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The salient features of formulation of one- and two-dimensional models are briefly reviewed. The details of a one
dimensional model developed and the results obtained from this model are presented and discussed. The results obtained
from different two-dimensional mOdels are also discussed.

1 Introduction
The minor neutral constituents of the stratosphere

play an important role in atmospheric phenomena in
the upper atmosphere. For instance, ozone, which has
a total content of only 30 ppmv ofthe atmosphere, is a
key constituent that provides the principal heat ener
gy to thes.tratosphere by strongly absorbing the solar
ultraviolet radiation in the wavelength range 200- 310
nm. The minor constituents are also important{or the
ion-chemistry of the D- and E-regions of the ionos
phere. The variations of atomic oxygen and nitric ox
ide cause changes in electron density distribution in
this region of the atmosphere. The chemical reactions
that determine the neutral composition have longer
time constants, when compared to the ion-chemical
reactions, and therefore, the variations in the ioniza
tion composition of the D- and E-regions are mainly
determined by the variations in the neutral composi
tion.

The chemically active minor constituents are pro
duced in the upper atmosphere from the interaction
of the solar radiation with the atmosphere. The pro
ducts of these photochemical reactions are usually
highly active and give rise to a variety of chemical
reactions in the upper atmosphere, leading eventually
to an equilibrium distribution ofthese minor constitu
ents themselves.

The distribution of the radiatively active minor
constituents, viz. OJ, CH.b H20 etc., determines the
absorption of radiation and the radiation balance at
any altitude in the atmosphere. Thus, the minor con
stituents determine the thermal structure of the at

mosphere and the consequent stability, mainly with
respect to vertical motions of the atmosphere. The
distributions of certain minor constituents which

have sufficiently long chcmicallifetimes will be influ
enced by the dynamical processes caused mainly by
the thermal structure of the atmosphere. As a conse-
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quence of such variations in certain minor constitu
ents, the radiation balance, and hence the thermal
state at any given height, might be altered. The chemi
cal processes are also affected through the tempera
ture-dependent reactions.

It is easy to visualize that all the three main atmos
pheric processes, viz. radiative, chemical and dynam
ical processes that determine the distribution of the
minor constituents in the atmos}Jhere, are strongly
coupled with one another through theminorconstitu
ents themselves. Thus we have, in the upper atmos
phere, a complex photochemical system that ismainly
driven by the solar radiation and is subjected to dy
namical processes.

Ever since the anthropogenic influence on the at
mospheric ozone was suggested by Crutzen I, John
ston2 and Molina and Rowland" interest has been
growing in estimating the short- and long-term var
iations of atmospheric ozone that can be caused by
prescribed scenarios of natural and anthropogenic
emissions of oxides of nitrogen and chlorine, by simu
lation studies. It will be obvious that the atmosphere
cannot be simulated in the laboratory. Also, it is ex
tremely difficult to make such measurements which
can help to understand these atmospheric processes
in detail. Numerical simulation studies are, therefore,
necessary. These studies involve the construction of
models, which take into account all the known physi
cal and chemical processes. These models can then be
used to calculate the composition of the present day
atmosphere. These calculations can be checked
against observations on the present day atmosphere.
The models, thus validated, can be used to calculate
the short-and long-term variations in the composition
of the atmosphere that can arise from a prescribed
scenario of changes in inputs to the atmosphere, such
as radiation flux, emission of pollutants into the at
mosphere, etc.
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Ideally, one has to construct and use three-dimen
sional models for simulation studies of the type men
tioned above. But, these are not yet attempted in any
significant measure. One- and two-dimensional mod
els have been developed and used somewhat extens
ively. The purpose of this paper is to make a brief re
view of the one- and two-dimensional models of the
atmospheric minor constituents, and of the results
obtained from these models.

2 Model Formulation
The temporal variation in the number density, ni, of

the ith species in a given volume element of the atmos
phere, is given by

... (1)

where thefirst two terms on theR.H.S. ofEq. (1) rep
resent the production and loss from all sourl;;es and
sinks, and the last term represents the net transport of
the ith species. All models useEq. (1)to determine the
distributions of the different atmospheric species, but
differ in the formulation of the different terms.

The production and loss terms are evaluated, con
sidering all the relevant chemical and photochemical
processes. However, on considerations of computa
tional fastness and economy, certain chemical reac
tions that are considerably less important in an alti
tude range and time under consideration, can be neg
lected in the evaluation of the production and loss
terms. One-dimensional (1-0) models which are
computationally much faster as compared to the two
dimensional models, can generally use more compre
hensive chemical schemes for the evaluation of the
production and loss terms. Recently, there has been a
tendency to use more comprehensive chemical
schemes in 2-D models as well.

A complete discussion of the physical and chemical
processes that have to be considered for the evalua
tion of the chemical and transport terms in Eq: (1) is
beyond the scope of this paper. However, for the sake
of completeness, we will briefly discuss, in the follow
ing sections, the salient features of photochemistry
and transport processes that are relevant for modell
mg.

2.1 Photochemistry
The first quantitative theory of upper atmospheric

photochemistry was developed byChapman4, mainly
to explain the observed ozone distribution, and it con
sidered a pure oxygen atmosphere interacting with
the solar ultraviolet radiation. This simple photo
chemical theory of Chapman, complemented in the
succeeding years with considerations of transport on
Iy,was reasonably successful in determining the gross
features of the odd oxygen distribution in the upper

atmosphere. However, after careful determination of
the rate constants of some of the reactions, it became
clear that it is necessary to consider additional loss
mechanisms for ozone. Bates and Nicolet5 proposed
a catalytic loss for ozone in the mesosphere by the hy
droxyl radical (OH). Hunt6 calculated ozonedistribu
tion in an oxygen-hydrogen atmosphere including ca
talytic loss reactions for ozone by the hydrogen ox
ides, OHand H02• Laboratory measurements subse
quent to the work.of Hunt6 showed that the actual
reaction rate, for the reactionofH02 with 03, fsabout
an order of magnitude smaller than the one that was
used by Hunt in his calculations. It was, therefore, re
cognized that catalytic reactions by the oxides of hy
drogen, although important, cannot completely ex
plain the observed ozone distribution. Crutzen Ipro
posed thatthe oxides of nitrogen are important for the
ozone budget and hence the photochemistry of the
upper atmosphere. Model studies incorporating the
catalytic reactions involving the oxides of nitrogen
showed that volume mixing ratios ofNOr(NO + N02)

of 1 to 10 ppbv, at altitudes 10-40 km are necessary
for explaining the observed ozone distribution below
40 km. Measurements of N02 by Mckerman and
Muller7 and of NO by Ackerman et a/.R confirmed the
existence of these gases in the required concentr
ations at stratospheric heights. In the last decade or
so, interest has also been focussed on the importance
of certain chlorine compounds, especially the chlor
ofluorocarbons, at stratospheric heights. These gases
have long residence time in the troposphere, are in
soluble in water and are relatively less reactive, and
therefore, can slowly be transported into the stratos
phere. In the stratosphere, they are photodecom
posed by the solar UV radiation, and atomic chlorine
(CI) is released. This atomic chlorine combines with
ozone to form chlorine oxide (CIa) and molecular
oxygen~The CIO thus formed combines with atomic
oxygen to reform atomic chlorine besides molecular
oxygen. Thus, the photodissociation products of the
chlorine compounds, viz., CI and CIa participate in a
catalytic destruction of odd oxygen in the stratos
phere. It is now believed that these catalytic reactions
are very importanno determine the ozone budget in
the stratosphere as pointed out by different
workers\~-15.

Methane (CH4) reacts with CI to form Hel, which
has a long chemical lifetime. This particular reaction
of CH4 removes the chemically active chlorine to
form a relatively very long lived HCI, thereby damp
ening the catalytic loss of ozone by CI and CIO. Me
thane is mainly lost in the stratosphere through its
reaction with OH and subsequent successive oxida
tion reactions to prodoce water vapour. Howev~r, be
cause of its effect on reducing the catalytic loss of
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2.4 The Transport Term
The main difference in I-D and 2-D models lies in

the formulation of the transport term. The 1-D mod
els represent globally averaged altitude distributions
and consider transport only in the vertical direction.
The transport term in Eq. (1) can then be approximat
ed as

where 0,\(02) and 0.\(03) are the absorption cross
sections of O2 and 03' respectively, at wavelength A;

n(02)and n(03) are the concentrations of02 and 03'
respectively, at the altitude z; and H(02rand H(03)
are the scale heights of02 and 03' respectively, at the
altitude,Z.

The calculation of the photo dissociation rates of
NO is somewhat difficult. Absorption of NO occurs
in the pre dissociated bands which overlap the SR
bands of 02' The photodissociation rates of NO are
thus dependent on the details of the overlap of these
two band systems. Cieslik and Nicolet27 have made a
detailed study of the photodissociation of NO and
their estimates of photodissociation coefficients of
NO can be adopted for modelling studies.

ozone by the chlorine compounds, reactions involv
ing methane and its oxidation products are also im
portant for stratospheric modelling.

The complete set of chemical and photochemical
reactions that need to be considcred for modelling the
middle atmospheric minor constituents is given by
Crutzen et al.lf> The necessary data on the reaction
rate constants, solar spectral irradiance, photoab
sorption cross-sections, etc. were compiled by Desh
pande and Mitral7 and more recently in WMO report
No. ]6 (Ref. 18).

2.2 Solar Radiation

Solar radiation in the wavelength range
100 nm < A < 320 nm and its absorption by the at
mosphore is important for the structure of the atmos
phere. In the recent past therc has been a substantial
increase in our knowledge of the 100-320 nm solar
spectral irradiance. This has been the result of the re
cent analyses of data from both the SBUV instru
ments on the NIMBUS- 7 satellite and the SME satel

lite as reported by different workersllJ-2f>. The WMO
report No. 16 (Ref. 18) gives a reference solar spec
trum, which is recommended for upper atmospheric
modelling.

2.3 Photodissociation Rates

Photodissociation rates for all the compounds with
the exception of NO arc calculated in the usual way
from

V. ,pi = a,p,!az

where

... (5)

... (7)

... (6)

... (8)

which can also be expressed as

,pi = - K,. n(M) . af1,1az

where n(M) is thc air density. and f1i is the volume mix
ing ratio of the ith constituent.

In the actual model calculations, a set of equations
of the type of Eq. (1),wherein the transport term is re
placed by using Eqs (5)and (6)or, Eqs (5)and (8), are

where DiN) is the mutual diffusion coefficient be
tween the lih constituent and molecular nitrogen, K,
the vertical eddy diffusion coefficient, T the atmos
pheric temperature, and Hi and Ha are the scale
heights of the ith com:tituent and the mixed air, re
spectively.

Ifoneis interested only in the region below the turb
opause (say, for example, stratosphere), where the
diffusive process is mainly by eddy diffusion, then Eq.
(6) can be approxima tcd as

[ (loT .,) ]
,p= -K- an/az+ -. -+- .n

I • I T az H" I

... (3)

... (4)

... (2)

which can be approximated as

r= [0).(02), n(02)' H(02)

+ 0;(01), n(O,). H(03)]' sec (X)

J(X)='L I; .0,\(X).exp(-r).dA

where

I; The flux incident at the top of the atmosphere

o,\(X) The absorption cross-section ofthe species X
at wavelength A in an interval dA

r The optical depth factor of the radiation at wave
length A

For calulating the optical depth factor in the above
expression, it is assumed that molecular oxygen and
ozone are the sole absorbers of radiation. Then the
optical dcpth factor is given by

r= [0)J02)' L" n(02)' dz+ 0)(03)

x L" n(03)' dZ] • see (X)
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written separately for each of the species. The result
ing set of equations is solved simultaneously using nu
merical methods.

2.5 Eddy Diffusion Coefficients

The transport formulation in 1-D models through
the use of the eddy diffusion coefficient, Kz, is purely
empirical. It does not utilize observed atmospheric
motions directly, but is rather based on the observ
ations of the temporal and spatial distributions of se
lected tracers. The eddy diffusion coefficient is esti
mated linking it to the mixing length and velocity of
turbulent motions which are derived from the ob
served temporal and spatial variations of tracersZR- 30.

Reed and German3l used published heat flux data to
obtain a set of eddy diffusion coefficients for the lower
stratosphere. Using the same approach and relating
the eddy transport to average fields of meteorological
quantities like wind variations and potential tempera
ture, EbePz has developed eddy diffusion models for
the upper stratospheric, mesospheric and lower ther
mospheric heights.

In the treatment of vertical motions through the
vertical eddy diffusion coefficient, it is usually as·
sumed that the value of Kz is a function of only mo
tions and remains independent of both the details of
the tracer field and the specific structure of tracer
sources and sinks. Generally, a single Kz profile is
chosen to represent the transport of all the species in
the atmosphere. Howover, it is now recognized that it
may not be possible to find a Kz profile that adequate
ly fits atmospheric data for all the long-lived tracers
such as N Z 0, CH4 and 03 at the same time33.Using a
separate Kz for each species, it would be possible to fit
any observational data to the model calculations
without necessarily representing any physical aspect
of the atmosphere. It looks unreasonable to consider
different values of Kz for different species, unless a
physically well-defined basis is established for the
same. However, some dynamically-based parame
trizations have recently been proposed for Kz by Hol
ton34and Mahlman et al.35These treatments, in which
Kz depends on the species and their chemical gra
dients, appear to be promising and need to be fully de
veloped and exploited.

3 One-Dimensional Models
The 1-D models represent the globally and annual

ly averaged atmosphere because all horizontal mo
tionsare inherently averaged out by the vertical eddy
diffusion representation of transport. Yet, in a sense,
these models purport to represent a specific time of
the year appropriate to the average solar zenith angle
that has been considered in the model calculations.

The 1-D models can be coupled to 1-D radiative

models, so that the changes in radiatively active con
stituents like ozone are fed back to determine changes
in temperature structure. The 1-D models with such a
feedback can account for global climatic effects re
sulting from changes in radiatively active trace spe
Cies.

A feedback which cannot be incorporated into a
1-D model is that due to dynamical changes that oc
cur when variations in radiatively active species,
mainly ozone, modify the net heating rate causing
changes in transport.

Despite these shortcomings, 1-D models still re
main the principal tool to evaluate possible pertu~b
ations' of minor constituents, mainly ozone, although
2-D models are increasingly being used.

3.1 Computational Technique of a I-D Model

A time-dependent one-dimensional model for the
minor constituents in the mesosphere and lower ther
mosphere has been developed by us. The details of
this model will be published separately. The model
calculates the vertical distributions of the odd oxygen
(03P, OlD and 03), the odd hydrogen (H, OH and
HOZ) and the odd nitrogen(N, NO andNOz)in the al
titude range 60-120 km at intervals of 2 km. These
distributions are determined by obtaining the time
dependent solutions of Eq. (1) in which the transport
term is evaluated using Eq. (5), wherein the flux fj>i is
9btained from Eq. (6). In order to avoid the numerical
stiffness problem, a number of photostationary as
sumptions and a grouping into families of constitu
ents were made. Assuming a set of initial distributions
estimated under photostationary conditions and ap
propriate boundary conditions at the lower and up
per boundaries, the set of continuity equations writ
ten in their difference form for the three chemical

families (the odd oxygen, the odd hydrogen and the
odd nitrogen) was solved simultaneously using an in
tegration time step of 1200 s throughout, except for
two hours at sunset when a smaller time step of 200 s
was used to allow smooth transition from daytime to.
nighttime conditions. At times when the grouping of
the member species into a family is not valid, the fami
ly concept is given up and integration carried out in
dependently for the different members of the family.

Integration was carried out until day-to-day repeat
ability to within one per cent error at all altitudes ana
for all the modelled species, was obtained. After such
a convergence was reached, the model was run for
one more day and the results at noon and midnight
times were taken as representative mean values for
daytime and nighttime conditions, respectively.

A steady-state 1-D model for the stratospheric alti
tudes (16-60 km) was also worke-<iout by us. This
model calculates the distributions of the odd chlorine
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Fig. ~~Altitude distribution of odd hydrogen compounds in the
mesosphere

labelled 9 and 11, The agreement between our model
results for ozone and those based on measurements

can be considered as reasonable, keeping in view the
fact that 1-0 model calculations, at best, represent av
erage conditions in the atmosphere, and some dis
agreement between the model calculations and indi
vidual measurements is to be expected.

Calculated concentrations of odd hydrogen spe
cies arc shown in Fig. :2 along with rocket measure
ments of the hydroxyl radical by Anderson41 and re
sults ofa similar model calculations of atomic hydrog
en reported by Solomon'" for a latitude of 30oN.
Large differences exist hetween atorpie hydrogen
concentrations obtained hy us and Solomon. The rel
ative concentrations of OH and Hac ohtained hy us
arc found to he consistent with theory. The agreement
between our model calculations for OH and the ob

servations of Anderson is satisfactory .
The model results for the odd nitrogen species arc

shown in Fig. 3 which also shows the rocket-horne
measurements of NO hy Meira42 and Tohmatsu and
Iwagami41, The agreement hetween the model results

.',2 \lcsusphl'ril- "'ludel Results and Sume Cumparisuns

The vertical dist ributions of the odd oxygen species
obtained from our time-dependent 1-D model for the
mesosphere and the lower thermosphere arc shown
in Fig. I. For these calculations the vertical eddy diffu
sion coefficient distribution is assumed to be that re

ported by Holton'h. In addition to these results, we
havc plotted in Fig. 1, for comparison, the model re
sults for atomic oxygen oQtained using a diffcrcnt ed
dy diffusion coefficient profile; this profile is based on
the K-models reported by Ebe].12, results for atomic
oxygen reported by Solomon37 (who used similar
model calculations but for a latitude of 300N), and dis
tributions of ozone based on measurements reported
earlier by many workers3H - -10, The vertical distribu

tion of the excited molecular oxygen, 02( I~Jcalcu
lated assuming photochemical equilibrium with
ozone, is also shown in Fig, I.

The influence of the assumed eddy diffusion coeffi
cient profile on the model-calculated distribution of
atomic oxygen is evident from the deviations in curves

(CI, Cia, CION02 and HCI) compounds, in addition

to the odd oxygen, odd hydrogen and odd nitrogen
species, besides the source gases, viz, N 20, H20, and
certain halocarbons and hydrocarbons, The model
calculations are made nearly in the same manner as
for the mesospherie model described above, but by
solving the set of continuity equations simultaneously
for steady-state solutions, Le, by assuming the time
variations as zero [(In/ Jl= 0 in Eq, (I )],

The vertical distributions were determined for a

solar zenith angle of 30° and for solar minimum eon
d itions, The daytime distributions of the ll1esospheric
model and the steady-state distributions of the stra
tospheric model are, therefore, believed to be appro
priate for annual mean of noontime values fol a low
latitude station under solar minimum conditions,
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noontime conditions at a latitude of 11~)and also the
differences in treatments (Crutzen's model calculates
time-dependent solutions while ours calculates for
steady-state conditions).

The calculated height distribution of the odd hy
drogen species, viz. H, OH,HOz and HzOz along with
the results of the I-D model of Crutzen et al.16, are
shown in Fig. 6. Also shown in Fig. 6 are the vertical
distributions of OH obtained by Solomon and Gar
cia45 from a 2-D model, the experimental results of
OH deduced from in situ resonance fluorescence
measurements by Anderson46 and Heaps and
McGee47. The seasonal range of values ofOH deter
mined from another 2-D model developed at the
Goddard Space Flight Centre, USA, and reported in
WMO report No. 16 (Ref. 18) is shown as a hatched
area in Fig. 6. It can be seen thatthe agreement among

3.3 Stratospheric Model Results

The altitude distributions of concentrations of odd
oxygen (O.1p,OlD and 0,), odd hydrogen (H, OH,
HO~ and H~O.J, odd nitrogen (NO, NO~, HNO:" N
and NO:,) and odd chlorine (Cl, CIO, CIONO~ and
HCl) species in the stratosphere (16-60 km) calculat
ed from our steady-state 1-0 model are presented
and discussed in comparison with similar results re
ported earlier.

The results for the odd oxygen species are shown in
Fig. 5 along with the results of a time-dependent 1-0
model calculations reported earlier by Crutzen
et al.16, and measurements of ozone made at Thumba
by Acharya et al.44 The agreement between the results
of our calculations and these earlier results is, in gen
eral, satisfactory. Some differences, however, do exist
between our results for ozone and the model results of

Crutzen et al.16 particularly below the peak of the
ozone layer. This is perhaps due to the variation in lat
itudes considered by the two models (the results of
Crutzen et al.16 are for animal mean daytime condi
tions at 300N and our results are for a solar zenith
angle of 30° which corresponds to an annual mean of

and the measurements can be considered as satisfac
tory, in view of the known variability of NO.

The day-night variations of model-calculated
ozone concentrations at different altitudes are shown
in Fig. 4. It is to be noted that at altitudes below 76 km
thc nighttime concentrations of ozone are higher than
the daytime values. This indicates a gradualconver
sion of atomic oxygen into ozone through the three
hody reaction, 0 + O~+M -+ 0:" at night in the abs
ence of photolysis of 0,.

1061 _
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Fig. 4- Diurnal variation of ozone
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Fig. 6-Altitude distribution of the odd hydrogen species in the
stratosphere [-, Present work; - --, I-D model resultsofCrut
zen eta[,l6; - ••• - ••• -. 2-D model results for OHfrom Solomon
and Garcia45; ° ° 0, In situ resonance fluorescence measurements

ofOH by Anderson46; 000, In situ resonance fluorescence mea
surements of OH by Heaps aad McGee4 7; the hatched region is the
seasonal range of values of OH determined from a 2-D model of

GSFC(USA).]
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oxides of nitrogen with the model results shows only a
general agreement with some systematic deviations at
all altitudes.

The model results for the distribution of the odd

chlorine compounds. viz. Cl. CIO. CION02 and HCl
along with the 1-0 model results ofCrutzen eta/.11l are
shown in Fig. 8. Although there is reasonable agree
ment, systematic differences do exist. The height re
gion where the chlorine compounds are significant
can he seen to he below 45 km. In situ resonance fluor

escence measurements of midday CIO were made by
Weinstock et al.-1~ and Brune et a/.-1Y After omitting a
few profiles that showed anomalously high mixing ra
tios. the averages. of the ahove two sets of measure
ments were reported in the WMO report No. 16 (Ref.
18). We plotted these two results also in Fig. 8. The
measured values are somewhat higher than the mo
delled values, particularly. above 30 km. The mea
surements of CION02 made by Murcray et a1.511 and
Rinsland el a/.5\ are also shown in Fig. 8. These are
consistently higher than the modelled results. It is to
he noted that ClON02 is an important reservoir spe
cies, which reduces the efficiency of catalytic destruc
tion of ozone hy both the oxides of chlorine and ni
trogen.

The height distributions of methane and its oxida
tion products, determined from our model, are shown
in Fig. 9. along with the 1-0 model calculations of me
thane reported hy Crutzen el a/.lf> The model results
for the height distribution of the halocarbons, Cel4,

CH,CI, CFCI, and CF2Cl2 are shown in Fig. 10 along
with the 1-0 model results of Crutzen et al.11l

~ )0
.....".I~
S. ..., I J.O'
.. -,

ODO NI"~o<;[N

the results of different model calculations as well as

with the experimental results is generally satisfactory,
The model-calculated distribution for odd nitrog

en species along with the distribution of the source
gas, N20, is shown in Fig. 7. Also shown in Fig, 7 are
the results of the 1-0 model calculations ofCrutzen et

a/.11l Although there is a general agreement between
the distributions derived from the two models, devi
ations, although not excessive, do exist. The devi
ations in NO are particularly important, because,
several chemical reactions that determinc the equilib
rium concentrations of almost all the minor constitu

ents are sensitively coupled through NO and any er
ror in the model-derived values of NO will cause er

rors in all the other calculations. It is important to nOte
here that when models are used to assess perturb
ations to the stratospheric ozone, it is necessary to si
mulate accurately the response of ozone to changes in
oxides of nitrogen. It was found that large differences
in model estimates of NO,(NO + N02 + N + NO;
+ HNO, + 2. N20,.) arise mainly from differences
in the treatment of penetration of UV radiation
through the SR bands of O2 (Ref. 18).Beeause one of
the important applications to which both 1-0 and
2-0 models are put to is to assess perturbations of
stratospheric ozone arising from given increases in
chlorine compounds there, and because of the strong
implication of any errorin the model estimates of NO,
on such an assessment, accurate formulation of radia~
tive schemes in the UV is essential for both 1-0 and
2-0 photochcmical models.

For comparison, we have plotted in Fig. 7 the best
estimates of NO, N02 and HNOj made from several
measurements using rockets and balloons in the alti
tude range 16-60 km, at latitudes between 32°N and
400N,asreportedinthe WMOreportNo. 16 (Ref. 18).
A comparison of these experimental estimates of the

"
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Fig. 7- Altitude distribution of odd nitrogen species and N,0 in
the stratosphere!-, Present work; -'- -, 1-0 model results of
Crutzen eta/.I"; 000, Best estimates of NO, at 32°N from non-sa
tellite techniques; 000, Best estimates of NO at 32-40oN from all
techniques; D D D, Best estimateofHNO, at 32°N from several ob-

servations]
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Fig, 9-Altitude distribution of the carbon species in the stratos
phere

Fig, 10-Altitudedistribution oihalocarbons in the stratosphere

4 Two-Dimensional Models
As mentioned earlier, the diffusive treatment of the

transport in I-D models is somewhat arbitrary. Fur
ther, it is difficult to evaluate accurately the global av
erages for the production and loss terms in the contin
uity Eq. (1 ). Also, latitudinal variation cannot be si
mulated in a I-D model. The measured latitudinal
distribution of ozone column and some tracers like

N20 indicate the vital role of meridional motions in
determining the distributions ofthese gases. The 2-D
models can include this transport, while I-D models
cannot.

Recent model calculations of global depletion of
ozone arising from prescribed enhancements in con
centratitms of chlorine compounds (Cl and CIO)
show that 2-D models predict larger values of this
quantity than those predicted by the I-D models. Al
so, 2-D models predict strong latitudinal gradients of
ozone reductions with larger ozone reductions at
temperate and polar latitudes than those found by
I-D models. Recently, large scale spring-time deple
tion of ozone observed at polar zones indicates the

advantage of using 2-D models. For ceritlin estimates
to be made and for testing certain complex chemistry
schemes, I-D models can, however, be used because
of the computational ease.

As mentioned earlier, the main difference between
I-D and 2-D models lies in the formulation of the
transport term in the continuity equation [Eq. (1 )].

Taking y and z as the meridional and vertical
coordinates, the continuity equation for the zonal
mean of a tracer gas of volume mixing ratio Jl can be
written from Eq. (1) as

ail/at = P- L- [v(ail/ay) + W{aillaz)

+(1/ cos 1» a( v' Jl' cos 1»/ ay

+ llln(M)}. aln(M). W'Jlvaz]

where v, ware the meridional and vertical velocity
components, ay= a. a1>,a being the ra,dius of the
earth, 1> the latitude, n(M) the air density, and Pand L
are the total production and loss of the species from
all sources and sinks. In F'-q.(9) the parameters with
bars over them represent a zonal average, and par
ameters with primes represent departures therefrom,
and the local value of any parameter is given by the
~um of the zonal average and the departures. For ex
ample, for the parameter Jl, the zonal average is given
by

[2"
(il)=(lI2Jl) (Jl). dA

o

where A is the longitude. The local value Jl is then giv
en by

... (10)

In terms of the parameters with bars and primes, Eq.
(9) can be rewritten as

ail _ ail _ ail-+V'-+W
at ay az

= _ 1 a u __

cos 1> ay (v' Jl' . cos 1»

1 a -
---{n(M). w' Jl'}+P-L

n(M) az

In Eq. (11), the transport terms on the left hand side
represent advection by a zonal mean circulation and
those on the right hand side contain departures from
the zonal mean, which are usually referred to as 'ed
dies'. These eddies arise from wave-type disturb
ances in the atmosphere. The treatment of these ed
dies and their proper interpretation are central to the
problem of 2-D modelling.
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'" (13)

... (17)

I
,

t .•

... (14)

... (15)

... (16)

1 0 - -
wR = w+---(v' ()'.cos ~/()z)

cos ~ oy

__ 1 ;l
VR = v- U

n(M) . OZ {n(M) . v' ()' / OJ

and do not behave like turbulence 56- 59.Consequent
1y,the assumptions of Reed and German3! regarding
the conservative nature of tracer, the straight line par
cel trajectories and the sloping mixing surfaces were
all criticized57.60. Subsequent analytical studies of
transport in the middle atmosphere resulted in a bet
ter understanding of the relationship between the
mean circulation and eddies and a reassessment of

Reed and German's work3!. Andrews and Mclntyre6!
pointed to the desirability of using a Lagrangian
procedure, in which averages were taken following
the trajectories of air parcels, rather than around fixed
latitude circles as is done in the Eulerian formul

ations. But, because of practical problems of using a
Lagrangian procedure62, alternate Eulerian mean
models which retained some of the positive attributes
of the Lagrangian mean theory were developed.
These are called the transformed Eulerian Models,
and can be broadly classified into two types, viz. the
residual mean circulation models developed by many
workers 57.63- 68and which use pressure as the vertical
coordinate; and the formulation in isentropic coordi
nates developed by Mahlman et al.69 and Tung70.The
latter models use the potential temperature as the ver
tical coordinate. Both the formulations have the com
mon feature that for steady and nondissipative small
amplitude waves, the mean circulation reduces to the
Lagrangian mean circulation.

In the residual mean formulation, the advective
transport by the steady adiabatic waves is subtracted
from the mean velocities and the residual circulation
is defined in terms of two parameters denoted as vR

and wR, which are given by

In terms of the residual mean circulation parame
ters vR and wR, defined as above, the thermodynamic
and continuity equations, after making some approx
imations, can respectively be written as

1 0 1 0
--. -(vR·cos ¢)+---{n(M). wRl=O
cos ~ oy n(M) oz

It should be noted that the above equations do not
contain any eddy terms. Next, the tracer equation in

Prabhakara was able to derive the global distribution
of ozone that matched observations. But, with the
subsequent observation of counter-gradient horizon
tal fluxes in the lower stratosphere by Newell53,
Prabhakara's treatment of eddies as a Fickian diffu
sion was questioned, because in a Fickian diffusion
(turbulence-type motions)the fluxes must be down
gradient only. Motivated to find a solution for this
puzzle, Reed and German31 developed the K-theory
to include counter-gradient fluxes. Assuming the par
cel trajectories to be straight lines inclined to the mean
isentropies, Reed and German31 showed that the
fluxes of a quasi~conservative tracer are determined
by a symmetric K-tensor given by

v'. fl'= - K\. oji/oy; w' fl'= - K~. oji/oz

... (12)

A full discussion of the evolution of 2-D models is

beyond the scope of this paper. We briefly present the
important phases of 2-D model development, ~hich
indicate advances in our understanding of the trans
port processes and their formulation in a 2-D frame
work. Further information in this regard can be had
from the WMO report No. 16 (Ref. 18), and the var
ious references therein.

Prabhakara52 was the first to model the eddies in a
2-D framework. He considered the eddies as a Fick

ian diffusion given by

( v',' fl',) == _ (KIT Kvz). (o~;ay)W . fl Kyz Kzz Ofl/OZ

and then the flux would be diffusive.

The thermodynamic and momentum equations
have to be solved for the determination of a tracer dis

tribution. These equations contain the respective ed
dy fluxes, which need to be evaluated first. Heat flux,
being a strictly conserved quantity, the eddy heat flux
can be calculated using the K-tensor given in Eq. (13).
Eddy momentum fluxes cannot be calculated using
the K-tensor, because momentum is not a strictly con
served quantity. To circumvent this problem Rao
Vupputuri54 related the momentum fluxes to the ob
served vertical wind variations. Using the eddy mo
mentum fluxes, so deduced, the momentum equation
was solved. Using satellite data, Harwood and Pyle55
derived horizontal eddy momentum fluxes, which are
used to solve the momentum equation.

Models of the type mentioned above are referred to
as classical Eulerian models. These models were suc

cessful in providing realistic stratospheric fields of
constituent mixing ratios, etc. Subsequently, it has be
come known that the large-scale atmospheric waves
in the middle atmosphere possess coherent structures
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the absence of diffusion or transience, and consider

ing the tracer as chemically inert, takes a very simple
form as

.. , (I8)

The formulation in isentropic coordinates adopts
the potential temperature as the vertical coordinate.
The vertical velocity is proportional to the diabatic
heating and the zonal mean circulation is a c1oseap
proximation of the diabatic circultion. This formul
tion offers some conceptual advantages over the re
sidual mean formulation for tracer modelling.

It must be emphasized that the residual and diabat
ic circulations are only approximate, although good
approximations in the stratosphere, and some eddy
transport must be included to account for the irrever
sible processes like transience, dissipation, etc. For
instance, Holton67 considered eddy forcing in the
thermodynamic equation and Garcia and Solomonox
considered eddy terms in both the thermodynamic
and momentum equations.

4.1 Discussion on 2-D Model Results and Some Comparisons
with Observations

An excellent overview of the results obtained from

2-D models and their comparison with observations
as well as with themselves was compiled in the WMO
report No. 16 (Ref. 18). The salient points are sum
marized here.

With regard to the simulation of long-lived tracers,
the so called sOHrcegases, 2-D models fall roughly in
to two general classes, viz. those in which advection
and diffusion play nearly equal roles (these models
use relatively large eddy diffusion coefficients); and
those in which advection dominates over diffusion

(these models use eddy diffusion coefficients which
are about an order of magnitude smaller than those
used in the former models). The source gases have
their sources in the troposphere and are injected into
the stratosphere, mainly at the tropics, through the as
cending air parcels there. As these parcels move pole
war js, destruction by photolysis occurs in the stratos
phere and the concentrations become lower. At the
poles, where the air descends, the mixing ratios are
lower than those in the tropics, and the isolines des
cent to lower altitudes at the poles. Obviously, in
models that use higher eddy diffusion coefficients,
horizontal mixing is more efficient and the isolines are
flatter than in those models which use smaller eddy
diffusion coefficient values. The results for all the

source gases obtained from different 2-D models re
veal this general feature.

The main odd oxygen species in the stratosphere is

ozone. The important features of the observed ozone
distribution are: (i) low equatorial abundances, (ii) an
increase towards high latitudes, and (iii) a strong sea
sonal variation at mid- and high-latitudes (50-60°),
with the concentration being maximum in spring and
minimum in autumn. In general, the results obtained
from models using high eddy diffusion coefficient va
lues (classical Eulerian models) underestimate the la
titudinal contrast and overestimate the ozone column

at equatorial latitudes. The diabatic and residual cir
culation models reflect the lower abundances at equa
toriallatitudes well. These models show larger latit
udinal gradients and sometimes the calculated abun
dances at high latitudes are too high.

An intercomparison of models results for ozone
distribution show considerable differences. These

are believed to arise from the differences in the adopt
ed values of diabatic heating rates and diffusion coef
ficients. The differences between results from differ

eI]t models are significant in the lower stratosphere,
which happens to be a dynamically controlled region.

The results for the odd hydrogen species obtained
from different models show morphological features
which are similar. The salient features arc: a broad

peak in the altitude range 40-45 km, a saddle-shaped
minimum near the tropopause and a steep gradient
towards the winter pole. While thcre is an agreement
betwecn modelled results of OH with observations,

the agreement is not so good in respect of H02·and
H202• It is to be mentioned that measurements of
H02 are rather limited. The observed deviations are,
therefore, to be taken with some care. But, if these dif

ferences were to be real, they imply a problem with
our understanding of the photochemistry and hence
the partitioning of the HO, family, in view of the
agreement between the observations of OH and the
model results.

The modelled total odd nitrogen is crucial to the
ozone balance and, therefore, for the evaluation of
possible future changes in ozone column. Odd nitrog
en (NO,,) is a very long-lived species, and its horizon
tal g~adient depends sensitively on the relative roles
of horizontal mixing and advection, considered in the

total transport. A comparison of modelled Nay re
sults obtained by Gray and Pyle 71 using a classical Eu
lerian model, with those obtained by Ko et al.72 who
used an advection dominated residual circulation

model, demonstrates this aspect. The results of Nay
obtained by Ko et af. 72, showed much steeper slope in
latitude than do the results of Gray and Pyle7!, as
pointed out in the WMO report No. 16 (Ref. 18).

A comparison of altitude distributions of NO y for
tropical, mid-and high-latitudes obtained from sever
a12- D models shows marked differences, particularly
above 40 km. This is found to be mainly attributable
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