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20. ABSTRACT (cont)
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ful diagnostic tool ,in the—study of the atmospheret’- A model is very useful as
an aid in developing both the genera l approach and the details of a field

- measurements program , and as an important tool in interpreting the experimenta l
data of such a program. The interp lay between measurements and model should
produce the most effective approach to study of the stratosphere.
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A few examples of calculational results from the ASL Numerical Model of Atmo-
spheric Radiation (ANMAR), Composition and DynamiEs , parallel i ng the con~ijionsof the recent set of STR.ATCOM VI experiments 8 fiave been ~presented tol/’demonstratethe range of results obtainable and the detail of treatment possible using the
modeling approach .
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I N TRODUCTION

The chem ical composition of the stratosphere is an ever -changing, highl y
var i ab le  resul t of t he com p lex i nter p lay of solar -induced photodissocia-
tion p rocesses , resul tant photochem i cal and thermochemical reac tions ,
and a var i ety of trans por t processes on space scales ran g in g from molec-
ular to global. The magnitude or relative importance of any process
in determinin g com posit i on and atmos pheric behavior i s dependent on
altitude , latitude , time -of—day , season-of —year , and other var iables.
Because of the great complexity and variabi l i ty , the fundamental require-
men t for ga in i n g understan d in g of the stratos phere is measuremen t of a
number of cri t ical atmos pheric parameters , including part i cl e dens i t ies
of key trace constituents , solar  f l u x  an d thermod ynam ic p ro perties .
These measurements i n themselves , however , do not p rov i de ex p lic i t
in format ion  of the processes which  produce d the resul ts  observe d. They
allow prediction of the state or behavior of the stratosphere only in a
s ta t i s t ica l  sense i f large numbers of measurements , under a var i ety of
t ime and space cond i t i ons , are obtained .

A su pplemental (and necessary ) parallel approach is the development of
mathemat ical s imulat ions , i.e ., “models ,” of stratospher i c composi ti on
and behavior based on the physical laws which apply. Field measurements
and theoretical specula ti on are the usual  modes of mot iva t ion  for model
development , and laboratory measurements provide the quantization. A
model is modi f ied  as req u i red by the accumula t ion  of relevan t f i e l d  mea-
surements ; and ultimately the degree-of—validity of a model is determined
by compar i son of ca culated results  wi th actual  atmos pher i c measuremen ts .
The relat ive validity establishes the decree of confidence that can be
placed on the diagnos ti c or predict ive c a p a b i l i t i e s  of the model .

Dur ing the past 8 years , the Atmospheric Sciences Laboratory (ASL) at
White  Sands Miss i le  Range , NM , has developed a large , com p lex pro gram
of balloon- based stratospheric measurements in cooperation with several
other la boratories . One of the central themes of this STRATCOM (STRAT-
ospheric COMposition) program [1] is simultaneous measurement of sets
of related compos ition , thermodynamic and rad ia t ive  parameters . Such
measurement of related parameters under the same con d i tions a l lows  direc t,
rather than s ta t i s t ica l , anal ys i s and inter pretat ion of r e la t ionsh ip s .
Development , testing and validation of computer-based models of the
atmos phere can a lso  be more d i rect , and confidence in their  ca pab i l i t i e s
is enhanced by r e l a t in g to actual  measurements.

To sup port and supplement this field measurements program , a chem i cal-
kinetic model of the stratosphere [2], incor porat in g a parametric
application of the vertical transport processes , has recentl y been made
operational at ASL . The model is used as one of the tools in developing
the overall measurements program , as wel l  as in des ig ning  i n d i v i dual
experiments . It will also be used as an exploratory tool in theoretical
studies to extend the capability of interpreting the experimental results
obtained.
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Thi s document p resen ts exam p les of the k i nds of c a l c u l a t i o n a l  resul ts
ob ta i na b le from the model .

F IELD MEASUREMENTS AND ATMOSPHERIC MODELS

A recen t operation in the STRATCOM atmospheric measurements program ,
STRATCOM VI [3] was held in late September 1975. The principal
set of measuremen ts was in the al ti tude ran ge of 25-39 k i lome ters dur i ng
a 34—hour period on 24 and 25 September. A supporting set of IR absorp-
tion measuremen ts wa s made from an alt i tude of 31 kilo m eters at sunse t ,
26 Se p tember 1975 , u s i n g a second ba l loon . Both fl ig h ts were from
Hol l oman A i r Force i~ase , NM , 32° N latitude ,

To pa r a l l e l  these fi eld measuremen ts , the calculat ions , from wh ich the
following samp le resul ts are taken , were made by use of photoly tic da ta
de ri ve d from solar con diti ons for the latitude , dates , and altitudes
g i ven above . The pho todissoc iat i on co ef f ic ien ts were ca lcu la te d by
J . L . Coll i ns , and are presented and discussed in [4].

THE ATMOSPHERIC CHEMICAL-KINETICS MODEL

The struc ture and ca lcu la t i onal method used in the computer simulat i on
of stra tospheric composition is discus sed in greater detail in [2]. A
br ie f summar y is gi ven here .

The computer model uses the Gear method of solution of sets of stiff
differential equations [5] to solve the coupled continuity equation s
describing the t ime dependence of the part i cle dens i ties of 30 chem i call y
reactive atmospheric species . (Oxygen and nitrogen molecules are included
wi th sui table steady—state densities.) The atoms , molecules , and
radicals treate d are g iven in Table 1 .

TABLE 1

ATMOSPHERIC CHEMICAL SPECIES CONSIDERED IN
COMPUTATIONAL MODEL

0 O (~D) O(’S) 02 0 ( ‘ A)  O~ (’~~) O~

N N ; NO NO N20 NO 3 N~O~

H H ,. OH H2 0 HO 2 H O

CO CO 2 CH~ CH 3 CH~ CR0 HCHO

CH 3O CR 3O , CH 300H

HNO HN O 3
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A total of 34 photodi ssociative processes and 115 chemical reactions ,
coupling the densities of the species , are considered . These are
tabulated in [2] and partially sketched here in Figs . 1 , 2, and 3, which
show families of atmospheric constituents and the processes of conversion
from one species to another. Figure 1 is for part of the nitrogen/oxygen
family:

0, 02, O 3~ NO , NO 2 , N20.

In the diagram , a chemi cal species at the tail of an arrow is converted
to the one at the head by interaction with any species , or a photon (hv)
listed on the arrow shaft .

Figure 2 is a similar represen tation of some of the reactions of the ]
oxygen /hy~.rogen family:

OH , H20, HO2, H202
Figure 3 is a limi ted set for the carbon/hydrogen/oxygen species. All
reactions are not shown in these diagrams , and reactions linking the
families are not all inc l uded.

COMPUTATIONAL RESULTS

The calculations , which produced the selected sample results presented
below , were fully time-dependent and di urnal. Many calculations of this
type use a number of equilibri um relationships and/or a steady-state
solar input , and are therefore less realistic. Although the calculations
were diurna l , and the results obtained are available for any time (day,
night , or transition), only the results for noontime are presented . The
following figures are therefore the model -derived characteristics of the
stratosphere at noon , in late September at latitudes near 32° N.

The categories of calculated results chosen for presentation include:
(1) particle dens i ties of selected important species , (2) mixing ratios
of these cons ti tuents , (3) rates of severa l sets of important photolytic
and chemi cal reactions , (4) total formation and removal rates of some
key species , and (5) equivalent transport contribution to a few molecular
densities. All are presented as a function of altitude between 10 and 50
kilometers . Other types of information can be derived from the model ,
and equivalent results for other latitude s and periods of the year are
readily calculable.

COMPOSITION-PARTICLE DENSITIES

Figures 4a to 4k are the calculated altitude profi l es of the particle
densities of ground—state oxygen atoms 0 (3P), excited oxygen molecules

ozone (03), nitri c oxide (NO), nitrogen dioxide (NO2), nitri c

4
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acid (HNO 3), nitrous oxide (N,0), water (H20), carbon monoxide (CO),
hydroxy l radical (OH) and methane (CH~). (Units are cm-3 .) A ll of these
species .re of fundamental importance in stratospheric chemi cal kinetics ,
and all have been measured in the stratosphere. However , the number of
measurements is very l imi ted except for ozone and water , an d even wi th
these two , vari ability and uncertainty are high .

Figure s 4 to 4p are calculated particle densities of some of the
specul ative species which have not yet been detected in the stratosphere ,
but whose presence is requi red by photolytic and chemica l considerations.
These species include electronically excited oxygen atoms 0(’D), perhy—
droxyl radi cals (HO2), hydrogen peroxi de (H202), formaldehyde (HCHO) and
nitrous acid (HN0~). In the absence of measurements , the only informa-
tion available on such consti tuents comes from models and related theory .
In particular , the 0(’D) atoms and the HO2 radi cals are involved in some
cri ti cally important atmospheric reactions , including:

0( D) + H 20 OH + OH (73)*

O( D) + N20 NO + NO (71)

HO~ + OH -* 02 + H20 (132)

COMPOSITION-MIXING RATIOS

Figures 5a to 5p present the same data as 4a to 4p expressed as mixing
ratios : the particle density of the species divided by the total
particle dens i ty of all the species present in the volume con~.;idered.This ratio of numbers of particles is termed the vol ume mixing ratio.
The ratio of the masses (mass mixing ratio) is also frequently used ,
particularly for water. In these figures , the abscissa designation l0 6
is one part per million (I ppmv), and lO~ is one part per billion
(1 ppbv) .

The figures provi de no new basic information , but allow di rect consid—
eration of the fraction of the atmosphere that a given constituent
represents. They emphasize the fact that species which play dominant
roles in many atmospheric processes are present in only extremely smal l
proportions .

I
RATES OF CHEMICAL AND PHOTODISSOCIATION REACTIONS

To understand atmospheri c characteristi cs and behavio r , i t  i s necessary
to know what p~ocesses are occurring and the role and relat ive impor-
tance of each under the range of conditions encountered. As indicated
previously, the processes are :

*The reaction numbers used throughout are as used in [2].

5
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Radiative — concerned with the transmission , scattering , absorp ti on
and ~ iTssion of energy in the infrared , vis i b le , an d ul trav i ole t re gi ons ,
and the thermo dynami c consequences on a tom i c/ molecula r sca l es .

D nami c - covering the range of part ic le motions from molecular to
g lo ba sca es.

Chemi cal Kineti c — treating the multitude of chemical reactions
amon g the man y spec i es presen t.

A usefu l method of deriving and demonstrating the role of various chemical
reactions is to calculate the rate at which a g iven reaction proceeds
under the con d i t ions cons id ered . Fi gures 6a to 6n are the ca l c u l a ted
altitude dependenc ies of the rates of a number of important reac ti ons
for the noon , 32~ N , September situation. The reactions are listed in
Table 2 . Some of the react ions are grou ped to a l l o w  di rec t com par i son  of
cer ta i n cri ti cal relationshi ps . S i nce the rele vance or role of a s pec i fic
react i on or set of rea ctions i s dependen t on the par ti cular prob lem unde r
consi dera t ion , the fol low i ng di scuss i on w i ll no t be in the con tex t of
stratospheric pollution , weapons effec ts , meteorology , or other speci f ic
present concerns , but wil l be limited to a few brief genera l remarks.

Figure 6a shows the rates for the most important atmospheric reaction:
the init ial production of oxygen atoms by photo di ssoci ation of oxygen
mol ecules , which sets the stage for most of the stratospheric chemistry
of consequence. It shoul d be noted how rapidl y this photolysis falls
off below 25 kilometers altitude — the rate at 10 kilometers is less
than one thousandth that at 25 kilometers .

Fi gure 6b represents the two pr inci pal mo des of pho tod issocia t ion of
ozone . In reaction 5 the products are ground-state atoms and molecules ,
while reaction 7 produces electronically excited (and more reactive )
atoms O (’D) and molecules O2(’A). Reaction 5 domi nates below 30 kilo-
meters , and reaction 7 above . Ozone formation (reactions 36 + 37) is
shown in Fig. 6c; and the comparison of this three-body formation
rate with the photolytic des truction (the sum of reactions 5 and 7) is
presented in Fi g . 6d . I t  shoul d be noted that  these reaction rates
are very lar ge compared with other atmospheric reactions and that they
are almos t equal at all altitudes , so that an equilibri um amo ng 0 , 0
and 0 3 closely follows the solar flux in put.

Three im portant ways in which the oxygen atoms (produced in Fig. 6a and
brought somewhat into equili brium in Fig. 6d) enter into the chemistry
i s demonstrate d in  Fi g. 6e. These are three of the pr inci pal removal
mechanisms of oxygen atoms . The removal of 0 and 0 3 by the much-
pub l i c ized  NO

~ 
“catalyt i c” cycl e is shown in Fi g. 6f. The O+N02 react ion

(43) is much slower over th is altitude range and is therefore the rate-
controllin g reaction for this “ozone dep le t ion ” process.
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TA RLE 2

i~EACT IONS SELECTED TO ILLUSTRATE ALTITUDE-DEPENDENCE
OF RATES FOR FIGURES OF SECTION 3

(1) 02 + h ~ ~ 0 + 0

(5) 03 + h~ 0 + 02

(7) 03 + h~ ~ O(’D) + 02(~~.)

(11) N02 + h ~ -~ O + N O

(32) HNO 3 + h\,, OH + NO 2

(36) O + O
~~+0 2 03 +0

(37) O + 0 2 + N 2 -
~- 03 + N 2

(38) 0 + 0 3 -
~ 

02 +0 2

(43) 0 + NO2 02 + NO

(50) O + H O 2 -
~ 02 +OH

(71) 0(’D) + N20 -~- NO + NO

(73) 0(’D) + H20 -
~ OH + OH

(94) 03 + NO -
~ 

02 ÷ NO2

(95) 03 + NO -
~~ 

02 + N0 2*

(101) 03 + OH 02 + HO 2
(115) NO + NO 3 -~ NO 2 + NO 2
(117) NO + HO2 -I. OH + NO2

(119) NO + HO2 + M . . HNO 3 + M

(123) OH +NO 2 + M  HNO 3 + M

(126) H + 02 + M HO 2 + M

(132) OH + HO2 02 + H;0

(134) OH + CO H + CO;

(135) OH + CR4 H20 + CH 3

7
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Also im portant in the NO/O S problem , and the utlimate controlling factor
when combined with HNO 3 dy nam i c removal , is the three—body formation and
photolytic loss of nit ric ac id i n reactions 123 and 32 as plo tted i n
Fi g. 6g. The balance amonq formation , loss , an d transpor t removal of
HNO 3 w i l l  hel p esta b l i sh the NO 2 dens ity s i nce it w i ll remove NO from
the equ i l ib r i um concen tra ti on tha t the reac ti ons in Fi g . 6h tend to
establi sh. These are the rates for formation of NO2 by the NO+0 3 reac ti on
and for i t s  pho to di ssocia ti ve des truc ti on . Below 35 k i l ome ters , these
are very nearl y eq ual .

Figure 6i compares the NO+O~ rate with other important nitri c oxide
reac ti ons , showin g its domi nance at all altitudes . Figure 6j demon —
strates the rol e of the exci ted oxygen atoms 0(10) produced by ozone
photolys is  as the pr inc i pal primary source of OH ra di cal s an d NO molecules .

Fi gure 6k gives the rates for three of the most im por tant  reac ti ons of
these hyd roxyl radicals , while Fi g. 6.~ s hows their  role i n des truc t i on
of the natura l and anthropogenic carbon monoxide (CO) and methane (CHJ
tha t move into the s tratosp here from the ear th’ s surface .

Figure 6m shows the principal formation mechanisms of the perhydroxy l
radical (HO2). Fi gure 6n compares formation of nitric acid from NO and
from NO2 showin g the potential importance of the OH/NO2 process in the
lower stratosphere.

TOTAL FORMATION AND REMOVAL RATES

Fig ures 7a and 7b show the ca lcula ted  noon time , 32° N latitude , September
altitude dependencies of the formation and removal rates , by a l l  a pp li-
cable chemi cal and photoly tic processes , for eight minor constituents :

O (3P), O(’D), O 3t NO , NO 2, OH , HO 2 an d HNO 3

The formation rate is essentially equal to the removal rate for all but
HNO 3 in this near —equilibrium noontime situation . Hence , for a l l  but
HNO .

~ only one curve is seen for both format i on an d remova l . This  was
a imp lied for ozone in Fig. 6d since the entire production of ozone is by

reac t ion s 36 and 37 , and almost all of the loss is by the photodissociation
reactions 5 and 7.

Figure 7a also demonstrates that oxygen atom formation-removal rates are
virtually equal to those of ozone in the altitude range considered .
S i m i l a r l y  the NO and NO 2 pair have essentially equal productio n—loss
rates. The hydroxy l radical (OH) formation-removal rates shown in
Fig. 7b are approximately equal to those of the perhydrox y l radical
(HO 2) in the l ower stratosphere . but are a small factor larger in the
upper stratosphere .

8
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TRANSPORT CONTRIBUTIO N TO PA RT ICLE DENS ITIES

The continuity equations used to describe the time dependencies of the
particle densities (n i ) of the atmospheric chemica l constituents contain
chemical formation terms (F

~
), chemical and photolyt ic  loss terms

and a divergence term to describe the net gain or loss of the particles
due to transport through the volume considered :

~
j
~

- [n i ] 
= F

~ 
- L~ — VpV

The effect of the great variety of transport processes on atmospheric
composition is very poorly understood , and is usually incorporated into
models in somewhat artificial fashions. One purpose of the present model
is to reverse this procedure , since the photolytic and chemical processes
have been much better characterized , and der i ve mean characterist ics of
the verti cal contribut ion to transport using atmospheric measurements
comb ined wi th  deta i led chemical k ine t ic  treatment . A pre limi nar~y partof this study is presen ted partially and briefl y in Fi gs. Ba to Be.

These fi gures show the regions of the stratosphere where the net resul t
of the transport throu gh the vol ume is an increase of the particl e den-
sity (points plotted +) or a decrease (points plotted -) .  Al ternatively,
this can be described as a region where the chemical/photo lyt ic loss
rate is greater than the chemical formation rate (+), or where the
forma t i on rate is greater ( — ) .  The consti tuents considered are O~, NO 2,
P420 , I’120, and HNO 3.

In Fi g. 8a , in the region above 30 kilometers altitude , removal of ozone
by photolysis and reaction with NO , 0, OH , etc . , is faster than the three—
body chemical fo rmation , and ozone is transported into the region. Below
the transition at 30 ki lometers , there is a net formation and ozone
transport is out from the region. The units of net loss or gain are
cnr 3

For NO 2 (Fig. 8b), excess formation is above 17—19 kilometers , with
deficient formation below and a net flow into the lower region. Ni trous
oxi de (N20) has a net chemi cal/photolyt ic loss throughout the strato-
sphere , and the equivalent contribution to the N20 density by the upward
flow is at the rates shown in Fig. 8c.

The reverse of this occurs for water (Fig. 8d) wi th chemical formation
exceedin g losses through the 10-50 kilometer range. Under the conditions
considered , nitri c ac id losses domi nate above 20 kilometers , with a flow
upward and downward from the 10—20 ki lometer region where there is
excess formation , as indi cated in Fig. 8e.

The results presented in Figs . Ba through 8e are exploratory and pre-
limi nary .

9
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COMPARISON OF MEASUREMENTS AND CALCULATIONS

Resul ts of some of the experimental measurements on STRATCOM VI repor ted
in [3] have been plotted on the graphs of calcul ated par t ic le  densi ti es
and mixi ng ratios . These include ozone (Fi gs . 4c and 5c), nitrous oxi de
(Figs. 4g and 5g), carbon monoxide (Figs. 4j and 5j) and methane
(Figs. 4k and 5k). It should be noted that since the mode l uses mean
values as in puts , the results  are p lotted as smooth curves . The actual
stratosphere can have sharp variations of a parameter over a small
a l t i t u de i nterval , and an equ iva len t  plot of measure d a l t i tude depen dence
could be a jagged l ine .

Howeve r, even with t h i s  considera t ion , the relatively good agreement of
the computational results with the measurements for the given season ,
time , la t i tude , and a l t i t ude , gives some de gree of confidence in  the
va l id i t y  of the mode l and , consequently , i n  the other results  calculated .

Similarly, some earl i er results of J. G. Anderson , at the same latitude ,
for the short—lived highly reactive oxygen atoms and hydroxyl radicals
are plotted comparatively in Fi gs. 4a and 4i , respectively. The oxygen
atom results are for November 1974 , 10:30 a.m. [6]. The len gth of the
line i ndicates the experimenta l uncertainty . For the hydroxy l radical
(OH ) , the dotted line is for measurements in Jul y and the solid lines
for January 1976 [7].
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