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Diagnostic analysis of two-dimensional monthly average ozone balance 
with Chapman chemistry 
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A~~a~~~prnan chemistry has been used in a two-dimensional model to simulate ozone balance 
phenomenology. The similarity between regions of ozone production and loss calculated using Chapman 
chemistry and those computed using LIMS and SAMS data x&h a photo~hemica~ ~qu~l~b~urn model 
indicate that such simplified chemistry is useful in studying gross features in stratospheric ozone bakdnce. 
Net ozone production or loss rates are brought about by departures from the photochemical equilibrium 
(PCE) condition, If transport drives ozone above its PCE condition, then photochemical loss dominates 
production. If transport drives ozone below its PCE condition, then photochemical production dominates 
loss. Gross features of ozone loss/production (L/P) inferred for the real atmosphere from data are also 
simulated using only eddy diffusion. This indicates that one must be careful in assigning a transport scheme 
for a two-dimensional model that mimics only behavior of the observed ozone L/P. 

INTRODUCTION photochemical equilibrium is expected. The quantity 

In a previous paper (JACKMAN et al., 1986) the strato- 
of interest in the continuity equation for ozone (or, 

spheric ozone balance was assessed from LTMS and 
more precisely, odd oxygen, which is equal to 

SAMS data using a photochemical equilibrium (PCE) 
o~+o(~~)+o(~~) in an oxygen only atmosphere) is 

P- L. Because both P and L are growing rapidly with 
model for stratospheric chemistry. The results con- 
firmed the upper stratospheric problem in which 

height into the upper stratosphere, P-L. may also 

models tend to calculate less ozone than is seen by 
grow rapidly if there is any imbalance in its calculation 
f rom data, due to inaccuracies in the data themselves 

measurements (see also FREDERICK et al., 1984 ; 
CRUTZEN and SCHMAILZL, 1983 ; other references in 

or any of the photochemical parameters involved in 

JACKMAN et al., 1986). This was manifested by a 
its calculation. In order to alleviate this problem and 

calculated loss term in excess of production by some 
attempt to interpret the calculated production and 
loss rates in the middle and lower stratosphere, a 

4060%. The uncertainties in the calculation were a 
factor of 1.7, thus the ozone imbalance was within the 

two-dimensional model was used which included only 

uncertainties. Due to the complexity of the chemistry 
minimal chemistry. 

in the upper stratosphere it was not possible to isolate 
A key factor in understanding derived production- 

minus-loss curves is the realization that the sign of 
the cause of this substantial imbalance. 

One persistent feature of the middle stratospheric 
P-L is determined by whether the ozone at a par- 
titular point at a particular time is above or below 

ozone balance as determined from measurements was the photochemical concentration for the conditions at 
a minimum in the ratio toss/production (UP) of about that point and time. To carry out an analysis of the 
0.2 which was centered just above 100 mbar, with reasons for departure from photochemical equi- 
values less than 1 (indicating an excess of production librium at any time it is necessary to use a model for 
over loss) extending from about 10 mbar downward which a photochemical equilibrium calculation can be 
to about 200 mbar. The latitudinal extent of this net made which is consistent with the calculation using 
production region was approximately +_40”, with a the full continuity equation. 
clear seasonal shift following the changing zenith We used the 2D model of GUTHRIE et ai. (1984) 
angle of the sun. with only the Chapman mechanism of pure oxygen 

Detailed interpretation of these data is difficult chemistry included (shown in Table I}. This simple 
because of the size of the calculated upper strato- chemistry has the virtue of a readily defined photo- 
spheric imbalance, which was found to occur where chemical equiiib~um which does not require the 
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Table 1. Reactions and their rates* 

Number Reaction Rate coefficient 
._. ..~._..~ 

(RI) o2 -I- hv -+ 0 t 0 J, < 242 nm 

(W 0,Chv -+ Oz+O(‘lq Jz < 310 nm 
(R3) Ol+hv--+O~+O J,< 1140nm 
(R4) o+o~-to~+o~ k, = 8.0(- 12) exp (-206O/T)4 
(W 0+0,+iM-+O,+M k, see JPL-85 37 
W) o(‘n)to~-+0+02 k,, = 3.2( - I I) exp (67/T) 
(R7) O(‘n)-r-N2 -+ O+N, k,= 1.8(-ll) exp (107/T) 

*Rates correspond to those recommended in DEM~KE PI al. (1985) 
[herein designated JPL-85-371. 

fSpin conservation is not violated 
rapidly. 

j&O{-12)means8.0x 10 “. 

transport of some other species to act as a source 

of catalytically active radicals. Also, the Chapman 
chemistry contains all of the essential feedbacks which 

exist because of the competition between O2 and 0, for 
ultraviolet photons. Thus, the so-called self-healing 

process is explicitly included. 
Although Chapman chemistry leads to an over- 

estimate of stratospheric ozone because of the neglect 
of H-, N- and Cl-catalyzed reactions leading to 

destruction of ozone, it is similar to the more complete 
chemistry. Like the more complete chemistry, the 
Chapman chemistry is not expected to be in PCE in 

the lower stratosphere, while in the upper strato- 
sphere, where chemistry is fast, ozone production and 
loss should be in PCE. 

OZONE PRODUCTION AND LOSS RATE 

CALCL’LATION AND COMPARISON 

We first discuss the computation of production and 
loss rates of ozone using Nimbus 7 Limb Infrared 
Monitor of the Stratosphere (LIMS) (REMSBERG et 

d., 1984; RUSSELL et al., 1984a,b; GILLI: et uE., 

1984a,b) and Nimbus 7 Stratospheric and Meso- 
spheric Sounder (SAMS) (JONES and PYLE, 1984) data. 
These calculations have been described in detail 

in our previous paper (JACKMAN et d., 1986). Briefly, 
the LIMS data set included 7 months of nearly 
global data for temperature, O,, NO,, HNO, and 
H,O. Methane was taken from the monthly average 
SAMS data set above 20 mb and from the 2D model 
computation of GUTHRIE and JACKMAN (1984) for 
altitudes below 20 mb. These two separate CH, data 
sets merge fairly smoothly with each other. 

From these, quantities such as the diurnally avcr- 
aged concentrations of O(‘P), O(‘D), N, NO, H, OH, 
HO,, tIzOz, NO,, N,05, HO*NO, and others were 

O?('A) is assumed to quench to O2 

MARCH 
4 
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Fig. I. Ozone loss/production (L/P) using LIMS and SAMS 
data in a two-dimensional monthly average photochemical 
equilibrium calculation for March (From fig. 12c, JACKMAN 

Cl al., 1986). 

derived under photo~hemical equilibrium assump- 

tions. In these calculations the total amount of chlor- 
ine was taken from a 2D model calculation which used 
ff uorocarbons I I and 12 as surrogates for all chlorine 

sources and was normalized to give the best fit to the 
Cl0 measurements of MENZIES (1979) and ANDERSON 
and coworkers (ANDERSON et al., 1980; WEINSTOCK 

et al., 1983; BRUNE et al., 1985). Figure I shows the 
loss/production (L/I’) calculated in this manner by 
JACKMAN et al. (1986) for March 1979. Similar plots 
were given in that paper for other months. 

Next, we use a simplified model calculation to simu- 
late the observed atmosphere. We will investigate : (1) 
whether or not models will show the ~hara~te~stic 
ozone production region in the lower stratosphere and 
(2) what factors this production region is dependent 
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Fig. 2. Ozone ~oss~producti~~n (L/P) from a Tao-dimensional 
perpetual March with transport calculation using only Chap- 

man chemistry. 
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Fig. 3. Ozone production ~ loss (P- L) from a two-dimen- 
sional pcrpctual March with transport calculation using only 
Chapman chemistry. Negative regions are indicated by 
dashed contours. Heavy curve indicates peak of ozone dis- 

tribution in a photochemical equilibrium condition. 

upon. Figure 2 shows the calculated loss divided 
by production for the two-dimensional model of 

GUTHRIE et al. (1984) using only Chapman chemistry. 
These calculations arc steady-state for perpetual 
March conditions. A notable feature of the calculation 
is the minimum in L/P, which reaches values less than 
0.2 and is located in the same region as the minimum 
derived from the data. Figure 3 displays this infor- 
mation as P-L, thus illustrating the extension of the 
production region into the upper stratosphere at mid 
to high latitudes. 

Table 2. Equatorial lifetime for destruction of ozone from 
the more complete chemistry model described in JACKMAN 

ef ul. (1986) and the Chapman chemistry model 

Approximate Full Chapman 
Pressure height chemistry chemistry 
(mbar) (km) (days) (days) 

2 43 0.5 0.6 
5 36 4 5 

IO 31 20 25 
20 26 100 160 
50 20 900 2500 

This production region is located along the zone 

separating the photochemically dominated region and 
the dynamically dominated region and has been con- 
sidered by many to be the principal region for net 

ozone production. Note that P does not exactly equal 
L in all of the photochcmi~lly dominated region. 

Both P and L have values close to 1 x IO’ cm ’ s ’ 
near 2 mbar at low latitudes. The quantity P-L, 
shown in Fig. 3, has a value between -I and 

-5x104cm ‘s ’ near 2 mbar at low latitudes and 

thus is a very small residual of the competing pro- 

duction and loss terms. WC are able to examine these 

small residual regions only in our idealized model 
calculation. In order to determine the relative import- 

ance of ozone production in the transition region (the 

region between the photochcmically and dynamically 
dominated regions) and production in the equatorial 

lower stratosphere, a detailed understanding of the 
determining factors for net production or loss is 
required. 

The nature of this transition region in both the 

more complete chemistry of JACKMAN et ul. (1986) 
and the Chapman chemistry atmospheres is shown in 

Table 2. The equatorial ozone lifetimes for destruction 
are given at several altitudes. In particular, it is clear 

that in both casts PCE should be obeyed to a good 
approximation in the upper stratosphere for a zonally 

averaged model, where the ozone lifetime is shorter 
than a few days. In the lower stratosphere ncithcr 

model should be in PCE, as p~lotochemical time con- 
stants arc much greater than a day. Both the more 

complete chemistry of JACKMAN et al. (1986) and the 
Chapman chemistry atmospheres have very similar 
ozone lifetimes at IO mbar and above and qualitatively 
similar ozone lifetimes below IO mbar. 

The starting point for analysis of P-L diagrams is 

photochemical equilibrium. If P-L is zero then the 
ozone concentration will be equal to its photochemical 
equilibrium value. The production term is indc- 
pcndent of the local ozone concentration. neglecting 
radiative feedback effects of 0, on OZ. The loss term 
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Fig. 4. (a) Ozone distribution from a two-dimensional perpetual March photochemical equilibrium con- 
dition calculation using only Chapman chemistry. (b) As (a), except perpetual March with transport. 

in the real atmosphere varies from being proportional 
to ozone to being proportional to the square of ozone, 
depending on the chemistry (see discussion in the sec- 
tion Uncertainty Calculation, JACKMAN et al., 1986). 

In Chapman chemistry the loss term is proportional 
to the square of ozone. Thus when ozone is in excess 
of its photochemi~al equilibrium value, the loss term 
will be enhanced over production and a negative P- L 

will occur, which will tend to drive the ozone con- 
centration downward toward photochemical equi- 

librium. The reverse is true when the ozone con- 
centration is less than its Iocal photochemical 
equilib~um value. The responsible factors for driving 
the ozone concentration away from photochemical 
equilibrium are the two other terms in the continuity 

equation, the time derivative and the flux divergence. 
The results shown in Fig. 3 were for a perpetual March 
simulation and thus contain no time-dependent terms. 
All departures from photochemical equilibrium are 

driven by the advection and diffusion terms in the 
model. 

The ozone from the PCE perpetual March simu- 
lation is shown in Fig. 4a. The ozone from the per- 

petual March simulation which includes advection 
and diffusion is shown in Fig. 4b. Note that the peak 
of this Chapman chemistry ozone is about double the 
value of the ozone peak in the real atmosphere (see 
fig. 2, JACKMAN et al., 1986, and references therein). 
The location of the peak, however, is about in the 
same place as in the real atmosphere (between 10 and 
5 mbar). 

The heavy line in Fig. 3 indicates the location of the 
peak value of the photochemical equilibrium solution 

of the O3 mixing ratio for the PCE perpetual March 

case. Note the nearly exact pairing of net production 
and net loss regions above and below the line. This 
distribution reflects the primarily advective dynamics 

of the GUTHRIE et al. (1984) model. In equatorial 
regions the circulation is upward. Above the mixing 

ratio peak the tlow is bringing air into the region 
which has more ozone than the local photochemical 
equilibrium (compare Figs. 4a, b) and hence the loss 

term increases to attempt to reduce ozone toward its 

PCE solution. Below the peak the reverse is true and 
a net production results. 

At higher Iatitudes the circulation turns over and 

the downward motions produce the same effect with 
the opposite sign. Above the peak the pattern is 
strongly dominated by the vertical motions as indi- 

cated, because the horizontal gradient of the PCE 
solution is small. Below the peak significant horizontal 
gradients appear and contribute to the dete~ination 

of the departure from PCE. Thus advective transport 
results in a change in the sign of P-L at the peak of 
the PCE solution. 

Diffusion will transport ozone down the gradient 
of the mixing ratio and thus results in a net production 
region centered on the peak of the PCE solution. This 
is shown in Fig. 5a, which gives L/P for the same 
model but with advection, horizontal diffusion (Z&J, 
KV3 and K,, turned to zero. Thus transport is 
accomplisheh only by vertical diffusion (KJ and KZ, 
is 2 x lo3 cm’ s -’ above 100 mbar, a very small 
number. K, increases with higher pressures below 
100 mbar and is I x 10“ cm’ SS’ at 300 mbar and 
below. Figure 5b shows the same result when only 
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Fig. 5. (a) Ozone loss/production (L/P) from a two-dimensional perpetual March with only vertical 
difftusion (no advection) using only Chapman chemistry. (b) As (a), except perpetual March with only 

horizontal diffusion. (c) As (a), except perpetual March with both vertical and horizontal diffusion. 

horizontal diffusion (KJ is allowed at 2 x 10’ cm* se’ 
above 100 mbar. Kyy increases with higher pressures 
below 100 mbar and is I x 10” cm2 s- ’ at 300 mbar 

and below. Figure 5c shows the same result when both 
I&, and Kzi are allowed. The gross features of the L/P 
inferred for the real atmosphere are preserved, 
namely the region in the low latitude lower strato- 
sphere where L/P is significantly less than one and 
the region at high latitudes in the lower stratosphere 
where L/P is significantly more than one. Note that 
in the upper stratosphere (less than 10 mbar) at 
all tropical and mid-latitudes L/P is very close to one, 
indicating that the PCE condition holds yuite well 
there 

Figure 6 shows the calculated P-L for the model 

run with perpetual June or solstice conditions, inciud- 
ing transport due to all processes. An asymmetry is 
observed because of the sun position at this time of 
year. Again, however, the break between net pro- 
duction and net loss regions follows closely the peak 
of the calculated PCE solution as indicated by the 
heavy solid line. 

To evaluate the relative importance of the time 
derivative term as compared to the flux divergence 
term in driving the ozone concentration away from 
PCE, a seasonal run was made with the same chem- 
istry and transport. The resulting P-L for day 77 
(March) and day 190 (June) are shown in Fig. 7a, b. 
The way in which the time derivative term affects P- L 
is by having the sun progress in its march through the 
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net production or loss is somewhat different, but the 

similarity in shape suggests that for diagnosis of the 

behavior of the chemistry-transport interaction in a 

2D model a seasonal run may not be necessary. 

-9x -60 -30 

LATIT”iE hg3P 

60 90N 

JUNE 

Fig. 6. Ozone production-loss (P-L) for a two-dimen- 
sional perpetual June with transport calculation using only 
Chapman chemistry. Negative regions are indicated by 
dashed contours. Heavy curve indicates peak of ozone dis- 

tribution in a photochemical equilibrium condition. 

seasons fast enough that the changes in the PCE 
solution are rapid and the ozone concentration 

cannot adjust. This has clearly happened in March, 
where in the northern upper stratosphere the model 

is trying to remove ozone to lower the concentration 
from its high winter-time values. Thus a loss region 

occurs where the perpetual March run showed net 
production. The seasonal run in June, however, shows 
almost exactly the same pattern as the perpetual June 
run, as was shown in Fig. 6. The magnitude of the 

(A)’ 
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CONCL.lJSIONS 

We find that similarities exist between ozone L/P 

plots calculated using satellite data and a photo- 
chemical equilibrium model and ozone L/P plots 

calculated using Chapman chemistry in a two-dimen- 
sional model. These similarities indicate that Chap- 

man chemistry can be used to study gross features in 

the deviation of stratospheric ozone concentrations 
from their photochemical equilibrium values. Trans- 

port can drive ozone either above or below its PCE 

condition resulting in net photochcmical loss or pro- 

duction, respectively. Computation of net production 
of ozone and other species should prove to be a sen- 

sitive diagnostic of model behavior. 
We also find that a two-dimensional model with 

only vertical and horizontal diffusion and no advec- 
tion can also produce gross features in ozone L/P 
similar to those inferred for the atmosphere from a 

combination of data and a PCE model. This means 
that significant care must be taken in interpreting 

these diagnostics, because two-dimensional models 
with vastly diffcrcnt transport schemes (say, one 

dominated by advection and the other dominated by 
diffusion) can lcad to ozone climatologies which are 
similar in gross features to each other and to that 

_-lE4-------_ --__ 
,=--- 

-.__--- 

.’ 
lcc0~. . i .i I,, , , , , , , , , j 

-90s -60 -30 0 30 60 90N 
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Fig. 7. Ozone production-loss (P-L) for a two-dimensional time dcpcndcnt run. Negative regions arc 
indicated by dashed contours. (a) Day 77 (March) and (b) day 190 (June) of the run. 



Two-dirnensio~~~ monthly average ozone balance 1151 

inferred from data. A correct transport scheme cannot tit&, such as the divergence of the flux of ozone and 
be determined from only a comparison between the the time rate of change of ozone or of other minor 
model output and the inferred ozone L/P. Other quan- species. must bc investigated as well. 
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