units) Reference
OH + NOg i HNO3 2.6E-30%(300/T)%: 9 (a)
oH + o ¥ HNO2 2,0E-12 (g)
HNO3 + OH = NOz + Hp0 8,5E-14 (a)
HNO3 =+ rainout 1,0E-6 (d)
NO2 + 03 = NOg + O 1,2E-13*exp (2450.0/T) (a)
NO + 03 = NOa + Op 2.3E-12%exp (-1450,0/T) (a)
NO3 + NO2 &1 NaOg 3.8E-12 (g)
NO3 + NOz = NO + NOp + Op 2,3E-13%exp (-1000,0/T) (h)
NO3 + NO = 2 NO; 8.7E-12 (i)
NO + NO2 + Ha0 - 2 HNOz 6.0E-37 (i)
N2Os + HaQ =+ 2 1INO3 1.0E-20 (k)
Na2Qs = NO3 + NO2 5.7E-14%exp (-10600.0/T) (g)
O+ 02 +M~>03+M 6.2E-34*(300,0/T)2" 1 (a)
o(lp) + M>0 + M 3.2E-11 (1)
OH + O3 = HOp + 02 1.6E-12%exp (-940.0/T) (a)
HOz + O3 = OH + 2 O 1.1E-14*exp(-580,0/T) (a)
OH + HNO2 - NOp + H20 2.1B-12 (m)
0(ID) + CHy + CHaO + Hp 1.4E-11 (a)
NpHy + H =+ NpHa + Hp 9.9E-12*exp(-1200,0/T) ()
NoHz + NpHgz »+ 2 NH3 + Np Kyz << Kyy (o)
NaHz + HaHz =+ NaHy + NpHjp 6,0E-11 (o)
NoHs + H = 2 NHp 2.7E-12 (0)
NH3 + O =~ NH, + OH 6.6E-12*exp(-3300.0/T) (n)

11



Reaction
No.

47
48
49

50

Table 2,

Reaction

(continued),

Rate Lxpression
(mole — cgs units)

NH3 + O(!D) - NHp + OH
NHz + Ol = NHp + Ha0
NHz + H = NHa + Hp
NHa + O = HNO + H

NHs + O -+ NH + OH

NHy + OH - NH3 + O
Nla + Ha - NH3 + H
NHo + NO = Na + HaO
NHy + NHa + NaHy

NH + NO + Na + 0+ H
NH + 0Op = NO + OH

NH + NO -+ Na + OH

HNO + 02 = NO * HO
HNO + M= NO + H + M
HNO + H - NO + Hg

HNO + HNO » NoO + H20
H+H+M>Hy + M
HaS + OH + HS + Hy0
HS + 0~ SO + H

HS + Oa - SO + OH

HS

+

NO -+ products

S0

+

02 + 802 + O

S0

Y

NO, + S0, + NO

CS; + 0~ SO + CS

2,5E-10

2.3F-12%exp (-800,0/T)
1.0E-16

1.8E-12

1.8E-12

1,0B-13

1,0E-16

2.1E-11

1,0E~-10

4, 7E-11

6,08-13

3.9E-11

2, 1E-20

5.0E-08%exp (~24500,0/T)
5.0F-14

4,0E-15

8.3E-33

1.CG5E-11%exp (~200,0/T)
1.6E-10

1.0E-13

1.0E-12

7.5E-13*exp (-3250.0/T)

1,5E-11

3,1E~11*exp (~640.0/T) (f7q

Reference
(a)
(n)
(n)
(n)
m
(n)
(n)
(n)
(0)
{nm)
(
(q)
(n)
(n)
(n)
(n)
(n)
(a)
(n)
(n)
(r)
(n)
(s)

= 0.8) (a)



Table 2, (continued).

Reaction Rate Expression
No. Reaction (mole — c¢gs units) Reference
71 CS2 + 0 = 8§ + COS 3, 1E=11%exp (=640,0/TV (f77 = 0,1)(a)
72 CSy + 0+ 8y + CO 3, 1E=11%exp (=640, 0/TY (F7: = 0.1)(a)
73 CS +0+85+CO 2.2B-11 (m)
74 €S + 0 = 80 + CO <3.0F-18 (s)
75 CS + 02 » COS + 0O <3,0E-18 (s)
76 S+ 0280 +0 2,2E-12 (t)
77 S02 + OH(+M) = HSO3(+M) (8. 2E-13*M)/(7.9E17 + M) ()
78 S0a + HOp + S03 + OH 2.0E-17 )
79 S0a + CH302 = SO3 + CH30 <3,3E-15 (W)
80 §03 + Ha0 = HaSOy 9,1E-13 ()
81 §02 + 0 = S0 + 02 (2.18-10/,0.8) *exp (-9980.0/T) ()
82 HS + H~+ 8§ + Ho 2.5E-11 (n)
83 S+ Ha»H8 + H 2,2E-25 (n)
84 HaS + H = HS + Ha 1,29E-11*exp (860.0/T) (m
85 COS + H = HS + CO 2,2E-14 (m
S COS + OH = HS + COa 5.7E-14 (a)
87 CSa + OH HS + COS 1,9E-13 (a)
88 S + CSa =+ Sa + CS 6.5E-13 ()
§9 S+ COS =+ S, + CO 2,8E-12%exp (-2050.0/T) (n)
a0 SO0 + SO + § + 802 3,0E-15 (n)
01 SO + SO3 = 2 S0a 2.0E-15 (n)
92 SO + ClHz(+M) = CH3SO2(+M)  3.0BE-13 (n)
03 HS + HS = HaS + § 1.26-11 (n)
R CH3SH + O =+ CHy + HSO 1.9E-12 (x)



Table 2. (concluded),

Reaction Rate Expression

No. Reaction (mole — cgs units) Reference
95 CHaSH + O =+ CH3S0 + H 1,9E-12 (x)
9 CH3SH + 0 + CH3SOH 1.9E-12 (x)
a7 CH3SH + OH =+ products 3.4E-11 ("
98 CH3SCH3 + O = CH3S0 + CHj 4,8E-11 (2]
99 CH3SCH3 + 0 - CllaS + CH30 6.3E-11 (x)
100 CH3SCH3 + OH = products 0, 08E-12%exp(134.,0/T) (aa)
101 COS + 0 -+ SO + CO 2. 1E-11"exp (-2200,0/T) (a)
102 HaO + O + HS + OH 2,4E-12%exp (-1300,0/T) (a)
103 SO + 03 = S02 + 02 2,5E=12*exp (~1050,0/T) (n)
104 S0a + O + M = S03 + M 3. 4E-32%exp (~1130,0/T) ()
105 HSO3 + OH - SO3 + Ha0 1,0E-11 (bb)
106 S0, = washout 3.8E.6*(10-2)/10 (bh)
107 11S03 - washout 2,3E-5%(10-2)/10 (b
108 HaS0y - washout 2,3E-5%(10-2)/10 {(bb)
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Depending on the lifetime of a species, it can either be considered
in photochemical equilibrium (PCE) or it will have to undergo transport,
The rapidly reacting species have their vertical profiles determined by
chemistry alone, while the vertical profiles of the more long-lived species
are determined by the combined effects of chemistry and eddy transport,
utilizing a time-independent (sometimes called steady-state) continuity
equation, The details of the continuity equation are described in Appendix A,
Numerically, the continuity equation is solved using a finite-difference
form known as the central difference scheme (see Appendix B for a discussion
of this)., The boundary conditions for the continuity equation can be
either a specified number density or a specified flux, as detailed in
Appendix C. With the recent inclusion of the sulfur group, the model
now contains a total of 37 chemical species. Of this amount, 17 are
calculated using the continuity equation: nitric oxide (NO), nitrogen
dioxide (NO3), ozone (03), nitric acid (HNO3), methylhydroperoxy (CHz00H),
ammonia (NH3), hydrazine (NaHy), two hydrazine derivatives (Nallz) and (NoHa)d,
hydrogen sulfide (HaS), sulfur dioxide (S02), carbon disulfide (CSp). carbonyl
sulfide (COS), dimethyl sulfide (CH3SCH3), methanethiol (CH3SH), sulfuric
acid (H2S04) and sulfurous acid radical (HSO3). For the vapidly reacting
species the condition of PCE is imposed. This includes the following
species: the hydroxyl radical (OH), hydroperoxyl radical (HOz), nitrogen
trioxide (NO3), dinitrogen pentroxide (N2Os), nitrous acid (NHOa2), the
amino radicals (NH, and NH), methylperoxy radical (CH3z02), methoxy radical
(CH30), formaldehyde (HpCO), formyl radical (HCO), atomic oxygen (0(p)),
the excited oxygen atom (0(!D)), atomic hydrogen (H), nitroxyl radical (HNO),
thiohydroxyl radical (HS), sulfoxy radical (SO), sulfur trioxide (SO3), atomic
sulfur (S(sp)) and carbon sulfide (CS). Certain very long-lived and
well-mixed atmospheric species are specified as input parameters. This
group includes molecular oxygen (0), molecular hydrogen (Hz), carbon
dioxide (C02), carbon monoxide (CO), methane (CHy), water vapor (H0),
and hydrogen peroxide (HaOp). Nine species are photodisassociated
in 12 different paths in the troposphere in addition to participating
in chemical reactions: they are ozone (03) (2 photolysis paths),
nitrogen dioxide (NOj), nitrogen trioxide (NO3) (2 photolysis paths),
dinitrogen pentoxide (N20Og), nitric acid (HNOj3), nitrous acid
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(HNO2)Y, hydrogen peroxide (Ha07), methylhydroperoxy (CH3z00H) and formaldehyde
(CH20) (2 photolysis paths)., The details of the photodissociation ealcula-
tions are given in Appendix D, In order to ensure internal self-consistency,
a convergence criterion is imposed., This criterion is met when there is
agreement between two successive runs up to the sixth decimal place, A
further description of the convergence condition follows in Appendix E,

Most atmospheric chemistry studies are performed with one-dimensional
(vertical) models, whercas two- and three-dimensional models are usually
used for studies of atmospheric flow, dynamics and circulation, Since
atmospheric chemistry is initiated by photodissociation of various mole-
cules, the vertical coordinate is the important one in atmospheric chemistry
studies. One-~dimensional models are known as globally averaged models,
because all parameters in these models should ideally be globally averaged.
Two-dimensional models, or zonally averaged models, employ an averaging
technique whereby parameters are averaged according to latitudinal bands,
usually on the ovrder of 5° to 10°, These models are mostly used to study
certain flow phenomena of zonal character., Two-dimensional models are
usually formulated from a phenomenological point of view rather than from
first principles, The eddy mixing is usually developed using mixing length
theory., Hence, despite increasing the model by one more dimension, the
transport coupling is still unsatisfactory since it relies on the choice
of eddy coefficients, Three-dimensional models have been under development
during the last decade but have yet to be used very extensively due to
their nearly prohibitive cost. The three-dimensional models in existence
today have mostly been used for dynamic studies., The most sophisticated
three-dimensional model in existance uses a mere nine chemical reactions
and seven chemical species. It has been calculated that, for each time
seven new species are included, the computational cost rises an order of
magnitude. Also, the largest digital computers available still do not
have adequate storage to fully describe vertical transport, Hence, three-
dimensional models must still vely on parameterized vertical eddy diffusi-
vities, a fact that is not fully appreciated even in the scientific
community, In one-dimensional models, a lot of storage is available to
incorporate vast amounts of chemistry, which have most of their interesting
features in the vertical dimension. Furthermore, most chemical interactions
are more easily studied with one-dimensional models.
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RESULTS AND DISCUSSION

Introduction

In this section the sources and sinks of the sulfur compounds are
examined. Some sulfur species are produced chemically as well as emitted
anthropogenically. Loss mechanisms include chemical reactions and
heterogeneous losses, i.e., rainout, washout, and dyy deposition., The
chemical production and loss terms for each species listed below are
arranged in order of importance,

Sulfur Dioxide (S02)

Chemical production.— The chemical production of SO0» always involves
SO (reactions 68, 69, 103, 90, and 91). Of these reactions, only the
recombination of sulfoxy with molecular oxygen, 0z, (reaction 68) and

sul foxy with nitrogen dioxide, NO», (reaction 69) are of major importance.
SN reacting with ozone, 03, (reaction 103) is of minor importance, while
the reactions of SO with itself (reaction 90) and with sulfur trioxide,
S03, (reaction 91) are negligible,

Chemical loss.— The most important gas phase loss is due to the

reaction with the hydroxyl radical, OH, (reaction 77), A minor loss
mechanism is due to reaction with the methylperoxy radical, CH30z

(reaction 79). Reactions with the hydroperoxy radical, HO», (reaction 78);
atomic oxygen, 0, in the presence of a third body (reaction 104); the methyl
radical, CHz, (reaction 92); and with atomic oxvgen, 0, (reaction 81) are
all negligible. The lifetime of S02 based solely on gas phase chemistry

is about 2.5 days.

Anthropogenic emission.— 502 is known as a product of fuel combustion
(ref, 34). It has also been Jdetected in the exhaust of turbines (ref. 44)
and of diesel engines (ref. 30). The application of certain types of

fertilizers also emits S0» (ref. 10).

Natural emission.,—— Sulfur dioxide has been found in the smoke from

erupting volcanoes (refs. 32, 38).

Heterogeneous loss.— The heterogencous loss of SO; has been estimated

to be about 50 percent of the total loss, and is modeled similarly to that



by Turco (ref. 5}, with the cs_eption that the NASA/LaRC model has the
tropopause at 10 km while the model of Turco uses 13 km for tropopause

altitude, Inclusion of the heterogeneous loss of 80p lowers its lifetime

to slightly less than two days, At the lower boundary, a flux

of 1,276 x 100 molecules em™ s™} was used together with o depositional
velocity of 1.0 ecm s*}, This results in a surface mixing ratio of 0.5 ppb.,

The resulting vertical profile is shown in figure 2. The solid line

represents the standavd profile while the dashed line is for the case without
heterogeneous 1oss. In hoth cases a zero flux condition was imposed at the
upper boundary. Vertical profiles have been measured by Jost (rvef. 45)

and by Georgii (ref, 22). In general, .hesc measurcments show a desreasing
mixing ratio with altitude similar to the calculations with the NASA/LaRC
model. One notable exception is a profile by Georgii (ref. 22) over the
Atlantic Ocean (dotted line), In this case there is an inerease in mixing
ratio with altitude, This is consistent with the theory that the oceans

act as a sink for S0 (ref, 20)., Also ineluded are some measurements by
Maroulis (ref, 24) and by Jaeschke et al., (ref. 40)., The surface mixing

ratio of the vertical profiles by Georgi. (ref. 22} and Jost (vef. 48) is

about an order of magnitude higher than those calculated by the NASA/LaRC

model, This is not very surprising, since Georgii's and Jost's measurements
were made over western Burope, an area which is known to have a high back-
ground concentration of S0a. Depositional velocities at the surface have

a range of 0,1 to 2,5 em s~} (ref. 47). A value of 1.0 cm s~1 has been suggested
as an average depositional velocity (ref. 48). The resulting vertical profiles
due to different values of the depositional velocity are shown in figure 3. With
a sliw depositional veloeity, a very rapid increase in mixing ratio with altitude
results, and conversely with a high depositional velocity the mixing ratio
inereases slowly with altitude. In all calculations, the downward flux

of S0a was kept constant at 1,275 x 100 molecules em™® s}, There are
numerous estimates of global SOz emission. For example, Ratz (ref., 49)
estimated that 77 Mt were emitted. Subsequent estimates by Robinson

and Robbins (ref. 31) indicate that the annual global S02 emission is

146 Mt, Of this amount, 70 percent comes from coal combustion, 10

percent from petroleum fuel combustion, and the rest from various processes
such as petroleum refining and smelting. Approximately 95 percent of all

the anthropogenically emitted sulfur compounds are in the form of S0y (ref. 12).
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A recent estimate of global land sulfur dioxide emission was made by
Shinn and Lynn (ref. 10). They estimate anthropogenic emissions to be
183 Mt; 33 Mt of that amount is in the form of fertilizers. Natural
emmissions (biogenic and volcanic) account for 21 Mt of sulfur dioxide.
Hence, man's activities account for nearly 50 percent of all sulfur
dioxide that is emitted into the atmosphere. Since the bulk of this
figure involves coal combustion, a switch to greater use of coal as
recently suggested is likely to rapidly increase man's contribution

to the total sulfur budget.

Carbonyl Sulfide (CO0S)

Chemical production.~~ The chemical sources of COS are the reactions
of carbon disulfide, CSp, with the hydroxyl radical, OH, (reaction 87),
the reaction of molecular oxygen, O , with carbon sulfide, €S, (reaction 72)

and the reaction of molecular oxygen, O, with carbon disulfide (reaction 71),
Only reaction 87 is of major importance. Reactions 72 and 71 are only minor
pathways for production of COS,

Chemical loss,— The loss mechanisms of carbonyl sulfide are totully

dominated by the reaction of COS to OH (reaction 86). All other chemical losses
of COS, i.e,, reaction with atomic oxygen (reaction 101), reaction with atomic
hydrogen, H, (reaction 85) and reaction with atomic sulfur, S(3p), (reaction §9)
can be neglected, The calculated lifetime of COS based on the loss mechanisms
mentioned above is about four months. This value agrees reasonably well with a
value of 0.6 year reported by Sze and Ko (ref. 4) and 200 days estimated by Logan
et al. (ref. 6},

Anthropogenic emission.— COS, which is a very stable molecule, is formed

by manmade processes, such as manufacturing of petrolcum (ref. 33) and of synthetic
fiber (ref. 50),

Natural emission.— Some of the natural processes emitting COS include

erupting volcanoes (ref., 32) and forest fires (ref. 51).

In the model calculations, a surface boundary value of 0.5 ppb was used
together with a condition of zero flux at the tropopause, The resulting vertical
profile is shown in figure 4, The measurements of COS have all been at the surface

and indicate that carbonyl sulfide is very well mixed. Sandalls and Penkett (ref. 23)
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obtained a value of 0,51 ppb, Torres et al, (ref, 25) measured an average value
of 0.512 ppb over a wide range of latitudes, while Maroulis et al., (ref. 24)
found an average value of 0.467 ppb over 3 different locations in the United
States. Some early data by Hanst et al, (ref. 26) indicate a value of 0,2 ppb
at the surface, but this measurement was associated with large experimental
uncertainties. The vertical profile calculated by the model shows a nearly
constant mixing ratio in the troposphere as would be expected from its long
lifetime. COS diffuses into the stratosphere, where it undergoes photolysis
forming SO (ref, 1). Hence, COS would be an important precursor to the
formation of the particulates that constitute the aerosol layer,

Hydrogen Sulfide (HsS)

Chemical production,— The only known chemical production of 2§ in the

atmosphere is due to the reaction of the thiohydroxyl radical, HS, with
itself (reaction 93). This is only of very minor importance.

Chemical lposs.- The primary loss mechanism for hydrogen sulfide is the

reaction of HsS to OH (reaction 64). The losses due to reactions with atomic oxygen
(reaction 102) and with atomic hydrogen (reaction 84) are negligible. The calculated
lifetime of HpS based on these three chemical losses is a little more than one day,

Anthropogenic emission,— Some of the industrial activities that have been

identified as emitting H2S include wood pulping (ref. 29) and sewage treatment
(ref. 30).

Natural emission,— HS is formed primarily by microbial activity

(ref. 27). Volcanoes also emit hydrogen sulfide (ref., 28) as does animal
waste (ref. 8).

The only measurements available for HS are those of Geornii (ref. 22)
and of Slatt et al. (ref. 52). The measurements by Georgii indicate a
surface mixing ratio of 1.5 to 3.0 ppb. This is close to the estimate of
0.2 ppb by Robinson and Robbins (ref. 31). Using this value as the lower
boundary condition and zero flux at the tropopause, the model calculated
the profile shown in figure 5. The model shows a very rapid decrease in the

mixing ratio with altitude similar to Georgii's measurements.
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Carbon Disulfide (CS,)

Chemical production.— No known chemical reaction in the atmosphere
produces carbon disulfide.

Chemical loss,— The primary loss mechanism is the reaction with the

hydroxyl radical, OH, (reaction 87), Minor loss contributions come from
reactions with atomic oxygen (reactions 70, 71, and 72), The reaction of

CS2 to atomic sulfur, S(ap), (reaction 88) is negligible. The lifetime

based on these reactions is slightly more than one month, This value compares
reasonably well with the value of 0.2 years given by Sze and Ko (ref. 4),

Anthropogenic emission.— CS, is known to result from the manufacturing
-

of petroleum (ref. 33) and of synthetic fiber (ref. 30),.

Natural emission,-— Carbon disulfide has been detected in the smoke

from volcanoes (ref. 32)., Also, some measurements in seawater (ref, 37)
seem to indicate a natural source of CS,_,

Measurements of CS2 are very sparse and confined to one location in
England (ref, 23). The average surface value obtained was 0,19 ppb. No
vertical measurements are available. Using the value of 0.19 ppb as the
lower boundary condition and zero flux at the tropopause, the model calculated
the profile shown in figure 6. CS_ decreases relatively slowly with altitude,
as would be expected from its mode;ately long lifetime,

Sulfuric Acid (stou)

Chemical production.— Sulfuric acid is formed chemically by the reaction

of sulfur trioxide, S0;, With water vapor, Hp0, (reaction 80).

Chemical loss.— No gas phase chemical loss mechanism has yet been
identified for H SO, .

Anthropogenic emission.— Sulfuric acid has been detected in the exhaust

of automobiles (ref. 36) and in the manufacturing process of HQSOu(ref. 39).

Natural emission, — stoh is present in volcanic emission (ref. 38).

Heterogeneous loss.— The only known loss mechanism for sulfuric acid

is heterogeneous loss. In the NASA/LakC model we used a heterogenecous loss

rate similar to that of Turco et al. fref. 5), again with the exception of a lower
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tropopause altitude (10 km vs. 13 km). The lifetime of HaS0, at the
surface based on this heterogeneous loss rate is about 0,5 day.

It is of utmost importance to lcarn the fate of the HpSOy molecules,
It can occur in liquid form and rainout in the form of acid :1in which
affects the environment adversely, or it can oceur in solid form, which
affects the growth of the aerosol layer and, hence, ultimately will
affect the climate, In the model, a zero flux condition was imposed at
both boundaries, The resulting vertical profile is shown in figure 7,
There are no tropospheric measurements of H»80, for comparison,

Sulfurous Acid Radical (HS03)

Chemical production.-— The only known chemical production is due to

the reaction of S0- with OH (reaction 77).

Chemical loss.— Gas phase loss occurs as a result of the reaction

of HSO3 with OH (reaction 105), The homogeneous lifetime of HSO3 is
approximately 15 hours at the surface.

Anthropogenic and natural emission.-- No anthropogenic or natural

emissions are presently known.

Heterogencous loss.— The heterogencous loss term is modeled similar

to HaSOy (ref. 5). The combined lifetime due to both homogeneous and

heterogeneous chemistry is about six hours at the surface,

It is of great interest to find out the details of the fate of the
HSO3 radical because it offers a loss mechanism for sulfur before oxidation
to sulfuric acid occurs, As in the case of H2S0,, no atmospheric measure-
ments of HSO3 exist. The free acid HpSO03 is not believed to exist, while
the bisulfates containing HSO3 are well known (ref. 53), The boundary
conditions chosen for HSO3 are similar to those for HaSO4. The resulting
profile is shown in figure 7. The profiles of HSO3 and H3S0, follow each
other in shape very closely. This is due to the fact that the dominating

heterogeneous loss term is identical for both molecules.
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Intermediate Sulfur Species

Introduction.— The five short-lived intermediate sulfur species have
only chemical production and loss mechanisms with the exception of sulfur
trioxide, $0,. Anthropogenic emissions of SO, have been detected in fuel-
combustion processes (ref. 54) and in the manufacturing process of sulfuric
acid (ref. 55). The following subsecctions will discuss the chemical
production and loss mechanisms for each of the five intermediate s$pecies.
Again, the chemcial reactions will be mentioned in order of importance.

Sulfoxy (S0).~— 80 is formed primarily by oxidation of the thiohydruxyl
radical, HS, with molecular oxygen, 0, (reaction 66). Of minor importance
are the oxidations of carbon disulfide with O (reaction 70), carbon sulfide,
€S, with O (reaction 74), atomic sulfur [S(3p)] with Op (reaction 70) and
carbonyl sulfide, COS, with O (reaction 101), The productions of SO due
to the oxidations of the thiyl radical, HS, with O (reaction 65) and of
sulfur dioxide, SOn, with O (reaction 81) are negligible compared to the
other reactions producing SO. Losses are due primarily to the oxidation
of SO with O, (reaction 68), Minor losses are caused by the reaction of
SO with NO, (reaction 69) and by SO reacting with ozone, Cj, (reaction 103).
Negligible loss mechanisms include the reaction of SO with itself (reaction 90)
and of SO reacting with SO3 (reaction 91). Hence, the five loss mechanisms
for SO nearly always produce SO;. In only one instance, the reaction of SO
with itself (reaction 90), is S0, not produced. Thus, SO acts as an important
precursor to S0,. The calculated lifetime of SO is on the order of 1072 s,
The vertical profile is plotted in figure 8. Due to its short lifetime and
high reactivity, measurements cannot be made. This is true for the four

remaining intermediate sulfur species also.

Carbon sulfide (CS).— CS is formed primarily when carbon disulfide

is oxidized by atomic oxygen (reaction 70) and, of negligible importance,
when atomic sulfur reacts with CS, (reaction 88). The two primary loss
mechanisms are oxidation of CS with 0, (veactions 74 and 75). The reaction
of CS with 0, takes two paths with equal preference. A negligible loss

for CS is the oxidation with QO (reaction 73). The lifetime of CS based on
these reactions is on the order of 10-2 s, well justifying the PCE assump-

tion. The vertical profile is shown in figure 8,
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Thiohydroxyl radical (HS).= The thiohydroxyl vadiecal is a highly reactive
species fermed by seven ysactions and destroyed by five, Three reactions are of
importance for its formation: hydrogen sulfide reacting with the hydroxyl
radical, OH, (reaction 04), carbon disulfide reacting with OH (reaction 87),
and carbonyl sulfide reacting with OH (reaction 86), Minor production of
IS is due to the oxidation of HzS with 0 (reaction 102) and the reaction
of H with H2S (reaction 84), Of negligible importance are the reactions
of COS with H (reaction 85) and S reacting with Hp (reaction 83). Losses
are due almost entirely to the oxidation of 02 (reaction 00). Of negligible

importance are the remaining four loss mechanisms: HS reacting with NO
(reaction 67), HS oxidized by 0 (reaction 65), HS veacting with H (reaction 82),

and HS reacting with itself (reaction 93). The resulting lifetime of the
thiohydroxyl radical is very short, on the order of 1076 s, TIts calculated

vertical profile is plotted in figure 8,

Sulfur trioxide (S803).— As mentioned previously, sulfur trioxide

is the only intermediate sulfur species that has nonchemical production
terms, The relative importance of chemical vs. nonchemical contributions
to thé total SO3 budget is poorly understood. Chemically, S03 is produced
primarily by the reaction of HSO3 with OH (reaction 105) and by S03
reacting with the methylperoxy radical, CH302, (reaction 79). Minor
contributors to SOz production are SO reacting with HOp (reaction 78)

and S0» being oxidized by O in the presence of a third body (reaction 104),
The main path for SO3 destruction is the reaction with water vapor, Ha20,
(reaction 80). Of negligible importance is the reaction of $03 with SO
(reaction 91). Sulfur trioxide is very short lived. Its lifetime is on
the order of 10°% s. The vertical profilc due to the chemistry described
above is plotted in figure 8.

Atomic sulfur [S(3p)].—— The production of atomic sulfur is due

almost entirely to the reaction of CSa with O (reaction 71}. Of negligible
inportance are the four reactions: CS with 0 (reaction 73), SO with itself
(reaction 90), HS reacting with H (reaction 83), and HS reacting with itself
(reaction 93). Loss of S is primarily by oxidation with molecular oxygen
(reaction 76). Minor contributors to loss of S are reactions with (€S2
(reaction 88) and with COS (reaction 89). The reaction of § with Hp
(reaction 83) is virtually negligible as a ioss for atomic sulfur. The
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lifetime of atomie sulfur is extremely short, about 107" s, The vertical .
profile of § is shown in figure 8., (Observe that the horizontal scale is
shifted for §.)

FUTURE PERTURBATIONS TO THE SULFUR BUDGET

A couple of decades ago, the only global scale implication due to
sulfur species was thought to be the formation of stratospheric particulates
(ref. 2). This argument was based on the relatively moderate lifetimes of
most sulfur species, Lifetimes on the order of a fow days to a weeh were
thought to preclude any real important contributions to global tropospheric
chemistry., We now know that sulfur species play an integral part in the
highly coupled and complex chemical system that constitutes the troposphere.
S02 emissions had an upward trend during the 1960's. This trend was
partially reversed during the 1970's, Some actions responsible for this
decrease were a greater use of clean-burning natural gas and of ¢rude oil
with low sulfur content., Also, a slower economic growth coupled with
energy conservation contributed to a decrease in SO02 emissions, Recentlv,
this trend has started upward again., The global concentrations of sulfur
compounds are very likely to see a rapid increase in years to come due to
energy policies, Already emission standards for many oil-burning power
plants and industrial plants are relaxed to allow for usage of lower grade
crude oil containing more sulfur, Anthropogenic emissions are currently
responsible for approximately half as much of the atmospheric sulfur
concentrations as are the natural emissions, but some 20 to 25 years from
now manmade emissions may equal those of nature and may actually at the
turn of the century surpass nature's emissions in the northern hemisphere
(ref, 12). The estimates of global emission of sulfur are widely varying.
Katz (ref. 49) made some early estimates and calculated that 77 Mt

.of S0 was emitted in 1943. The Study of Critical Environmental Problems

(ref. 56) established a global emission of 93 Mt/yr in 1967 to 1968
Robinson and Robbins (ref. 31) estimated the annual total SO» emission in
the mid-1960's to be 146 Mt. A more recent estimate (ref. 10

calculates the global manmade emissions of SO, to be 183 Mt. It is
significant to note that of the cotal global emissions of 80, 93.5 percent
occur in the northern hemisphere and only 6.5 percent in the southern
hemisphere (ref, 56)., The most recent estimate (ref., 10) of global



bacteriogenic production of S0, is 210 Mt. Fertilizers are thought

to account for 33 Mt of the manmade emissions., This portion of the
sulfur budget is very likely to increase further, In the SCEP report
(ref. 30), some predictions for the future were made. An annual

growth in fossile fuel usage of 4 percent between 1970 and 1980 was
assumed, with a 3.5 percent growth rate from 1980 to 2000, By the year
2000 A.D,, a global anthropogenic emission of 275 Mt/yr would occur
(ref., 56), However, at the present time it seems that any prediction
of future crude oil is risky at best,

It is very evident that future sulfur levels in the atmosphere are
a strong function of man's activities, Many questions concerning
sulfur species remain to be answered: for example, the exact amounts
of naturally vs. anthropogenically produced sulfur need to be ascertained.
Also, what is the global concentration of S03? Present measurcments are too
inconclusive and in part contradictory., Furthermore, short-term and long-term
impacts of SO, emissions on the sulfur budget must be elucidated, The primary
chemical loss for S0; is OH, The hydroxyl radieal (OH) is very reactive
and acts somewhat like a "tropospheric vacuum cleaner." In figure 9, the
resulting SO, profiles due to a doubling of the current Ol level and a
decrease by 50 percent in the present OH level are plotted. Thus, any
increase in the SO, level would compete with many other species for the
OH radical. The budgets of these competing trace gases need to be addressed,
The importance of homogencous vs, heterogencous loss for SOp needs further
research., Presently, it is believed that 50 percent is lost homogeneously
and 50 percent is lost heterogeneously, but this breakdown is a very crude
estimate, The depositional velocity of SOz needs further pinpointing.
Estimates vary from 0.1 to 2.5 cm s~} with 1.0 em s™1 as an average. The
vertical profile of SO, is very dependent on this quantity, as already
pointed out in figure 3. It is also urgent to find the mechanism that
controls the SO0, to sulfate (gas-to-particle) conversion. From figure 1
we can see that SO, is converted to HpSO, via the intermediate species SOj.
A possible alternate reaction path involves the HSO3 radical. The fate of
this molecule is virtually unknown. Also, the kinetic data concerning the
reactions that convert SO, to SO~ need to be improved. Finally, the
role of ammonia, NHz, in aerosol formation needs to be addressed. NHj3 is
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largely responsible for neutralizing the acidic sulfur species. llence, if
the suifur budget incrcases more rapidly than the ammenia budget, an
increase in aridic precipitation over the already high levels would result,

In conclusion, we have seen that the sulfur family, because it is
largely so anthropogenic plays an increasingly important role in tropospheric
chemistry, Additional research is needed to answer many of the questions
related to the tropospheric sulfur budget, The answers to these questions
will have a direct impact on many fields of scientific study, e.g.,
radiative transfer, climatology, metcorology, agronomy, ecology, and

limnology, just to mention a few,
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APPENDIX A
THE CONTINUITY EQUATION

The continuity equation can be written in either number density form
or mixing ratio form, In the NASA/LaRC onc-dimensional tropospheric
photochemical model, the mixing ratio form is used., The vertical profile
of a long-lived species is then expressed as:

3¢,
1
T = Qi(nj) - Li(nj)Mfi (A-1)

-

where ¢i is the vertical flux (molecules cm™® s=') of the ith species,
Qi(nj) are the chemical production terms, and Li(nj)Mfi are the chemical
loss terms of the ith species; M is the total number density (molecules em=3y,
fi is the mixing ratio of the ith species, and M and f are related
by the expression:
n,
B e— -2

£ = (A-2)
where n, is the number density of the species under consideration,
The vertical flux of the ith species, ¢i’ can be written in terms of a

parvameterization, K :

”
-

)
(bi = -l\z M Sz (A-3)

The term K_ is an empirical constant (cm? s-1!) usually called the
eddy diffusion cgefficient. The word '"eddy'" is somewhat of a misnomer
since it indicates that the diffusive process occurs on a small scale.

On the contrary, most vertical transport in the troposphere takes place
on a very large scale. Substitution of equation (A-3) into equation (A-1)

vields:

oF,
9 , il _ _
oz X2 “(a“é") = =Q;(ng) + L;(ny) ME, (A-4)



Because equation (A-4) usually depends on many species other than the ith,
it is a highly coupled, nonlinear, partial differential equation that has
to be solved numerically,

In the case of short-lived species, the chemistry dominates the vertical
distribution, For these species the vertical transport terms [i.e. the
terms on the left-hand side of equation (A-4)] can be neglected. This
condition is Kknown as photochemical equilibrium (PCE). If the PCE
assumption is justified, the solutinn of equation (A-4) is simplified con-
siderably since we can solve explicitly for £

Qi(n)
£y = L (W (A-5)

Hence, in the cases where PCE can be used, a high degree of computational
efficiency, both in terms of time and money, can be reached.
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APPENDIX B

NUMERICAL SOLUTION OF THE CONTINUITY EQUATION

The NASA/LaRC one-dimensional, global, tropospheric, photochemical

model calculates the continuity equation in the mixing ratio form,

previously given in equation (A-4):

[
3z hz M 57/ = ~Qi(nj) + Li(nj) Mfi

By expanding on the derivative with respect to altitude and rearranging the

terms in equation (B-1) we obtain:

32fi R 3f,
M S (KM —= - L.(n,) MF, + Q.(n,) = 0
K, az?- az(z)az 1(J) N QI(J)

After dividing this equation by M we obtain:

32f, df, Q. (n,)
. i, 18 v\ i 147 .
R R AR P AL T

Equation (B-3) defines a system of equations for each species,

A finite-difference scheme is used to solve the equations (ref,

The finite-difference equations are defined as:

R N T 0
£, _k+l k "kl (for second order equations)
3z Az?
and
CE R
skl k-1 (for first order equations)
z 2Az

(5-1)
(3-2)
(5-3)
fi'
57).
(B-4)
(-5)
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Substituting these equations into equation (B-3), rearranging terms and
dropping the species index 1 and subscript z on K,

ae

we obtain:

K, A 2K, K., A
Foy |+ | * & S (A — ”%
Az 24z az? az2  2az
a(K, M)

The term A represents: ﬁ~——5§———, and the index k refers to the
on

spatial derivative =z. Equati
form as:

(B-6) can be written in finite-difference

>

)
A fk+1 + B . Ek + E . fk_1 = D

(B-6)

(B-7)
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APPENDIX C
BOUNDARY CONDITIONS

Two types of boundary conditions are available to solve the continuity
equation. We can either specify a mixing ratio £, or a flux ¢i’
upward or downward at the upper and lower boundaries, In general, the
boundary condition can be written as:

3F,
i
Q¢ 4 bi fi = ¢y (C-1)
If we specify a mixing ratio fi at the lower boundary, a; = 0, bi =1,
and equation (C-1) becomes:
= ¢, -2
£ 7 (C-2)
or, in finite-difference form:
- -+
where the subscript ?® is used to denote lower boundary. If a mixing
ratio is specified at the upper boundary, a, = 1, bi = 0, and equation
(C-1) becomes
afi
ai . -'a—_z— = ci (C"U
In finite-difference form (with subscript u for upper boundary):
B +f +C «f =D (C-5)

This result is obtained from an expansion of equation (C-4):



.

A Tuel (C-0)

This can be rearranged to:

fu - fu—l =c, Az (C-7)

L]
which in finite-difference form can be written as equation (C-5), with

ﬁh =1, 6# = 0, and BQ = ¢, bz

For an upward or downward flux across the upper boundary, the boundary
condition reduces to:

IOM
57— = c(®), (c-8)

The finite-difference form looks similar to equation (C-5):

Bla), + £09), * Ceo), » £(8), = Do), (c-9)

In this case, B(o) = 1, C(o), = =1, D(#), = C(#) = C(o) 4z, and K(s), = O.
For a flux, upward or downward, across the lower beoundary, equations (C-8)
and (C-9) are still valid, except in this case §(¢)£ = -1, E(¢)2 = 1,

D(#)g = C(#) Az, and A($)g = 0.

Equation (B-7) from Appendix B, together with equations (C-3) and (C-5),
forms a so-called "block tridiagonal' system of equations given by:



! ﬁ‘ KQ’ O ’ . [} D 0 O i Ffa i 5?,
'62 ﬁz Kﬂ O * ' ’ . 0 f"‘ 32
0 ES .B)'3 KS ’ » . . 0 Ea 33
(C~10)
' ’ . ’ . * » * ' ' s ’
L d

0 ' ) 0 u-1 Byl Ku-l fu-l E&ul
- L e

o . . . 0o T B | [% ] D)

There are several numerical techniques available to solve the tridiagonal
matrix described by equation (C-10), In the NASA/LaRC model, a Gaussian
elimination method without pivoting is used (ref, 57).
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APPENDIX D
PHOTODISSQCIATION RATE CALCULATIONS

In order to calculate the photodissociation rates, one first must
determine the amount of incoming solar radiation., The incident radiation
is a function of wavelength A, altitude =z, and solar zenith angle
8 [i.e., I = I(1,z,08)], The expression for incident solar radiation
is due to Leighton (ref, 58):

' I(A,z2,8) = IOCA)*exp[-ros(A)sec 8] *{exp[-TPCA) - Tr(A)] sec @
+ [1 - exp(-rp(A) - rr(A)]sec %}cos 8} (D-1)

where IQ(A) is the incident solar flux at the top of the atmosphere,
This has been tabulated by Ackerman (ref. 59), The term exp[-ro3(A)

+ sec 0] is the attenuation due to ozone absorption. The next term

exp[~rp(X) - rr(\)]sec 8 is the direct solar attenuation due to aerosol particle
seattering (rp) and Rayleigh scattering (Tr)' The last term [1 - exp[—rp(A)

- Tr(x) sec 8] cos 6 is the diffuse solar radiation attenuated by aerosol

and Rayleigh scattering. Values for rpCA) and rr(k) have been

tabulated by Elterman (ref, 60). Once the incident solar radiation,

I(A,z,8) 1is known, the photodissociation rates, Jis can be calculated

according to:

n
J.(\,z,8) = DAL, (\,z,0)0,()) (n-2)
i = 1

where oi(A) is the molecular cross section of the ith species. The
solar =zenith angle, 8, is calculated as:

cos & = cos ¢ ¥ cos § * cos t + sin ¢ * sin §, (D-3)
where ¢ is the latitude, § 1is the solar declination angle and t
is the local hour angle of the sun, For a given latitude (¢) and solar

declination (8), the local hour angle of the sun (t) varies from -180°
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to 180° with each hour corresponding to a 15° increment, i.e., local

noon is 0°, 11 a.m. is -15°, 1 p.m. is +15°, ete,
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APPENDIX E
CONVERGENCE CRITERIA

The model imposes twp separate convergence criteria, one for the
species in photochemical equilibrium and one for the species that are
calculated using the continuity equation, The number of iterations
needed is a strong function of the initial profiles that are prescribed,
In general, the flow of the calculations of the model is as follows:
First, the initial profiles for all species are prescribed., Secondly,
the reaction rate constants are calculated, Next, the incident solar
radiation is calculated, and based on these results, the photodissociation
rates are computed. The model then calculates the vertical profiles
of the short-lived species in photochemical equilibrium, Finally, the
long-lived species that are transported are calculated, The vertical
profiles that arc obtained for the species are compared to the previous
iteration and recalculated until the convergence criteria is achieved,
For the short-lived species, the convergence criteria is

(n))

7,

« 1076 (F-1)

and for the transported species the criteria is
()4

-

< 10" (E-2)

Computationally, the photochemical equilibrium species are calculated
much more rapidly than the transported species; therefore, a somewhat
more stringent convergence criteria can be imposed on the PCE species.
With reasonably close initial guesses of the vertical profiles (i.e.,
vertical profiles within a couple of orders of magnitude of the final
profiles), convergence is achieved after three to four iterations for
the short-lived species and five to six iterations for the long-lived
species.
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