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The status of the Aerospace time-dependent two-dimensional  photochemical
model of the atmosphere as deve lope d under contract  to the FAA Hi gh A ltitude
Pollution Prog ram (HAPP) is presented , togethe r with the signi f ican t  f indings
obtained during this study. Model impro vements are described , as are the
chronological effects of recent hydroperoxy l reaction rate measurements on the
state of the natural and perturbed atmosphere. Comparisons with availab le
data are made to e lucidate our current  abi lity to calculate the dis t r ibut ion of
many trace species in the natural atmosphere. ~j ri geime r~~l, the results  are in
relati ve ly good agreement with available data ; howe ver ,~~~ e most serious
problem is the significant overprediction of stratospheric 1-!NO.~ concentration.
Whe n the most recent chemical reaction rates are used and Cl~~~’~is included ,
estima tes of the effe ct of combi ned Nt~~)and HO~)emissions from projected
future fleets of subsonic and supersonic aircraff indicate a resulting increase in
ozone level in both the stratosphere and troposphere, with the significant change
occurring in the troposphere. Peak increases in total ozone column are cur-
rently estimated to be 3. 5 percent during summer- fa l l . j The increase  from
previous estimates of 1.5 percent is primarily a re suji /of the recently measured
higher hydrox y l reaction rates. The effect of HO~~ij .Jactively modeled and ,
based on a currently projected 1,990 fleeLta lar number of subsonic and a small
number of supersonic aircraft),S~.~~e effect of H~~ )emission s on the total ozone
column has been found small in comparison to the corresponding effect of NO~
emission5.~~— 
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1. INTRODUCTIO N

The potential effect of various pollutants on the state of the earth’s
ozone shield has been extensively investigated in the last decade. These

studies have concentrated primarily on the effect of N0~ and CIO,~ pollutants
which result from various anthropogenic sources. Anothe r potential pollutant
which has not been adequately investigated is wate r vapor.

Water vapor is the main source of hydrope roxy ls in the atmosphere
and is also a major component of a ircraf t  exhaust emissions . Thus , a
comprehensive eva luation of the e ffect of a i rcraf t  emissions on ozone must
consider the effe ct of this species . Pre vious calcuLations of the effect of
NO~ aircraft  emissions on ozone have shown that tropospheric effects are
ve ry important in mode ling the effe ct of NO~ on ozone [Widhop f , et al, (1977) ;
Hida lgo and Crutzen (1977)]. Since rainout is one of the controlling mecha-
nisms in dete rmining the distribution of water vapor , and rainout/washout
effects are important in determining the rate at which NO

~ is removed from
the troposphere , a model is needed which adequate ly predicts the distribution
of water vapor including the effect of rainout . This type of mod t~l was
deve loped fo r use in our  two-dimensional time-dependent model of the atmos-

phere in order to study both the natural and pe rturbed atmosphere.

During the course of this study, various impor tant hydroperoxy l reac-
tion rates we;e measured for the first time. These rates increased the

relati ve importance of HO~ with regard to NO
~ on the chemical structure of

the atmosphe re and ha ve resulted in d ramatic changes in the atmospheric
distribution of some trace species . As a result of the sequential manner in
which these measurements were made , a number of interim results were
obtained.

Results for the state of the natural atmosphere are discussed in this
report, including the latest two-dimensional model results which consider
the effect of ClOg. .In addition , furthe r estimate s have been made of the
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potential effect of NO~ 
and HO~ 

emissions from projected future fleets of
subsonic and supersonic airc raft. Comparisons are also made with avai lable
data in order to elucidate ar eas where addition al measurements of reaction
rate s and species distribu tions are needed .
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2. MODEL

The model is a time-dependent phenornenological photochemical mode l

of the atmosphere in which the hydrod ynamic vari ab les (mean atmospheric

densi ty , temperature, turbulent diffusion coefficients , and mean me ridional

winds) either are specified , or are obtained indirec t ly, from observations as

a function of time during the year and used to solve the system of specie s

conservation equations for the meridional distribution of trace specie s

throughout the year. The formulation of the model , discussed in Widhop f and

Taylor [1974] and Widhopf [1975], basically is designed to examine relatively

small changes in the ozone concentration as a function of the time of year

th roughout the meridional plane , since any resultan t changes in the species

concentration occurring as a result of the introduction of a pollutant are not

coup led back to the atmosphe ric dynamics or temperature distributions .

The governing species conservation equation is derived following the

g eneral procedu re out lined by Reed and Ge rman [1965] for representing the

turbulent transport flux due to large-scale eddies. In the meridional plane,

• this equation , written in terms of the mass mixing ratio , is of the form

~pY. ~pwY. 
~ ~pvY.cos~~ ~Y . ~Y .

+ ôz ’ + cost rà~ 
= 

~~~~ 
pk~~ -;

~~? 
+pk ~~ ~~~

~~~.
+ (2k - k

0 
tan~ ) ~~~~~~ + (2k~~ -k~~ tan~ )

~
Yi ~

Yi
+ - ~~—. 

~~~~~~~~~~~~~~~~~~ 
+t~.s~ + S~, i=1 , 2 . . .  (1)

whe re Y
~ 

is the mass mixing ratio p11p of the 1th chemical species; p is the

local mean atmospheric density; t is the temporal variable; r z + where

R e is the mean radius of the earth and z is the altitude measured from and

2- 1 
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normal to the earth’s surface; ~ is the latitude ; W~ is the photochemical rate

of production/depletion of the ~
th species; and S~ 

is the local source/sink

ef fect. The components of the tensor kap represent the diffusion coefficient

in the respective directions arising from large-scale edd y motions , whereas

v and w are the components of the mean circulation in the meridional and

vertical directions , respective ly. This equation is solved for each of the

trace species considered ,

V
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3. CHEMICAL MODE L

The chemical system conside red in this inves tigat ion include s the

following species: O( 1D), O( 3P) , O~ , 03. N , NO , NO 2, NO 3, N 2. N 20,
N2O5, H, 01-I , HO2. H2O, H2O2, HNO3, CO. and CH4. Also included are
the important C1O species Cl, d O , CLONO2, and HCI which are produced

in the atmosphere as a result of the release at the earth ’s surface of CF2 CL 2,
CFCI3, Cd 4, and CH3CL , among others. Smog type reactions initiated by
the oxidation of methane by OH, which have been shown to be potentiall y
important in the lower region-s of the atmosphere , particularly for the evalua-

tion of aircraft emissions effects through the work of H idalgo and Crut zen

[1977] and Widhopf, et aL. [1977] are also included. These reactions involve

the species CH3, CHO, CH2O, CH3O, CH302, and CH3O2H. - The specific

reaction systems and the associated reaction rate coefficient s used in this

investigation are tabulated in Tables I through III. Tab le I lists the reactions
and associated ra tes u sed in Widhop f , et al. 1.1977], while Tables Il-a, Il-b,

and Ill list changes introduced in subsequent studie s which are discussed in
this report. Specifically, Table H-a Lists additiona l reactions and updated

reaction rates that were recommended by the NASA-CFM study [1977] together
with the new measurements of the rate for the reaction NO + H02 —’NO 2 + OH.
Table Il-b inc ludes the new rate measurement for the reaction HO2 + O3—’OH
+ 202. Table III includes the ClO g system together with the most recent
temperature-dependent rate for the reaction NO + HO 2—~ NO2 + OH, and a

pressure-dependent rate for the reaction CO + OH —“CO2 + H.

Computation of the absorption of sola r radiation is an integral  step in
determining the chemical st ruc ture of the atmosphere , since many of the im-
portant reactions in the atmosphere are pho tochemical processes. The diur-
nally averaged local photolysis rates are calculated at every location in the
atmosphere at every third time step by a te chnique developed by Kramer and

Widhop f [1978], u sin g the solar flux da ta compiled by Ackerman [1971]. The

3-1
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time variation of the sola r zenith ang le with latitude and solar declination is

included in the determination of the photolysis rates J1. The absor ption

cross sections utilized to compute 
~~ 

for the va rious species are ou t lined in

Widbopf [1975] and the NASA-CFM study [1977].

In order to properly mode l the chemistry of the species N205, NO3,
and CIONO 2 which have important nightt ime chemist ry , a diurnal ave raging

was introduced simi la r to that of Turco and Whitten [1978]. Here , the diurna l

va riat ion of the concen t ration is modeled as a cons tant daytime level followed

by a con stant nightt ime level. The rati o between these two states can be

calcu lated and is used to ave rage the chemical production/depletion terms to

ac count for daytime-nighttime chemistry. This change allows fo r an appro-

pria te modeling of the nighttime chemistry for NO3, N2O5, and CIONO 2 while

improving the calculated relative concentrations of NO2 to NO.

The effect of multiple sca ttering was also found to have a significant

effect  on distr ibutions of NO and NO2 as weLl as other species. Therefore,

it was included in the model using the work of L&ither, et at. [1978].
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TABLE lib . CHEMICAL REACTIONS AND RATE COEFFICIENTS

REACTIO N RATE COEFFICIENT

14. HO2 + O3~~~~OH + 202 1.4( L0) ~~~ cxpL-580/ T~

TABLE III. CH LORINE CHEMICAL REACTIO N AND
RATE COEFFICIENTS

REACTIO N RATE COEFFICIENT

10. NO + HO 2~~~ OH + NO 2 3. 3(10i~~ exp( 254/TI

44 . Co + OH~~~ H + CO2 I .4 ( 1O) 13 
+ 7. 33(101 33 [Mj

65 . CL + 03 C10 + Oz 2 . 7(10 , _ l i  exp[.25 7/TJ

66. CE O + O( 3Pfr 4bCI + 02 7. 7(l0~~~~ exp~ -130/ T)

67 . ClO + NO—.-Cl + NO2 ] ( 1 0 ) U exp [ZOo/T)

68. CH4 + C1~~~~HCI + CH 3 7 3(1 0) 12 exp [- 12 60/Tj

69. CI + H2 HC1 + H 3 .5( 10) 11 expi -2290 /T I

-j 
70. HO2 + C1—. HCL + 02
71. OH + HCL—a+120 + Cl 3(I0 ) 12 ex p [ - 4251 T)

72. HCL + O( P)~~~~Cl + OH 1. l ( 10) exp( - 3 3 7 0 / T J

73 . CL + OH~~~~HCL + O(~ P) l (10) h1 
ex p (-2970/Ti

74 . ClO + hv— ~~-CL + O( 3P) J

75. HCL + hp~~~ H + Cl 2 75
-23 -3 .34

76. CLO + NO2 + N 2 —~~ClON0 2 + N2 
3 .3(10)  

1/2 0 61 + 8, 7(10) (M i T

77. CL ONO 2 + h v — ~~Cl O + NO2 3 77
78, CL ON O 2 + O( 3P)—”-CIO + NO 3 3(10112 exp(-8 08/TJ

79. ClO + CL O CLO + CL + O(~ P) 2. 1( 10112 exp[-2 200 1 Tj

80. CIO + C 1O— ~~2Cl + 0
~ L 5( l0) _ 12  

exp( -1238/TJ

I 
_ _ _ _ _ _ _ _
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~ 

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . - TTT~~i~



4. BOUNDARY CONDITIONS

The computational domain considered in this investigation extend s from
the north to the south pole , with a 100 meridional resolution, and from the

• surface to 50 km, with a vertical resolution of 4z = 2 km from the surface to
12 km, 4z = 1 km up to 35 km, and 4z = 2. 5 km up to the upper boundary.

• At the polar regions , a zero latitudinal flux is assumed.
• . 11 3A fixed ozone concentration [6(10) mol/cm ] was imposed at the lower

boundary , as interpreted from the meridional distributions compiled by
Diitsch [1971] and Hering and Borden [1964-67 1 [as summarized in the data
compilation of Wu (l973~]. The concentration of N2O at the Lower boundary
was prescribed as an average va lue (0.31 ppmv) interpreted from the tropo-
spheric measurements of SchUt z , et al. (1970] and Goldman , et at . [1973].
The latitudina l variation of the mass mixing ratio of CO at the surface was
interpreted from the measurements of Seile r [1974] . The mass mixing ratio
of CH4 (1. 34 ppmv) at the lower boundary was specified from the measure-
ments of Ehhalt, et al. [1973, 1974]. Injection of NO and NO2 resulting

from the anthrophotogenic activities was specified at the lowe r boundary as
interpreted from the estimates of Robinson and Robbins (1971]. The species

0(3P), O( 1D), OH, N , and H wçre taken to be in photochemical equilibrium at
the lower boundary because of their relatively short li fe times , whereas H20,
HNO 3, NO2, NO , HO2, H2O2, N205, NO3, and ClOy were removed from
the troposphere by simulating atmospheric rainout/washout. The species

• H20, HNO3, H202, HO2, N205, NO3, and d O  are removed at the average
rates defined by Junge [1963], whereas NO2 and NO were assumed to be

• removed at one-tenth this rate. The rainout/washout model is discussed in
more detail in a subsequent section.

The species O(~P), O( ’D), O3~ OH, HO2, H 2O2, N , H, CI , ClO , and
CIONO2 we re assumed to be in photochemical equilibrium at the upper
boundary, whe reas the mass mixing ratios of NO2, N20, H20, N205, NO3,
CH4, CO, and HNO 3 were continued analytically to the uppe r boundary by a

.11
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second-order extrapolation in space and time described by Widhopf [19751

and Widhopf and Tay lor [1974]. This extrapolation allows the use of centered

spatial differencing at this boundary whi le also e liminating the necessity of

specify ing a boundary condition for these species at this location. It is an

accurate and stable method of evaluating conditions at c
omputational

boundaries [Widhop f and Vic toria (1973) 1 when the physica l mechanisms

interior to the computational domain govern the boundary value. This is the

case for N20, NO2, CH4, N2O5, NO 3, H20, and HNO3, which are being

transported up into the higher regions of the stratosphere.
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5. TRA NSPORT DATA

The meridiona l distributions of both mean density and tempe rature
we re specified using the data obtained from 10 years of observations which

we re analyzed and compi led by Louis [1973 , 1974]. These averaged data a re

specified from the surface to 68 km for the entire meridional plane and for
each of the fou r seasons . A tabulation of the temperature is included in the
A ppendix.

Luthe r (l973a , b] has analyzed the heat t ransfe r , tempe rature , and

wind variance data of Oort and Rasmussen [1971] using the procedure outlined
by Reed and German [1965] for defining the components of the anisotropic tur-
bulent eddy diffusivi ty tensor. The three components k~~ , k.. and k a re

specified for the northe rn hemisphere from the surface to 60 km. Values fo r
the component s of the diffusivity tensor in regions where observationa l data
we re not avai lable were obtained by Luther by ext ra polation , using the

results of Wofsy and McElroy [1973] and Newell , et al . [1966]. These coeffi-
cients are specified fo r each month and init ially we re used to parameterize

the components of the turbulent diffu sivity tensor . The va lues for the southe rn
hemisphere wer e obtaine d by reflecting the northe rn hemispheric values ,

-

~ I shifted by six months, and applying them appropriate ly in the southern hemi-
sphere. However , when these t ransport coefficients were tested against the

dispersion of inert tracers in the atmosphere , they were found to be not
totally adequate [Widhopf (1 975)] and were improved by nume rical experi-
mentat ion descr ibed by Widhop f , et al . (1977] . Additional tropospheric
modifications which we re necessa ry to model the water vapor distr ibutions

are discussed in subsequent sections . The most current values of the tur-
bulent diffusion coefficients used in the model for the months of Octobe r ,
Janua ry , April , and July are also inc luded in the Appendix.

The mean meridiona l circulation was obtained from the work of Louis,
et al. [1974] who calculated the circulation patterns by solving the continuity
and energy equations using compiled observations of the local me ridiona l —

5-i
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temperature distributions and heat transfe r rates . These are the same data
sources used to define the therma l structure of the atm osphere , as previous ly
discussed. The circulation patterns are specified for the entire me ridional
plane for each season from the surface to 50 km. In orde r to insure that
total mass conserva tion was satisfied , the vertical wind component obtai ned
by Louis was specified and the meridional component calculated from the
global continuity equation. Both the vertical and meridiona l wind ve locities
are tabulated in the Appendix .

In order that smooth variations of all these parameters exist throu ghout
the year , the temp erature , density , and transport parameters (k 5~ , ~~~~

and w) were specified at each location by temporarily fitting the data
previous ly described using a five-term Fourier series.
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6. NUMERICAL SCHEME

In this model , an accu r ate (second-order in space and time) and effi-
cient time -implicit finite difference scheme has been employed to solve the

• governing individual species conservation equation for those species with
chemical lifetimes less than two days [O( 1D), O( 3P), 03. N , NO , NO2, NO3,
N 205, H , OH, HO2, }4

~O~ . Cl , CL O , and CIONO 2]. Advective and diff usive

terms that are important in determining the time-dependent distributions of
the species are treated using a leap-frog and a Dufort-Franke l fi nite difference
scheme, respectively.

The time - implici t method makes use of a second-order accurate method
deve loped by Widho pf and Victoria [1973]. In this method , the chemical

production/loss term~ 1. , at a specifi c mesh point and at the new time level

n-U , is approximated by the expansion

( Y .,p , T )  
~~ ~~~ (~~

-‘ - 

~
‘-
~
) +(~~~~~

‘
(p

n+1 . .p n)

f~ ’i\ I n-u n\  (2)+
~~~

j  ~T -

where the index i de notes the species i, Y1 the corresponding mass fraction,
T the temperature, p the density, n the current time leve l of the computation,

• and N the number of species considered. All partia l derivati ves of~~ 
are

analytically computed and evaluated at the current time le ve l n. In addition ,
is approximated by the following:

~~n+l ~~~ i-1
1:,n =~ 54±_ i

1 2
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I
The use of these relations in the g overning species conserva tion equa-

tions re sults in a linear set of coup led equations for ~ fl+l (For this prob-

lem , the time variations of p and T are specified .)  These equations are

coupled on ly in time and not in space , and thus the technique result s in a

solution of a set of N~ 
linear equation s at each mesh poin t . The stabi lity

and accuracy of the scheme is discussed by Widhop f and Victoria [1973].

• This time-implicit algorithm overcomes the “ stiff” nature of the govern -

ing equations which result s from the wide range of chemical time scale s of

the prob lem. For the current numerical system , the allowable time step is

de te rmined by the con vect ive , time - step limitation , which yield s a maximum

time step of a few days. In order to simplify the calculat ion and reduce the

N matrix size (with analogous reduction in computation time), only those

species whose shortest chemical time scales are less than two days throug
h-

out the computational domain need to be solved using the time-implicit

algorithm. All other long -lived species (N 20, H 20, HNO 3, CO , CH4, and

HCI) are solved in a straightforward exp lici t manner. This combination of

nume rical algorithm s has proven to be computationally stable and accur ate

with a significant reduction in computation time. The simulation of one

complete yearly cycle requires approximately 20 mm on a CDC 7600 and

includes all radiative flux calcu lation s.

6-2 t
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4 I
7. WATER VAPOR MODELING

Wate r vapor is the sou rce of hydro peroxy ls in the natu ral atm os phere

and is also a major component of exhaust emissions from aircraf t  propu lsion
systems. These hydroperoxy ls play an important role in determining the

chemical state of the atmosphere as well as the effect of various pollutants
on this natural state .

The simulation of the water vapor distribution in the atmosphere is
difficult because it under goes an exponential decrease in concentration in
the t ropos phere from a surface va lue of approximate ly IO~ ppmv to a rela-
tively constant low concentration of approximate ly 4-6 ppm v in the stra to-

sphe re. The troposphe ric distribution results from a balance between surface
evaporation , rai nout , and trans port, whe reas the stratospheric distribution
depends on the gross transport exchange mechanisms between the troposphe re

and stratosphere , with chemist ry p laying a minor role . Because of limited
knowled ge of the controlling physic al mechanisms in each of these areas ,

the distribution of H20 has not been pre viously calculated in aeronomic photo-
chemical models, but specified using data as a guide. As an examp le ,

Widhopf . et al. [1977] prescribed the water vapo r distribution in the tropo-

sphere by specifying the relati ve humidity following the work of Manabe and
Wetherald [1967],and the stratospheric value was assumed to be 2.5 ppmm as

in terpreted from the measurements of Mastenbrook [1971]. In addition to
these modeling problems , ea r ly indirect measurements of the hydroperoxy l
react ion ra tes indicated H20 emission effects on 03 were much less than the

S corresponding effec t of NO~ on 03. Thus , acti ve modeling of wate r vapor
was not emphasized.

However , due to the increased importance of tropospheric phenomena ,
as shown by the work of Widhopf , et al . [1977] and Hidalgo and Crutzen [1977],
the active modeling of wate r vapor is now more impo rtant since it wou ld pro -
vide a representation of rainout/washout phenome na which are important in

the troposphere . Furthermore, new direct measurements by Howard and
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Evenson [1977] and Zahniser and Howard [19781 of hydroperoxy l reaction

• - rate s for the reactions NO + HO2 and HO 2 + 03 (discus sed in subsequent

sections) have increased the magnitude of these rates by a factor of approxi-

mate Ly 35 and 3, respective lY. These rate changes have increased the im-

portance of hydrope roxy lS in the chemical balance of the natural and per-

turbed atmosphere.

In this regard , it is necessary to include an active wate r va por model

in any comprehensive atmosphe ric model. The ve ry simple model used

herein is a re sult of an extension of a one - and two_ dimensional  steady-state

wate r vapor modeling effort  described by Glatt and Widhopf [1978] . He re .

the ave rage rainout rate as a function of latitude [Junge (1963)] is used to

describ e the rainout in the troposphere . The rainout is treated as a f i rs t -

orde r remova l mechanism proportional to the local water vapor concentration

and removed throughout the tro posphe re at the average precipitation rate

in terpreted from available data . The latitudinal variation of the local resi-

dence time , a(~ ) ( l/ sec ) .  as interpreted from Junge [1963], is presented in

Table IV. The time-dependent surface boundary condition is a relati ve humidity

specification using the work of Manabe and Wetherald [1967].

This is a ve ry simp le empirica l approach somewhat consistent with thi s

type of empirical photochemical mode l of the atmosphere . Other more

complicated approache s were attempted ; however , each required fundamenta l

empirical or assumed information at some point . For examp le , ra inout

occurs when warm moist air accents and saturates; howeve r , in the present

mode l, the vertica l velocitie s are prescribed in the mean and have no meaning

when applied to the dete rmination of a condition when rainout can occur. As

a re sult , we have used this approach due to its simplicity and ease of inte r-

pretation of the consequences of the specification of empirica l information.

As wi ll be shown, the model yield s relative ly adequate agreement with the

sparse avai lab le H20 data .
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Figures Ia through ld show calculated wate r vapor profiles for the
mid-months of each of the four seasons compared with available tropospher ic

da ta [Oort and Rasmussen (197 1)] and data compilation by Harries [1976].
A s can be seen , the exponential decrease of wate r vapor with increased
al titude in the t ro posphe re is calcu lated ade qua te ly, as is the average strato-
spheric concentration. In general , comparison with t ropospheric data for all
seasons shows rela t ively good agreement at the mid-latitude (30 °N). At the
equator , the calculated concentration of water vapor above 5 km is higher
than the data for all seasons , whe reas at 60°N the results are in good agree-
ment during the spring and summer seasons , but low during the fall and
winte r . The underprediction at 60°N is essentially due to the lowe r surface
concentration used in the model. The higher values predicted at the equation
above 5 km are due to the upward conve ction of moist air from the surface
to higher altitude. This is due to the fact that upward motion exists in the
equatorial region throughout the year , whi le the surface maintains a high
concentration of water vapor. Considering the simp lici ty of the model , the
re sults are encouraging.

In the present model , the water vapo r distribution arises from a balance
between a surface flux (e vaporatio n), rainout , and transport , with chemistry
playing a minor role . The surface flux F

~ is g iven by F ( ~ ) = -p k d Y / d z j  z 0 ,
where p is the density , Ic the vert ical  diffusion coe ff icient , and Y the mass
fraction of water vapor. The total precipi tation at the surface at any par ticu-
lar latitude is given by

H(~ )
P (~ ) = f  a (~) P Y dz

0

where a(#) is the average rainout rate constant (sec 1) as a function of lati-
tude , and H is the height of the troposphe re. Figure 2 shows the latitudinal
distribution of average annua l precipitation compared with data [Junge (1963)] .
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The resultant latitudinal distribution of precipitation , although high , does

seem to follow the trends in the data between O°N and 25°N . Howe ver , the
results do not show the constant le ve l of preci pita tion as measured between
25 and 55°. Also included is the la titudinal distribution of precipitation for

an earlier calculation where the vert ical resolution in the t roposphere was

1 km. The differences in the two calculations result from relative changes

H in the first  two km of the respective calculated water vapor profi les. The
• changes in the tropospheric water vapor profi les calculated with each resolu-

tion are minor and both are in agreement with available data ; howe ver , the
• calculated precipitation is seen to be more sensit i ve . In this regard , it must

be pointed out that the present type of mode l should not be expected to repro-
duce the precipitat ion da ta , since we ha ve lumped all the physical  mechanisms
for rainout in to one parameter , a(~ ), whi ch is jus t a function of L at i tud e.
Since nearly all the preci pitation occurs in the f irs t  5 km in the mode i , the S

mass fraction of wate r vapor at altitude does not affect the total preci pitat ion

rate [Widhopf and Glatt (1978)].

A sensitivity study was perfo rmed in ord er to attempt a system at ic

va riation of the parameters to dete rmine the effect on the water profi le s of
changing the key parameters in the water model. From the results of the
previous simplified one-dimensional model deve loped by Glatt and Widhopf
[1978], in which the wate r vapo r distr ibution is a result of a balan ce between
the dive rgence of the vertica l eddy flux and the rainout (i. e ., preci pi ta t ion) ,

the resultant distribution was found to be

Y sinh{~~1-]~~~ + 
~ H sinh[X]~~

sinh X

where is the surface value of mass mix ing  ratio of water  vapor , 
~H the

mass mixing ratio at the tropopause ~ = Z/H , H the height of the tropopause
= H fa0/K0, a0 the constant rainout rate , and K0 the constant ve rtical
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• a. turbulent diffusion coefficient. The surface flu x can be obtained by diffe ren-

tiating the ab ove expression and is given by

F3 = ~f a K  [Y tanhX - YH /sinhX 1

For typical values of the parameters, the surface flux can be expressed as

F3~~~J a 0K0 Y 5 .

Thus , it can be seen for a g ive n value of Y 5 that the surface flux is propor-

tiona l to 
~f 

a0K 0. By requiring the surface flux to take on appropriate va lues ,

we require fi~ C0 to be constant . The equation for the mass mixing ratio
can now be written in terms of either a or K0, i. e.

A = H = ~L j a K  = _ _ _ _  -

One can now vary the parameters in a systematic way to attempt to match the
data . Howeve r , since data exist for the total ave rage annual precipitation
rate s [Junge (1963)], whereas there is some unce rtainty in K 0, it is appro-

priate to fix a1~ and vary K0. This type of sensitivity study was carried out

in the two-dimensional model where K~, is the value of k at the surface .
It should be emphasized that in the two-dimension al model k~5 is not constant

in the troposp he re , but is a function of latitude , altitude , and time of year as
show n in the Appendix . The net effect was a ~~odification of the two-dimen-
siona l vertical turbu lent diffusion coe fficients in the lower regions of the
troposphere , the results of whtch correspond to the profile s shown in Figs.
la throug h Id.

The sensiti vity studies performed to date ha ve shown a re Lati ve insensi-
tivity of the troposphere profi les to most changes in othe r parameters such
as * 15 percent variation in these rainout rate s and the surface va lue of k

33
.
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Howe ve r , there is a larger sensi t ivi ty in the predicted stratospheric le ve l of
H20 to transport across the tropopause. The Junge rainout rates are average
tropospheri c values and , as long as these values are specified throughout the
troposphere as a function of latitude , the stratospheric value s of water vapo r
concentration fall within the measured variation. Howe ve r , chang es in thi s
specification can result in large increases or decreases in H 20 in the

S stratosphere .

Since prope r t ransport  of water vapo r in the lower regions of the tropo-
sphere necessitated some modifications to the turbulent diffusion coefficients ,
as we ll as providing a means for calculating the effect of washout , it was 

S

important to verif y these coe fficients by rerunning previous iner t  trace r
experiments such as C- l4 , W- l85 , and Zr-95.  In the case of W- 185 and
Zr -95 , the ra inou t/washout model was used to wash out these particulate
t racers . The C-14 and W- 185 results presented in Widhop f , et a!. [ 1977],
which were in good agreement with data, were not appreciably affected; how-
ever , the time decay of the total Zr -95  burden could now be reproduced using
a smaller density of 2 gm/cm3 as compared to 6 . 4 gm/cm

3 
used in past

simulations (see Fig. 3). Utilization of a density of 6.4 gm/cm3 assumed
the particle to be entire ly composed of tung sten , whi le a density of 2 gm/cm 3

assumes some hybrid form of the particle , more in line with estimates made
by others . Thus , the water mode li ng has been an aid in deve loping a bet ter
prescri ption of the tra nsport in the troposphere.

Furthe r mode l improvements are anticipated in which the surface rela-
tive humidity boundary condition wi ll be rep laced by a specified surface mass
mixing ratio as a function of time. This modification should improve the
water vapor distribution at the higher latitudes during the fall and winter
seasons . Some minor modifications in will most probably be required.
The resultant minimum in the water vapo r profiles near the tropopause ,
although seen in some data sets (Figs . Ia through Id), can probably be attri-
buted to an improper specification of the transport coefficient s near the tropo-
pause , as well as the prescription of the manner  in which the model parameter
a(#) approache s zero in the tropopause . The ava i lability of more data and
further analy si s of our rainout and tra nsport specification may lead to improve-
ments in this area .
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8. MODEL RESULT S

In the Last few years , the developme nt and app lication of new laboratory

techniques have resulted in the first  direct measurements of some important

hydroperoxyt reaction rates . These newly measured ra tes are significant ly

different in magnitud e than those previous ly inter preted by indirect means.

This has resulted in significant changes in the calculated distribution of some

• trace species in the natural and perturbed atmos phere , as well as an increase

in the re lative importance of the hydroperoxy l chemical cyc le in aeronomic

studies. These effects were investigatt J as an integral part of our continuing

model deve lopment and study effort for HAPP , and the impo rtant changes are

summarized herein , together with othe r model results .

In order to provide a frame of refe rence , mode l calcu lat ions per formed

using the 0-H-N chemistry listed in Table I , and re ported by Widhopf , et al.

[1977]. are reproduced in this report. These results we re in good agreement

with observations of 03 for both tota l ozone column and the spatial distribution

of ozone using the chemica l reactions and rate s accepted to be most accurate

at the time (1976). In these calculations , H20 was specified and NO 3, N205,

and ClO,~ we re not considered . In addi t ion , a straight forward diu rna l

averaging procedure was used. The va riation of the calculated ozone column

in the natura l atmosphere with time of year is reproduced in Fig. 4a, which

can be compared to Diitsch ’s ( 1971] compilat ion of observed ozone data (see

Fig. 4b). The calculation is in good agreement with observations except at

high latitude s during the winter-spring seasons where the ozone column is

underestimated by, at most , 9 percent. Ozone profi le s calculated at various

latitudes during the mid-months of each season are reproduced in Figs. 5a

through 5d , together with available data . The calculat ed profi les reproduce 
S

the observed distributions throughout the year except in the troposphe re ,

where the 03 levels are underpredicted .
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Subsequent calcu la tions of the effe ct on ozone abundance of projected

1990 subsonic and supersonic fleet NO~ 
emissions (see Table V) , which were

performed in that same stud y, indi cated a poten tia lly sma ll ove rall increase

in ozone due to these emissions . Specifi ca lly , the calculations indicated that

NOx emissions in the troposphere from subsonic-type aircraft  could result in

an 03 increase through the si smog n chemical cyc le as opposed to an 03 column

decrease above approximate ly 15 km resulting from supersonic aircraft NOx
emissions in the stratosphe re. Representative results are reproduced in

Figs. 6a , 6b , and 7 which depict the ozone column change at various lat itudes

ove r five years of simu lation and also show the lat itudinal variat ion du ring

the fi fth year at Februa ry 15: June 15, and October 15. A typical change in

the 03 concent ration with altitude at 40 N during Octobe r is shown in Fig . 8,

where the ozone concentration change is shown to be negative above approxi-

ma tely 2 1 km and positive be low. This results in an overall column inc rease

below — 15 km. A more detailed exp lanation of the important chemical

mechanisms in each regime is included in Widhopf . et al . [ s - . t  ~j.

As a consequence of these result s , subsequent modeling effor ts were

initially focused on modeling H20, since an y in for mat ion in this area would

(a) provide a better eva luation than that used in the 1976 study of ave rage

rainout/washout effects which are important in the troposphere and influence

the distributions of NO and HO , (b) provide the ability (he retofore unavai lable )

to active ly model H20 emissions which are a significant fraction of aircraft

emissions, and (c) result in a bette r tropospheri c model and pr escription of

the distribution of hydroperoxy ls in the natu ral atmosphere.

As previous ly stated , important hydroperoxy l rea ction rates were sub-

sequently measured dire ctly for the fi rst time and became available during

this effort . These new measurements were substantially different  than the

values listed in Table I and increased the relat ive importance of HO with

respect to the e ffect of NO~ on O3P making a water model even mor: important.

Unfortunate ly for the mode ler , not one but a numbe r of hydrope roxy l reaction
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rates have turned out to be incorrect;  howeve r , the measurements were
necessarily made in sequence. This situat ion prod uced interim resu lts when

each measurement was reported which were not satisfying when compared S

to ava i lable ozone data . Thus , these interim results had to be investigated
carefu lly, and the important fi nd ing s are described in the following sub-
sect ions.

8. 1 NO + HO2 (R i O )  RATE CHANGE
- 

The rate at which the reaction NO + HO2 NO2 + OH proceeds was

measured by Howa rd and Evenson [1977) to be approximately 35 t imes faster

than previ ously interpret~ d using indirect measurements (Table I) . As a
result , calcu lations were performed using this new NO + HO2 rate

(R i O = 810. 12 ) tog ether with the updated reaction rates recommended in the

NASA-CFM study [1977) . The rate R20 was also scaled appropriate ly as a

result of this measurement, since this reaction rate was pre viously estimated
using the same indirect methodology. The CIO~ was not considered in this

computation; however , N 2O5, NO 3, and active H2O modeling were included ,
S together with a day-night averag ing needed to model the important nighttime

S 
chemistry of N 2O5 and NO3. The corresponding calculated results for the
variation of the ozone column as a function of latitude and time of year in the
natura l atmosphere , orig inally reported by Widhopf and Glatt [1978], are
shown in Fig . 9. The contours are simila r to those shown in Figs. 4a and
4b; however , the ozone leve l is seen to be approximately 20 to 30 percent
higher than either that measured or ca lculated with the old rate . The cor-

S responding ozone profiles for various latitudes and seasons for this calcula-
tion are shown in Figs. Sa through 5d. These diffe rences are primarily due to
the increase in the NO + ~~~~ reaction rate which result s in , among othe r
things , the increased conversion of NO into NO2, an inc rease in production
of O(3P), and the increased production of the NO

~ 
sink , HNO3. Since NO2 is

much less effecti ve than NO in catalytically reducing ozone , as well as pro -
3 . - . -ducing mo re O( P), and since more NO is stored in HNO3, this reaction rate

change has resulted in an~overall increase in ozone in the calculated natural
atmosphere.
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Note that in thi s calculation the vertica l transport above 20 km was
reduced from that used in the previous ly described natural  atmosphere

calculation [Widhopf , et al. (1977)] . This change was introduced in order to

reduce the le vels of N20 and CH4 at altitude so that better agreement with

ava i lable high a ltitude measurements of N 2O and CH4 cou ld be obtained .
This change was determined not to affect any of the previous ine rt tracer re-

sult s, since for these cases the major portion of the tracer was always below

25 km. Thi s transport modification reduced the ozone overprediction to the

present le ve l of 20 to 30 percent .

At this point , some sensitivity studies we re per formed to dete rmine

if modificat ions to the t rans port could account fo r the discrepancy between the

predi cted and observed ozone columns . In brief , eve n re lative ly dr astic
changes in transport (while a lways trying to match observations of othe r

species and ine rt tracers) cou ld not account for the differences. Note here

that the diffe rence between measured and calculated ozone profiles is much

mo re easily de te rmined in a multidimensional model , since the measured

profi le s are available at va rious lati tudes . In a one-dimensional mode l, the

variation of a mean ozone profile is large because of the latitudinal variation

of ozone and , thus , rather large changes in the calcu lated ozone profile s can

still fall within the measured variation. This is not gene rally true in the

mu ltidimensional model case , and the comparisons are more direct . Furthe r

reduction of the vertical transport did not seem possible if the mode l results

for other spe cies distributions at high altitudes we re to agree with available

measurements (specifically N 2O and CH4). A s a consequence, the results of

these numerical simulations indicated that another chemical rate could also

be inaccurate, or an addi tional important chemical mechanism (pe rhaps

involving H02N02 ) was not presently inc luded in the model. The reade r

should not be left with the idea that we feel that the transport as prescribed
in this model is quite correct but , rathe r , we consider that within our experi-

ence and the confines of our model tests these discrepancie s in ozone cannot

be accounted for by an inaccurate specification of the transport only . From

our studies we believe that the discrepancy in this case must be principally

8-is
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caused by a chemica l pr oblem , with the t r a n sp o r t  also p lay ing a role .
The se que stions were activel y pursued and candidate reactions we re sug-
gested [Widhopf and Glatt (1978)] , as in terpreted from the result s of both

S 
the natural atmosphe r ic simula t ion and a stud y of the effect of combined NO~
and HO airc raft emissio 1 s on ozone .

In order to estimate the effect of combine d NO and HO aircraft
emissions, a ca lculation was pe r formed injecting NO~ at the rate specified
in Table V with the following modifi cation : the rate of injection above 15 km
was tri pled . This effective ly tri p les the numbe r of supersonic aircraf t
considered . The HO~ was simul taneous ly injected at a rate 73 . 5 times the
NO rate , which corresponds to the ratio of the HO to NO emission indicesx x x

S [Olive r (1976)]. The results of this calculation are shown in Fig. 10. For
this case , the injection of combined NO and HO emissions increased thex x

S ozone concentration above the le vel calculated in the natura l atmosp here in

both the troposphere and stratosphere. Ver y small increases in ozone occur
in the stratosphere with the predominant changes occurring in the troposphere
where most of the pollutants are deposited . The resultant maximum increase
in ozone column is approximately 3. 5 percent , somewhat higher than the
1. 5 percent obtained in the previous calcu lations whe re HO

~ was not injected.
This change was primarily due to the change in reaction rate 10 . The varia-
tion with time of year is quite simila r to the previous calculation in which the
minimum effect occurs during Late winter-early spring, and the maximum

effect occurs during late summer-early autumn. This calculation was carried
out for approximately two years since , as in the previous NO~ case , the
ove rall column changes are nearly periodic from year to year afte r one-half
year.

In order to understand and explain the inc rease in total ozone column

obtained for this calcu lation , the chemical mechanisms for the production /
dep letion of ozone we re investigated . Analyses of the results indicate tha t
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different chemical mechanisms are important in the stratosphere and tropo-
sphere. In the stratosphere , the injection of NO 2 depletes ozone through the
cata lytic destruction cyc le .

NO2 + O( 3P) *NO + Oz R6

NO + O3 —~~N02 + 02 R7

However , the overall increase in ozone leve l is due to NO reacting with HO2,
i.e .

- NO + H02—. 0H + N02 R i O

which , in turn , produces 03 through the cyc le

NO2 + hv-..-..-N0 + O(~ P) R4

O( 3P) + 02 + M~~~ O3 + M R5

A reduction in HO2 a lso occurs thro u g-hR l Owhich  reduàes the effecti veness
of the ozone loss due to

HO2 + O3—~~0H + 0 2 + 0 2 R 14

The net result Is an increase in ozone in the stratosphere. For the pre vious
calculation [Widhopf , et al . (1977)], which used the s lower rate for Rio , the
NO~ emissions reduced ozone slight ly in the stratospere . Thus , this new

hydrperoxyl rate measurement has resulted in an important change in the
effe ct of NO

~ emissions on ozone in the stratosphere.

Zn the troposphere , the effect of combined inje ction of NO 2 and H20 is a
prodtictlon of ozone . This ozone increase is due to the increase in concentra -
tion of O( 3P). As pointed out by Widhop f , et al . [19771, in the strict NO2

8-18
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injection case , the increase in O( 3P) was initiated by RiO which p roduced

OH which, in turn , oxidized methane which then cycled through the smog
chain to produce HO2. The increase in NO2 produced O(~ P) through R4 .
The additional injection of H20 had a slight effe ct in reducing the level of

ozone increase ; this is a re su lt of the formation of HNO in the troposphere

which is the n rained out , reducing the leve l of NO2 and thus 0( P), i .e .

H2O + O ( ’D)—.~OH + OH R32

OH + NO2 + M—HNO3 + M R 12

NO2 + hv—.-NO + O( 3P) R4

- 

O(3P ) + O 2 + M ~~~ O3 + M  R5

In the stratosphere , inject ion of H20 reduces the ozone increase due to
NO~ 

injection by introducing additional OH and HO2, i.e.

H20 + O ( 1D) —4 ’-OH + OH R32

O +OH— *- O +HO R93 . 2 2

O3 + H O 2~~~ O H + O 2 + O 2 R i4

Thus , the combined effect of the injection of NO~ 
and HO~ for these

calculations is to increase ozone in both the troposphere and stratosphere.
Since the mechanisms in both the stratosphere and troposphere are strong ly
dependent on the rate at which the reaction HO2 + NO—*-OH + NO2 proceeds ,
together with the fact that the use of this rate resulted in substantial inc reases
in the ozone levels in the natural atmosphe re above obse rved levels , it was

definitely felt that other reaction rates involving the hydrope roxy ls we re still
inaccurate. Possible candidate hydroperoxyl reaction rates that should be
investigated further were suggested [Widhopf and Glatt (1978)]. These

8-19 
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recommendations were based on our analysis of the controll ing chemical
mechanisms in the aforementioned natura l and perturbed results. Since we
found tha t in the natu r al atmosphere the overprediction could not be accounted
for  by t ransport  modificat ions alone , we suggest that the following reactions
involving the production or depletion of O( 3P), those dep leting ozone , and

important reactions involving the partitioning of OH, HO2, and H20, should be

i nv estigated further .

OH + O3~~~~O2 + HO 2 R9

HO2 + 03—.-OH + 02 + 02 R 14

HO1 + O ( 3P)—4 ’ O H + O 2 R 15

O H + H 0 2—.-H20 + 0 2 R 16

O( ’D ) + H 20—.’-OH + O H  R32

OH + O( 3P) —.-02 + H  R34

OH + OH —.s,~H2O + O ( 3P) R38

HO2 + hv —.-OH + O( 3P) R40

8. 2 HO 2 + 03 (R 14) RATE CHANGE

Subsequent ly, new di rect  measu remen t s  of the rate at which the react ion
R 14 (HO 2 + O3~~~ 0H + 20 2 ) proceeds we re made by Zahniser and Howard
[1978] ; this rate was significantly d i f fe ren t  than previous values obtained from
indi rec t  means . With the use of thi s new reaction rate , the natural  atmo s-

phe re was recalculated emp loy ing the chemistry licted i~ Table lib . The
resu l t s  for  the ozone column variat ion are shown in Fig. i i . Here , the
ca~culat ions are seen to be in much better agreement with observations than
the previous result , confirming our conclusion that the previous overpredic-
tion of ozone was mostly chemically related. The ozone column is in good

t 8-20
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- :  agreement with observations during October through March but consistently
larger , by approximately 10 percent , than observed values for the other
months. The leve l of the diffe rence is not that significant; howeve r , its
persistence through months where chemical processes rathe r than transport

phenomena are most important may be significant , together with the fact that
the trend is present at all latitudes. Thus , it is fe lt that the other reaction
rates listed in the previous section as being important shou ld be measured
as soon as possible along with a continuing analysis and refinement of the
transport prescription.

A comparison with available data of the corresponding ozone profi les
calculated in each of the three studies previously described provides addi-
tional important information. As an i llustration, Fig . 12 presents an example
for the month of June at 30°N. Additiona l profile comparisons for selected
latitudes are shown in Fig.. 5a through 5d for calculations per formed using
the chemical system of Table lIb . Here , it is seen that the ozone profi les
calculated using the new reaction rate s are in good ag reement with data be low
— 30 km; however , above 30 km, even with the new HO2 + 03 rate , the ozone

concentration is still ove rpredicted. The corresponding June ozone column is
10 percent greater than the observation at this latitud e and time of year; how-
eve r , this overprediction is also true for other seasons where the ozone
column is in good agreement with data (see Fig . 11). Re sult s plotted in

Figs. Sa through 5d confirm this trend throughout the year.

8.3 C1OX CHEMICA L SYSTEM 
-

The altitude regime above 30 km is the region where the effect of ClO~
has been seen to be important . Thus, the next modeling aspect investigated
in this study was the inclusion of ClOg. Since much of the available ozone
data (D1t.ch (197 1)] have been taken before there were any significant ClO,~
source emissions in the atmosphere, coupled with the fact that the re is no
agreement on how much ClO~ is pre sent ly in the atmosphere and what future
emissions wi ll be , the effect of ClO,~ on ozone was performed pa rametrically

H in this study. This allowed for study of the effect of ClOg on specie s

8-22
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distributions and for preLiminary investigation of the effect of combined NO
and HO~ aircraft  emissions on ozone , which is of primary inte rest to HAPP.

In light of these facts , combined with the fact that the cost of a simula-
tion of 20 to 40 years is prohibitive, a caLcu lation of the distribution of trace
species in an atmosphere containing 2 ppbv of Cl0,~ was perfor med . Initially,
the concentrations of Cl , d O , CIONO 2, and HC I were computed in equi librium ,
with 2 ppbv CLO~ in the stratosphere. Subsequently, at each time step the
total d O  in the stratosphere was maintained at 2 ppbv by the addi tion of a

S source of HC1. The specifi c chemical system used is out lined in Table III .
Here , the new temperature variation of R I O  [Zahniser and Howard (1978)]
has been included in the computation , as well as the pressure-dependence for
R44 , CO + OH + M— ~.-H + CO2 + M [Chan, et al . ‘ 977)] . The corresponding
result for the variation of the ozone column is shown in Fig. 13.

The ozone column is now in agreement with observations in the northern
hemisphere during May through October and approximate ly 10 percent lower
during most of the rest of the year , except near the poles where the high le ve ls
during winter-spring are approximate ly 20 pe rcent low. An almost uniform
reduction in ozone column at all latitudes and time of year was noticed when
these results were compared to the previous one . It should be remembered
that the ozone observations with which we are comparing should not have been
affe cted substantially by C1O,~ due to the time pe riod in which the observations
we re made. Thus , this particular comparison is helpfu l, but not necessarily
direct. A seasonally variable leve l of ClO,~ may be more appropriate for
future simulations . The corresponding 03 profi les are shown in Figs . 5a
through 5d where good agreement with the avai lable data is noticed above 30 kin,
a region whe re ClO,~ shou ld be Impo rtant. However , at most latitudes , the
peak leve l of ozone is lower than observed . The effect of d O  in the natural
atmosphere will require further study, especially since the resultant ozone
reduction is more -than we antici pated and other levels of ClOg WILL need to be
studied . - -
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As stated , the level of 2 ppbv of C1O,~ was chosen in order to provide

an initial estimate of the effect of CL O
~
• A comparison of the calculated pro-

fi les of Cl, d O , and HCI with corresponding available measurements is

shown in Figs. 14a and 14b. Because C10~ was introduced unifo rmly through-

out the year , the variation of the calculated Cl and ClO concentrations does

not vary much (<10 percent) with time of year. However , the profi les at

300N during July are in very good agreement with measurements made during

July at 32°N. The calculated HCI distribution during May is shown in Fig . 14b

and is in comparative agreement with avai lable measurements. Further

study will determine the relative significance of these C1O~ 
comparisons.

S Other compar isons with data are usefu l in elucidating areas where pre-

sent model predictions using present chemical sets are in agreement with

observations and where more research is needed. Some tropospheric r esult s

are discussed first. All of these result s are plotted for the last calculation

which Includes d O , since the introduction of ClO,~ does not substantially

S 
effect the distribution of these trace species , at leas t, within the accuracy

limits of the data.

Figures la through -ld show the calculated H2O vapor profi les compared

with data for the months of October , Janua ry, April , and July. A s discussed

previous ly, these profiles are in relatively good agreement with data . Thi s

type of agreement is virtually independent of the chemical sy stem conside red ,

since the variation of H 20 is primarily controlled by transport processes and

rainout. Other aspects of these comparisons were discussed previously.

Tropospheric NO~ 
profi le s are shown in Fig . 15 compared to tropo-

spheric estimate. made by Fishman and Crutzen [1978] in their attempt to 
- S

balance the CO budget. These profiles are shown for each of the sets of re-

action rates outlined in Table s I through III. The rapid increase in the con-
centration of NO in the lowe r few kilometers is due to the inclusion of
anthropogenic sources of NO~ 

at the surface. A dramatic reduction in the
N0~ 

leve l from that calcu lated using the 1976 Table I chemical system is
obtained with the introduction of the new NO + HO2 rate. Subsequent changes
are not very pro found for the chemical systems of Table s Rb and III.
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Tropospheric HNO3 profi les at 30°N latitude are compared in Fig. 16,
with the corresponding measurements reported by Huebert and Lazarus [19781.

Here , the data ve ry near the sur face have bee n used to evaluate the surface
depo sition ve locity. This deposition velocity controls the shap e of the profi le

be low 2 km ,whiLe ra lnout controls the profile in the rest of the tropos phe re.

This is a furthe r indication that this very simp le rainout model provide s an

approximate means to simulate the average ra inout process in the tropo-
sphere. Here it should be emphasized that , at best , the rainout/washout is

only simulate d in some ave rage sense.

While the calculated troposp heric leve l of HNO 3 seems to be in good
agreeme nt with the Limited availab le data , the concentration of HNO 3 is over-
predicted in the stratosp here using any of the chemical systems in Tables II
and III. This is shown in Fig. 17 , where the computed HNO 3 columns above
12 km are compared to measuremen ts . The predicted levels using the new
hydroperoxy l reaction rate s (Tabl e III with 2 ppbv Ct O~ ) are a factor of
approximately three to fou r higher than these observations . This is also

demonstrated in Fig . 18, where a comparison is made of the computed profiles

of NO, NO2. and HNO 3 with the corresponding simultaneous measurements of

these species in the stratosp here [Evans , et at , (1976)]. The NO level is in

good agreement with observations ; howe ver , the HNO 3 leve l is seen to be too

high and the NO2 leve l Is low. 
-

Inclusion of the species H02N02 wou ld decrease the leve l of HNO 3 to
va lues In much bette r agreement with data; howe ver , there is no solid justifi-

cation at the present time for Including this species. The overpred iction of

HNO 3 abo ve current observe d levels needs furthe r extensive investi gation ,
S 

especially with regard to the press ure -dependent reaction rate (R 12) which

controls RH O 3 fo rmat ion , since the app r oximation of HNO 3 ra inout/washo ut

seems reasonab le from the comparison shown in Fig . 16.
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Since OH is a species which controls many of the important chemical

processes , the calculated distribution at 30°N during January is shown in

Fig. 19 compared to some measurements in January 1976 [Anderson (1976)].

The agreement in the high stratosphere is good , and the calculated profile

is also within the broad regime of the tropospheric measurements. More

data are needed in the troposphere and lower stratosphere in order to deter-

mine the adequacy of the OH calculation in this regime .
S 

- . • • 3 0 -

S A comparison of the calculated distribution of O( P) at 50 N during

November is compared to an analogous measurement in Fig. 20 [Anderson

(1975)]-. The calculated day light average value of O(3P) is in re latively good

ag reement with the data , being somewha t on the low side.

Calculated profiles of the day light ave raged value of NO are compared to

various measurements in Fig. 21 and are in good agreement with the wide

range of the data . This further reinforces the need for furthe r investigation

into the HNO3 formation z-ate or the inclusion of HO2NO2 in the system.

Corresponding comparisons for N20 are shown in Figs. 22a through 22c ,

where the model calculations are in relative ag reement with data . As men-

tione d earlier , k was lowered above 20 km from previou s model calculations

[Widhopf , et al. (1977) 1 in order to bring the predicted N20 le vel above 40 km

in bette r agreement with the sparse available data . As seen in Fig. 22b ,

this has been achie ved. Howeve r , a detaile d compa rison of these result s with

the data indicates that the calculations underpre dict the NaO leve l between

20 and 30 km. Thus , we intend to look into this specification of ~~~ 
above

20 km more carefull y in the future and determine if a more optim al prescrip-

tion is possib le . The k profi les included in the Appendix correspond to

these lowe r va lues.

A comparison for CR 4 is shown in Fig . 23 . The concentration of CR4
is underpredicted in the stratosp he re , whi ch is probab ly due to the lower

boundary condition which was set at 1. 35 pprn v after the measurements of
Ehhalt , et aL. [1975). More recent measurements indicate a leve l of 1. 61 ppm v

in the troposphere , which shou ld increase the level of CH4 in the stratosphere.
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I

Since the CR 4 distribution is dependent upon chemical processes as well as
tra nsport , the resolution of this disag re ement Is not straight forward and will
be studi ed furthe r in our futu re in vestigations , togethe r with N20.

These comparisons indicate re lative agreement of the calcula ted distri-
buttons with some of the limited data curr entl y a vai lab le. In order to

• estimate the effect of combined NO~ and RO~ aircra ft emissions using the
most updated set of chemical rate s and reactions, including the effe ct of
ClO ,1 , a perturbed atmosp heric calculation was performed using the NOx
injection rates shown in Table V. whe reas the H20 was injecte d at a ra t e
73 . 5 times the NO~ rates. For this simulation 1 the 2 ppbv ClOt calculation
was tak en for th is initia l stud y as being representative of the “natu ra l

H atmosp here to which the atmosp here perturbed by aircra ft NO~ and H 20
emissions wou ld be compar ed.

Figure 24 shows the latitudinal distribution of the re sultant change in
tota l ozone column during October , July, and Apr il of the second year of
simulation. Note that the peak ozone change (3.5 percent) occurs at 40°N in
October (correspond ing to the latitude for peak injection) and moves slightly
southward, peaking about 30°N during April. This transport effect has been
observed in previous calcutation-a by Widhop f, et at. [1977] . A profi le of the
ozone concentrati on change with altitude at 40°N during October is included
in Fig.. 8. The change in ozone resultiog— frorn the NO~ and HO~ aircra ft
emissions is positive at all sltitude. thraughout the troposphere and strato-
sphere. The major chang e has occur re~l in the troposp here , but the new hydro-
peroxyl reaction rat es ha ve resulted, as in the previous case (Tables IIa,-Ub),
in a slight production of ozone . The chemical mechanisms responsible for this
were discussed previously.

I 

Figure 25 shows the resultant temporaL ozone column change at 40°N
latitude for the two years of simulation, Also shown is the re sult of WidhOpf
and Glatt [1978] for the NO

~ 
and llO

~ 
injection case using the chemical reac-

tion rate data from Table h a .  Note that the peak ozone maxima and minima
are approximate ly equal for both chemical sets h a  and III and occur withi n a
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month of each other . This result may seem inconsiste nt , s ince  nea r ly three

times as much injection occurred above 15 km in Widhop f and Glatt [1 978] and ,

in addition Tab le III introduces d O  which ties up NO . i .e.
x x

d O  + NO2 + N 2—.’CIONO2 + N2 R76

-
~ Thus , one might expect a lower peak increase in ozone column. This result

is found to be true in the stratos phere; howeve r , there is an addit ional

in crease of O3 in the troposphere due to the introduction of the pre ssure -

de pendent reac tion ra te for CO + OH— ~~ H + CO2. This i ncrease  in H pro-

duces more HO2 throug h the reaction

H + O 2 + M H02 + M  R35

which , in turn , produces more 03. Thus , for this calculation , it  appears

the two effects tend to cancel each other out.

The basic mechanisms for ozone increase in both s t ra tosphere  and

-
~ troposphere have been discussed earl ie r , except the inc lus ion  of the reaction

C I O + N O  + N  —.-CIONO ± N
- 2 2 2 2

in the stratosphere when Cl O,~ is considered . This reaction sli ghtly attenu-

ates the ozone increase in the stratosp here.

One important area of consideration is the de te rmina t ion  of what part

of the ozone change is due to H20 injection and what part  is due to the NO

injec tion. To answe r this ques tion , a calculation was performed for a two -

year period wherein just N0~ 
was i njected. Table VI shows the resultant

percent changes in 03. 0(3P), NO , NO 2, HNO 3, OH , and HO 2 for various

altitudes at 40°N latitude during October for both injection cases . Note that

the maximum ozone percent increase occurs at 10 km where the peak injection

occurs. For these injection rates , the water has only a slight attenuating
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- I - effect on the ozone increase.  In the troposphe re , the inject ion of H20

- j 
produce s OH through the reaction

H2O + O ( 1D)— .’~OH + OH R2

which then reacts with NO 2 to form ni tric acid through

OH + NO 2 + M ~~~HNO 3 ÷ M R l Z

which is then rained out . This loss in NO 2 reduces the increase in O( 3P);

thus the ozone increase is s lightly lower. In the stratosphere , the inc rease

in OH and HO2 due to the injection of H20 lowers the ozone increase due to

NO~ 
injection , through the reactions

O H + 0 3 — S O 2 + H O 2 
R i O

HO 2 + O3~~~~O11 + Oz + Oz R 14

It must be pointed out that the chemical me chanisms described abo ve

for controlling the ozone changes correspond to a given set of rate constant s

and injection rates for NO~ 
and H20, and modification of these rates may

lead to other important chemical mechanisms. Future studies are desirable

which will var y the level of C l O,~ to de termine the effect on the stratospheric

oz one pe rturbations . Also , in all of these studie s the projected emissions

from supersonic aircraft fly ing in the stratosphere are very small compared

to the emissions from subsonic aircraft  fly ing in the troposphere. Thus , the

effec ts in the stratosphe re are small compa red to those occurring in the

troposphere . Therefore , different  emission scenarios might weight the result s

diffe rently and make different  mechanisms more important.

Also , the uncertainty regarding the specifi cation of transport and

rainout/wa shout must be kept in mind , since the prescription of these impor-

tsnt phenomena are still in an e lementary stage because of a combination of an

~,,compI.te data base,understandtflg and an inability of economically calculating

‘h•rn from fi r st principles.
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9. CONC LUSIONS

The higher hydroperoxy l reac tion ra tes recen t ly measured ha ve signifi-

cant ly influenced the predicted distribution of t race species and increased the

re lative importance of HOx on the atmosphe ric chemical balance. Current
- :  calculated ozone le vels are  in reasonable agreement with data when calcu-

lated using the most recent reaction rates; howeve r , a number of additional

important reaction rate s need to be measured and are outlined in the text .
The distribution of most othe r specie s in the troposphere and st ratos phere

are in rela ti ve ly good agreement with data; howeve r , st ratospheric levels of

HNO 3 are significantly overpredic ted using current chemical systems and
r1 reaction rate s. A very simp le active wate r vapor model has been inc luded

which seems to adequate ly predict , within the confines of parameterized

models , the natu ral seasonal tropospheric and stratospheric  dis tr ibut ion of

water vapor. This has been used to estimate the effect of combined NO

and H0
~ 

aircraft  emissions on ozone , including 2 ppbv of ClO y in the

stratosphe re . Ozone is seen to increase in both the stratosphere and tropo-

sphe re as a result of these emissions , where the total ozone column peaks at

approximately 3. 5 percent during summer-fal l. The new hi gher hydroperoxyl

rate s p lay an important role in determining this leve l. The major effe ct is in

the troposphere due to the much larger estimated subsonic fleet . As a re sult ,

the H 2O emissions p lay a mino r role in the ozone change , since they are a

small frac tion of the tropospheric water le vel , whereas the stratospheric

emission le vels are small due to the small projec ted fleet of supersonic

airc raft .
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APPENDIX

HYDRODYNAMIC AND TRANSPORT PA RAMETERS

Lcsted in this Appendix are the meridional distributions of T , k~~ .

k
#~ 

k~~ , v and 0 for 15 October , 15 January, 15 April , and 15 July as

used in the last set of calculations (corresponding to the chemi ca l set in

Table III) described in this report .
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