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The sensitivity of the total ozone distribution in our two-dimensional photochemical model to 
dynamical inputs has been explored. The residual circulation has been computed from three sets of 
heating rates but using the same temperature distributions. These heating rates result in advection 
fields that are appropriately linked with the magnitude of their vertical winds in the lower stratosphere 
and are called: (1) the strong circulation, (2) the weak circulation, and (3) the combined circulation. 
Three different formulations of horizontal eddy diffusion have also been investigated, including (1) a 
small constant diffusion, (2) a computed diffusion from potential vorticity using measured tempera- 
tures, and (3) a self-consistent diffusion determined from the meridional velocity. Finally, we studied 
two different formulations of vertical eddy diffusion: (1) a small constant diffusion and (2) an 
altitude-dependent larger diffusion. Our modeled global average total ozone varies by up to 10%. 
depending on the various dynamical inputs, and the seasonal and latitudinal variabilities are even more 
substantial. The calculations indicate that total ozone in the middle to high latitudes is very sensitive 
to the advection field below 100 mbar, the region where the heating rates (which are used in computing 
the advection field) are most uncertain. Modeled total ozone shows better agreement with solar 
backscattered ultraviolet (SBUV) ozone climatology, when computed horizontal eddy diffusion is 
used. Our "best" modeled total ozone distribution is a result of using the heating rates from Rosenfield 
et al. (1987) for pressures less than 100 mbar, along with heating rates from Dopplick (1974, 1979) for 
pressures greater than 100 mbar. Our model results, especially when comparing model and SBUV 
ozone between 10 and 1 mbar, indicate that there is an inconsistency between our "best" horizontal 
eddy diffusion and the "best" mean residual circulation. Our studies indicate a relative similarity of a 
typical ozone perturbation scenario among the different dynamical inputs. All of the perturbation 
studies predict the smallest ozone changes in the tropical latitudes, with larger ozone changes in the 
middle to high latitudes. The major changes in the various perturbation results are in the middle to high 
latitudes: (1) the peak ozone change is off of the pole in the southern hemisphere (near 60øS latitude) 
using the strong circulation but centered on the pole for the various other dynamical studies, and (2) 
the maximum ozone change is centered at times varying from early spring to early summer, depending 
on which dynamical input is used. 

l. INTRODUCTION 

The prediction of present-day atmospheric ozone and the 
change in atmospheric ozone due to increases in trace gases 
(such as CH_•CI, CF2C12, CF•CI, CH_•CCI•, CC14, CH 4, N20 , 
and CO2) has been of concern to atmospheric scientists and 
policy makers for the past 15 years [Climatic Impact Assess- 
ment Program (CIAP) 1974; National Aeronautics and 
Space Administration (NASA), 1979; World Meteorological 
Organization (WMO), 1982, 1986]. One-, two-, and three- 
dimensional photochemical atmospheric models have been 
used to predict the ozone distribution and the change in 
ozone that might be expected from increases in the other 
gases. In recent years, two-dimensional (2D) models have 
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been the "workhorses" for assessing the influence of man- 
kind on the stratosphere. A 2D zonal average model is less 
complex and less computer time consuming than a three- 
dimensional (3D) model, but it can be used to predict the 
seasonal distributions of stratospheric gases to a reasonable 
accuracy (see, for example, WMO [1986]). 

Total ozone and ozone change due to perturbation scenar- 
ios are probably the most important outputs of atmospheric 
2D models. A variety of total ozone distributions have been 
computed from the several 2D models in use [WMO, 1986]. 
Each uncoupled 2D model has a formulation of photochem- 
ical and dynamical influences on atmospheric constituents, 
which is, in general, different from that used in other models; 
however, the ozone depletion predictions from the various 
models are similar. In particular, all uncoupled 2D ozone 
depletion predictions indicate that the largest ozone deple- 
tion from increasing C1, will occur at higher latitudes, with 
smaller ozone depletion at tropical latitudes. 

A coupled 2D model study [Eckman et al., 1987] has 
recently indicated the possibility that more ozone depletion 
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may occur at low, rather than high latitudes, if the ozone and 
carbon dioxide changes are coupled back into the dynamics 
of the model. Several other papers have indicated that 
dynamical changes can cause substantial changes in the 
distribution of total ozone (see, for example, Harwood and 
Pyle [1980]; Haigh and Pyle [1982]; Rood and Schoeberl 
[1983]; Haigh [1984]; and Solo•non et al. [1985]). 

Most of these earlier studies on dynamical influences on 
ozone have limited their work to the total ozone distribution. 

We use our full chemistry 2D model to investigate the effects 
of a range of reasonable dynamical inputs on ozone as well 
as ozone perturbation scenarios. We compare our model 
ozone results to solar backscattered ultraviolet (SBUV) 
ozone data because of the profile information available and, 
also, compare and contrast our modeled ozone and ozone 
perturbation results for the various dynamical inputs used. 

This paper is divided into five sections. The model is 
described in section 2. Six model experiments using separate 
dynamical inputs are investigated, discussed, and compared 
in section 3. We compare perturbation results of these model 
experiments in section 4. Finally, we discuss the results of 
our study and offer some conclusions in section 5. 

An appendix is included to show how some other species, 
besides ozone, vary with the different dynamical inputs. 
These other species include N20, CH4, and odd nitrogen (N, 
NO, NO2, NO3, HNO 3, HO2NO2, N205, and CIONO2), 
which is referred to as NO,.. 

2. MODEL DESCRIPTION 

We use the 2D model described by Douglass et al. [this 
issue] in our analysis. This model covers the latitude range 
from -85 ø to +85 ø in l0 ø latitude bands. The altitude range is 
from the ground up to 0.23 mbar (about 60 kin) in a grid of log 
pressure with 30 pressure levels, which gives a spacing of 
about 2 km between grid boxes. A family approach is used in 
transporting the groups of species O, (03, O(ID), and O(3p)), 
NO v, not including HNO 3, (N, NO, NO2, NO3, HO2NO2, 
N205, and ClONO2), and C1, (Ci, C10, HOC1, HCI, and 
ClONO2). Partitioning among the family members is done in 
the manner described by Douglass et al. [this issue]. Other 
transported species include HNO3, N20, CH4, H2, CO, 
CH3OOH, CFC13, CF2CI2, CH3CI, CCI 4, and CH3CC13. The 
HO,- species H, OH, HO2, and H202 and the hydrocarbons 
CH3, CH30 , CH302, CH20 , and CHO are calculated using 
photochemical equilibrium assumptions. The H20 distribu- 
tion is fixed and is taken from Limb Infrared Monitor of the 

Stratosphere (LIMS) measurements, along with previous 2D 
model computations for tropospheric values [see Jackman et 
al., 1987]. The boundary condition for ozone is assumed to 
be a deposition velocity of 0.1 cm s-•. Boundary conditions 
for the other various transported species are as given by 
Douglass et al. [this issue], with the exceptions of HNO3 (set 
to 90 parts per trillion by volume (pptv)) and NO,,, not 
including HNO 3, (set to 10 pptv). 

The major species N2 (78% of the atmosphere) and O2 
(21% of the atmosphere) were computed using the tempera- 
ture field from the National Meteorological Center (NMC) 
and from CIRA (1972) [Rosenfield et al., 1987] and by 
solving the hydrostatic equation. Reaction rates and photo- 
dissociation cross sections are taken from DeMote et al. 

[1987]. Model time steps are slightly more than 1 day (one 
time step = one "long" day = on day * (365/360)) and a 
model year is taken to be 360 of these "long" days. 

3. MODEL EXPERIMENTS 

In this section we discuss six model experiments in which 
the photochemical reaction rates are held constant and only 
the dynamics are changed. The three different circulations 
studied were (1) the strong circulation (designated case A), 
(2) the weak circulation (designated case B), and (3) the 
combined circulation (designated case C). These nomencla- 
tures arise from the magnitude of the vertical velocities in 
the lower to middle stratosphere. All three different circula- 
tion experiments had the same eddy diffusion representa- 
tion, which is discussed in section 3.1.1. The three different 
eddy diffusion studies used the combined circulation and 
included (1) small horizontal eddy diffusion (designated case 
D), (2) self-consistently computed horizontal eddy diffusion 
(designated case E), and (3) large vertical eddy diffusion 
(designated case F). We compare and contrast the results of 
these model experiments in the following paragraphs. 

3.1. Influence of Circulation Changes on 
Total Ozone 

3.1.1. Strong circulation. For our first model experi- 
ment we use the residual circulation described by Jackman 
et al. [1987, 1988]. This circulation is computed using heating 
rates and temperatures from Rosenfield et al. [1987] for 
pressures less than 100 mbar. For pressures greater than 100 
mbar, we use heating rates from Wei et al. [1983]. The 
temperatures are taken from the 4-year average (1979-1983) 
of NMC data for pressures greater than 0.4 mbar and from 
CIRA (1972) for pressures less than 0.4 mbar [Rosenfield et 
al., 1987]. The temperature distribution changes monthly 
and is the same in all model experiments included in this 
study. The resultant advection field is what we call the 
"strong circulation." The streamlines of the circulation for 
the months March, June, September, and December are 
given in Figure 1. There is strong upwelling in the tropical 
latitudes, and the motion is down at all times of the year for 
pressures greater than 100 mbar at the polar latitudes. The 
stratosphere shows the typical residual circulation pattern, 
with mostly upward motion above 10 mbar in the summer 
hemisphere middle to high latitudes, meridional motion from 
the summer hemisphere toward the winter hemisphere (es- 
pecially at the low latitudes), and downward motion in the 
winter hemisphere. 

The eddy diffusion is computed from the same data set 
used to derive the residual circulation. The K .... which are 
from Newman et al. [1988], were derived from a potential 
vorticity computation using NMC temperatures. The K,.• 
simply represent the ratio of the mixing on isentropic sur- 
faces to the mixing on pressure surfaces and are computed 
from the K,.,. values and the potential temperature [Newman 
et al., 1988; Jackman et al., 1988]. The vertical eddy 
diffusion K,, is assumed to be small in the stratosphere (2 x 
10 3 cm 2 s-l), increasing with decreasing altitude from the 
tropopause to 1 x l0 s cm 2 s-I at the ground. 

In order to compare our model computations with ozone 
data, we chose a 3-year average (1979-1981) of SBUV 
measurements (Richard McPeters, private communication, 
1988) which are a few percent different from those given by 
McPeters et al. [1984]. These new data were derived using 
the recently measured ozone cross sections given by Bass 
and Pat.' [1985] and Paur and Bass [1985]. These total ozone 
SBUV measurements are given in Figure 2. As is done in the 
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Fig. 1. Streamlines of the "strong circulation", case A, for four separate months: (a) March, (b) June, (c) September, 
and (d) December. 

model, we condense the 365-day year for SBUV data to 360 
days for easier model-to-data comparison. 

The "strong circulation," as well as all other model 
computations discussed in this paper, was run for 20 model 
years, enough time for all transients to disappear. The total 
ozone from this "strong circulation" is given in Figure 3. 

Note the differences between Figures 2 and 3. Tropical 
ozone values of less than 240 to 260 Dobson units (DU) are 

apparent from the model computation, whereas measured 
tropical ozone is less than 260-280 DU. At winter high 
northern latitudes the SBUV data show values greater than 
440 DU, while the model indicates values in excess of 800 
DU. The data and model are even more different in the 

southern hemisphere. The data show a maximum off the 

pole, with a value over 380 DU, while the model indicates a 
maximum on the pole, with a value larger than 600 DU. 

We have derived a yearly global average total ozone 
amount, To,, which we compute from the following relation- 
ship 

L360 daysf + 9()ø(ro•(t ' O) COS 0 dO dt J - 90 ø 

,To• = DU (1) 
360daysf +90 ø COS 0 dO d! 

J - 90 ø 

where O-o•(0, t) is the total ozone at a latitude 0 and time t. 
The model computation (designated case A) shows a To, of 
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Fig. 2. Total ozone (in Dobson units) from a 3-year average 
SBUV (1979-1981) data set; contours represented are 260,280, 300, 
320, 340, 360, 380, 400, 420, 440, and 460 DU. 

290 DU, whereas the data show a To• of 298 DU. Case A To3 
is -3% smaller than the data and the modeled ozone 
distribution from case A is incorrectly distributed when 
compared to data. 

The SBUV data also have profile information. To use this 
more detailed information in the analysis of the model 
computations, we divided the total ozone into three altitude 
bands: surface (-1000 mbar) to 100 mbar, 100-10 mbar, and 
10-1 mbar. The SBUV data are given in Figure 4 in terms of 
Dobson units for each of the bands. Further details on the 
SBUV data and the corresponding uncertainties as a func- 
tion of altitude are given by McPeters et al. [1984]. The 
SBUV ozone data in the altitude band from the surface to 
100 mbar are based on the measurement of total ozone by 
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Fig. 3. Total ozone (in Dobson units) from model case A (strong 
circulation); contours represented are 240, 260, 280, 300, 350, 400, 
500,600, 700, and 800 DU. 
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Fig. 4. Total ozone (in Dobson units) in three layers from 
SBUV data: (a) surface up to 100 mbar (contours represented are 40, 
60, 80, 100, 120, and 140 DU); (b) 100-10 mbar (contours repre- 
sented are 160, 180, 200, 220, 240, and 260 DU); and (c) 10-1 mbar 
(contours represented are 40, 45, 50, 55, 60, and 65 DU). 
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SBUV and ozone climatology; uncertainties reach 32% in 
this band. The SBUV ozone data for pressures less than 100 
mbar have uncertainties varying from 3 to 18%, depending 
on the pressure. 

We present similar plots for the case A ozone results in 
Figure 5. There are more similarities between the modeled 
and observed ozone in the bands 100-10 mbar and 10-1 mbar 

(compare Figures 5b and 5c and 4b and 4c). The largest 
disagreement between modeled and observed ozone is in the 
band 1000-100 mbar (see Figures 5a and 4a). 

The highest level (10-1 mbar) modeled ozone has a smaller 
amount than is present in the atmosphere at the winter 
higher latitudes, but the modeled O_• is quite similar to data 
at low latitudes and even at high latitudes for other seasons. 
This good agreement between model and data was unex- 
pected and seemingly contrary to earlier studies, which 
indicated that the modeled ozone is smaller than observed 

ozone in this region (first discussed by Butler [1978] and 
Wofs'y [1978]). On closer inspection of the agreement be- 
tween model and data, we found that the modeled ozone was 
less than the data between about 7 and 1 mbar and greater 
than the data between about 7 and 10 mbar. These differ- 

ences fortuitously cancelled for an apparent good agreement 
between 10 and 1 mbar for most of the spatial and temporal 
extent, except at winter high latitudes. At the winter high 
latitudes the modeled ozone is lower than the data over the 

entire range from l0 to 1 mbar. 
The middle level (100-10 mbar) shows a good deal of 

similarity between model and observation; the major differ- 
ence is that the southern hemisphere ozone maximum is off 
the pole in the data and not in the case A model results. 

The largest difference between the data and model is 
observed in the lowest level (1000-100 mbar). The strong 
circulation results in a much stronger gradient from the 
tropics to the poles than is apparent in the data. The modeled 
ozone in the tropics shows about a factor of 2 less ozone than 
that seen in the data, whereas the modeled ozone at high 
latitudes shows more ozone than observed in the data. 

The circulation in case A gives too much upward flow in 
the tropics and too much downward flow at the high lati- 
tudes, especially below 100 mbar. A circulation which has 
strong downward flow for all 12 months of the year in the 
model at the high latitudes is incorrect. There needs to be 
upward motion at the high latitudes for several months of the 
year or decreased downward motion for several months of 
the year. In the following paragraphs we investigate other 
circulations and eddy diffusion representations that are 
different from this "strong circulation" and give different 
total ozone distributions. A brief description of each dynam- 
ical representation, its case designation, and its value of To, 
is given in Table 1. 

3.1.2. Weak circulation. Guthrie et al. [1984] used a 
circulation in a trace gas study which is not as strong as that 
used in case A, described in section 3.1.1. This circulation 

can be appropriately referred to as the "weak circulation." 
This circulation is based on Murgatroyd and Singleton 
[1961] heating rates multiplied by 0.4 for pressure levels from 
30 mbar to the top of the model and Dopplick [1974, 1979] 
heating rates for pressure levels from 30 mbar to the ground. 
The vertical velocities are weak (i.e., smaller compared to 
case A, the strong circulation) mainly in the lower to middle 
stratosphere. All other inputs for this model computation 
(designated case B) were the same as in case A. The total 
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Fig. 5. Total ozone (in Dobson units) in three layers from model 
case A (strong circulation): (a) surface up to 100 mbar (contours 
represented are 20, 40, 60, 80, 100, 150,200,300,400, and 500 DU); 
(/9) 100-10 mbar (contours represented are 160, 180, 200, 220, 240, 
260. 280, 300, 320, and 340 DU); and (c) 10-1 mbar (contours 
represented are 25, 30, 35, 40, 45, 50, 55, 60, 65, and 70 DU). 
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TABLE 1. Description of Different Dynamic Cases Investigated With the Two-Dimensional 
Model, Their Global Average Ozone and Global 03 Change in a Perturbation Scenario With 

SBUV Data For Comparison 

Case Description To,, DU 

A strong circulation, computed K,,,, 290 
and K,,: 

B weak circulation, computed K,,,, 324 
and K,,.. 

C combined circulation, computed 320 
K,,,, and K,,.. 

D combined circulation, low K,,,., 317 
/Q: - 0 

E combined circulation, self- 321 
consistent K,,,, and K,,.. 

F combined circulation, large K:.•. 321 
SBUV combined data 298 

(1979-1981) 

Global O 3 Change 
in Perturbation 

Experiment, % 

-2.1 

-2.0 

-2.4 

-2.4 

-2.5 

-2.4 

To3 indicates global average ozone, in Dobson units. 

ozone distribution from case B is given in Figure 6. The total 
ozone computed in case B in the tropics is higher than that 
observed in SBUV data. In the southern hemisphere the 
ozone maximum is off the pole in the wintertime, but the 
maximum is not as large in the southern spring season as in 
the data. Also, note that in the northern hemisphere the 
ozone maximum reaches a higher value (>500 DU) than that 
indicated in the data. If we compare the lowest layer (surface 
to 100 mbar) of total ozone from case B with SBUV data (not 
shown), then there is much better agreement between model 
and data than that indicated when comparing case A and 

data. The To, from case B is 324 DU, or-9% higher than the 
data. 

The streamlines of the winds used in case B (weak 
circulation) are given in Figure 7 for the month of December. 
The upward motion which occurs in the summer middle to 
upper stratosphere and the downward motion in the winter 
stratosphere are apparent, as in case A (strong circulation), 
although there are differences in the summer middle to upper 
stratosphere between cases A and B. Most dramatically 

90 
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Fig. 6. Total ozone (in Dobson units) from model case B (weak 
circulation); contours represented are 280, 300, 320, 340, 360, 380, 
400, 420, 440, 460, 480, 500, 520, 540, 560, and 580 DU. 

changed, however, are the circulation patterns at about or 
just below 100 mbar. Upward motion occurs at high latitudes 
at both the summer and winter poles, blocking the down- 
ward motion at these latitudes above 100 mbar. This block- 

ing effect is present to varying degrees over all 12 months 
and prevents the huge buildup of O_• at the poles (and 
resulting large latitudinal ozone gradients) that is present in 
case A. Also, there is a big difference in the tropical latitudes 
below 100 mbar. While there is some upward motion, this is 
combined with other downward motion between -30 ø and 

+ 30 ø, which prevents a substantial upward movement of 03 
to the middle stratosphere where photochemical loss can 
occur. Ozone spends more time in its conservative region of 
the atmosphere, which leads to a larger global average 
amount of ozone (ToO in the model prediction from case B 
than indicated in case A. 

3.1.3. Combined circulation. It is apparent that there 
are problems with the strong circulation discussed in sub- 

0ol / ..... 
• NEfiK CIRCo BECEMBER 

1 

100 

10o0 ...... 
JO$ : • I i lC -60 -30 0 30 60 90N 

LBTITUDE (DE6) 

Fig. 7. Streamlines of the "weak circulation", case B, for the 
month of December. 
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Fig. 8. Streamlines of the "combined circulation", case C, for four separate months: (a) March, (b) June, (c) 
September, and (d) December. 

section 3.1.1., mainly below 100 mbar. The source of the 
heating rates (which drive the circulation) for the strong 
circulation is from two papers: (1) Rosenfield et al. [1987] for 
pressures less than 100 mbar and (2) Wei et al. [1983] for 
pressures greater than 100 mbar. Indications are that the 
downward circulation is too strong at the high latitudes for 
all 12 months of the year in the lower stratosphere and upper 
troposphere. 

We also find problems with the weak circulation predicting 
an excessive amount of ozone in the northern hemisphere 
winter high latitudes. There are other difficulties with the 
weak circulation, especially in predicting the distributions of 
other trace species, such as CH4, N20 , and NO,, (see the 
appendix). The weak circulation does not transport these 
other trace species to the higher altitudes, as is indicated in 

the data available. For example, not enough CH 4 and N20 
are transported upward in the model, when compared to 
stratospheric and mesosphere sounder (SAMS) data (see 
Figure A2a-A2b). The amount of NO,. in the upper strato- 
sphere is, subsequently, predicted to be much lower than 
indicated in LIMS data [Callis et al., 1985] (see Figures A1 
and A2c). 

Because of these considerations, we decided to combine 
the "weak circulation" from 100 mbar to the ground with the 
"strong circulation" from 100 mbar to the top of the model. 
This "combined circulation," called case C, gives stream- 
lines which are presented in Figure 8 and a total ozone 
pattern which is presented in Figure 9. There are many 
similarities between the model computations and the SBUV 
data. The southern hemisphere maximum is off of the pole, 
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Fig. 9. Total ozone (in Dobson units) from model case C (com- 
bined circulation)' contours represented are 280, 300,320, 340, 360, 
380, 400, 420, 440, 460, 480, and 500 DU. 

90 (B)CASE C 05(100-10 MB) 

with a peak over 360 DU, and the northern hemisphere 
maximum values are over 440 DU, both fairly similar to the 

data. However, the To• is 320 DU, higher than the data by 22 
DU (---7%), and the total ozone peaks earlier at high latitudes 
than observed in data. 

In Figure 10 we present the distribution of ozone for case 
C in the three layers: surface to 100 mbar (Figure 10a), 
100-10 mbar (Figure 10b), and 10-1 mbar (Figure 10c). There 
are several similarities with the data, including a fairly good 
representation of ozone in the first two layers. The modeled 
ozone between the surface and 100 mbar and between 100 

and 10 mbar compares well with the SBUV data. Between 10 
and 1 mbar the model and data show many of the similarities 
discussed previously in section 3.1.1. in the comparison of 
Figures 4c and 5c. In this altitude range, cases A and C have 
the same circulation, so it is not surprising. 

We show a comparison of case C to the SBUV data in 
Figure 11, where the ratio is given for the total column 03 
and the three layers of total 03, explained earlier. Note that 
the model (case C) predicts an absolute amount of ozone that 
is 7% above the SBUV data. 

First, observe in Figure 1 l a that the model has qualita- 
tively too much 03 at middle to lower latitudes, especially in 
the fall, while the model predicts about the correct amount of 
03 at high latitudes in the late winter, spring, and early 
summer. Between the surface and 100 mbar (Figure 1 lb), the 
model predicts too much 03 in the tropics (-30øS to 30øN), 
too small an amount of 03 in the northern hemisphere 
high-latitude winter and spring, and too small an amount of 
03 in the southern hemisphere high latitudes. 

The 03 in the layer 100-10 mbar (Figure 1 lc) shows many 
similarities with the total ozone comparison (Figure 11a); 
case C indicates more 03 in the summer and about the same 
amount of 03 in the winter, when compared to the data. The 
ozone in the layer 10-1 mbar (Figure 11 d) is quite close to the 
data, especially in the tropics and at high latitudes in the 
summer. At winter high latitudes the discrepancies between 
model and data in this layer indicate that more ozone should 
be transported from low to high latitudes. 
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Fig. 10. Total ozone (in Dobson units) in three layers fi'om 
model case C (combined circulation): (a) surface up to 100 mbar 
(contours represented are 40, 60, 80, 100, and 120 DU), (b) 100-10 
mbar (contours represented are 180, 200, 220, 240, 260, 280, 300, 
320,340, and 360 DU), and (c) 10-1 mbar (contours represented are 
25, 30, 35, 40, 45, 50, 55, 60, 65, and 70 DU). 
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Fig. 11. Ratio of model case C (combined circulation) to SBUV ozone data for (a) total ozone (contours 
represented are 0.95, 1.0, 1.05, 1.1, 1.15, and 1.2), (b) ozone in layer from the surface up to 100 mbar (contours 
represented are 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5), (c)ozone in layer from 100 to 10 mbar (1.0, 1.1, 1.2, 
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3.2. Influence of Eddy Di•iision on 
Total Ozone 

The eddy diffusion sensitivity studies discussed below all 
have the combined circulation (case C) as their advection 
field. 

3.2.1. Small horizontal eddy diffi/sion. In this section 
we investigate the influence of eddy diffusion on the modeled 
total ozone. We have tried a model run, case D, in which we 

use Kvv set to 2 x 10 9 cm 2 s -l everywhere in the strato- 
sphere (similar to those K•,. values recommended from the 
studies of Kida [1983], Tung [1984], and Ko et al. [1985]) 
increasing in the troposphere to I x l0 •ø cm 2 s -• at the 
ground. We set the K,,, equal to 0.0 everywhere. Case D had 
the "combined circulation" for advection and gave a slightly 
different total ozone distribution than that indicated in case 

C. The total ozone distribution is given in Figure 12 from 
case D. The ozone did not quite reach the large values at the 
northern hemisphere maximum observed in case C; how- 

ever, a slightly larger value of total ozone was computed off 
the pole in the southern hemisphere than that calculated in 
case C (the area for values greater than 360 DU is larger in 
case D than case C). This may indicate that the Newmatt et 
al. [ 1988] computed K,,,, and K,,= used in case C are either too 
large, or incorrectly distributed temporally and spatially in 
the southern hemisphere. The To, from case D was com- 
puted to be 317 DU. 

3.2.2. Self:consistently computed horizontal eddy dif•!- 
sion. We have also looked at the effects of self-consistent 

K,,,, and K•,: on the results of our model experiments. 
Self-consistent K,,,, were computed using the expression 
[from Jackman et al., 1988] 

a •* tan 0 

K,,,, -•- 2 (2) 
where a is the radius of the Earth, 0 is the latitude, and o* 

is the meridional velocity. The K,., were not allowed to be 
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Fig. 12. Total ozone (in Dobson units) from model case D 
(combined circulation, small horizontal diffusion); contours repre- 
sented are 260, 280, 300, 320, 340, 360, 380,400, 420, and 440 DU. 

negative but were set to 2 x 109 cm 2 S -l as their smallest 
values. Negative K,,y for a zonal average on time scales of 
weeks or more are probably unphysical and also lead to 
numerical problems in model computations (see discussion 
by Newman et al. [1988], Jackman et al. [1988]). The K,,:, 
were not allowed to be larger than 5 x 10 Iø cm 2 s-' because 
larger K,,v could transport species further than a grid box in 
one time step and cause model instabilities. This restriction 
only affected the Kv,, at latitudes larger than 65 ø and altitudes 
above 1 mbar and thus had virtually no influence on the total 
ozone results discussed here. The K,,: were computed using 
the self-consistent Kvv and the potential temperature gradi- 
ents, as indicated by Jackman et al. [1988]. The total ozone 
distribution from this model run (case E) is given in Figure 13 
and To, was computed to be 321 DU. The main difference 
between the total ozone in cases E and C is that the southern 

hemisphere peak off the pole in July and August has been 
partially moved poleward in case E and is also split into two 
apparent maxima. 

3.2.3. Large vertical eddy difJhsion. Our final sensitiv- 
ity study on eddy diffusion and its influence on total ozone 
involved vertical diffusion, Kzz. The vertical diffusion is 
thought to be small in the low to middle stratosphere; 
however, gravity wave breaking in the upper stratosphere 
and lower mesosphere should give rise to larger K,z values in 
that region [Lindzen, 1981]. We use the Kz• derived from 
rocketsonde wind and temperature data by Nastrom et al. 
[1980] (adapted by Garcia and Solomon [1983] for 2D model 
use) for this computation, case F. We use our lower values 
of K•, discussed earlier, for altitudes below 35 km with Kzz 
being 2 x 10 3 cm 2 s -I in most of the stratosphere. We 
increase K• above 35 km as done by Garcia and Solomon 
[1983] to 4 x l0 s cm 2 s -l at the top of our model. This 
change in atmospheric dynamics is above the ozone peak. 

The To, from case F is computed to be 321 DU, virtually the 
same as computed in case C. These changes in K,z do affect 
other minor species, especially above 1 mbar (see appendix, 
Figure A4a-A4c), but those influences have negligible ef- 
fects on total ozone and are outside the scope of the 
discussion here. 

4. PERTURBATION STUDIES WITH DIFFERENT 

DYNAMICS 

We have run a combined perturbation study with different 
circulations and with different K. We find that for a pertur- 
bation of CI,, increasing from 2.5 to 8.2 parts per billion by 
volume (ppbv), CH4 doubling, and N20 increasing by 20%, 
all of the circulations give a very similar global ozone 
change. For instance, the range in global ozone change is 
from -2.0% for case B to -2.5% for case E (see Table 1). 

The major difference observed in using a different circu- 
lation and/or diffusion is the latitudinal dependence of the 
ozone change. We show the effects of using different advec- 
tion fields in Figures 14a (strong circulation, case A), 14b 
(weak circulation), and 14c (combined circulation, case C). 
Note that in the case of the strong circulation the peak ozone 
change is off of the pole in the southern hemisphere and the 
latitudinal gradient is relatively small. For the case of the 
weak circulation the peak ozone change is on the pole, but 
the latitudinal gradient is also very small. In the combined 
circulation case the peak ozone change is centered on the 
pole in both hemispheres, with a relatively large latitudinal 
gradient. 

We also show the effects of using different horizontal eddy 
diffusion in Figures 14c (computed K,,.v and K•,, case C), 14d 
(small K,,v, case D), 14e (self-consistent K>,y and Kvz, case 
E), and 14f(large Kz:, case F). The perturbation distribution 
is fairly similar in all four of these cases, but the small Kvy 
prediction (Figure 14d) indicates a maximum ozone change 
at high latitudes in late spring and early summer, while the 
computed K prediction (Figure 14c) indicates a maximum 
ozone change at high latitudes in early spring. All six 
perturbation studies predict the smallest ozone changes in 
the tropical latitudes and larger ozone changes at the middle 
to high latitudes. 

5. DISCUSSION AND CONCLUSIONS 

The combined circulation shows the best comparison to 

SBUV data, even though its To• is 7% above data. Total 
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Fig. 13. Total ozone (in Dobson units) from model case E 
(combined circulation, self-consistent horizontal diffusion); con- 
tours represented are 280,300, 320,340, 360, 380,400,420, and 440 
DU. 
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modeled ozone is less sensitive to the eddy diffusion changes 
that were investigated and is more sensitive to the different 
studied circulations. Our model ozone results indicate a 

large sensitivity to heating rates (which drive the residual 
circulation), especially those used below 100 mbar. Unfor- 
tunately, the most uncertainty in the heating rates occurs 
below 100 mbar [WMO, 1986]. 

The atmosphere goes through small year-to-year changes 
in the ozone distribution that affect the heating rates, which 
in turn affect the circulation and feed back into the ozone 

distribution. Other radiatively active gases are undergoing 
anthropogenic increases, including CO2, CH 4, CFC13, and 
CF2C12. Their increases mean that dynamical changes 
should be expected in the future (for more discussion on this 
point see Harwood and Pyle [1980]; Haigh and Pyle [1982]; 
Haigh [1984]; Solomon et al. [1985]; Eckman et al. [1987]). 
We do not expect the total ozone to vary dramatically as a 
result of year-to-year changes in the heating rates; however, 
some changes in the total 0 3 distribution from heating rate 
changes are expected. While perturbation studies indicate 
ozone decreases of a couple percent, it may be difficult to 
separate anthropogenic chemical change from anthropogenic 
or natural dynamical changes in the low and middle lati- 
tudes. 

It is interesting that the six perturbation ozone change 
distributions (Figures 14a-14f) are somewhat similar, espe- 
cially in the low and middle latitudes, in spite of the vast 
change in dynamics. All studies predict the largest ozone 
changes at the middle to high latitudes, with smallest 
changes in the tropical latitudes, similar to most other 2D 
model results (see, for example, WMO [1986]). The global 
ozone change in the six studies is also remarkably the same, 
ranging from 2.0 to 2.5% ozone depletion. In contrast, the 
sensitivity of global ozone change to photochemical reaction 
rates was shown to be substantial [Stolarski and Douglass, 
1986] in a one-dimensional (1D) model study. 

The results of our several model experiments indicate that 
the ozone representation of the atmosphere from our 2D 
model is imperfect. We have used circulations which give 
To3 values that bracket the SBUV data. Our results imply 
that the "correct" 2D residual mean circulation should have 

a larger vertical velocity in the lower tropical stratosphere 
than that computed in our combined advection field (case C). 
The combined circulation is a product of two different 
sources of heating rates. We plan on including heating rates 
computed using the same radiative transfer code from the 
ground up to the mesosphere in a future study (Joan Rosen- 
field, private communication, 1988). 

Finally, this study relates to our work on N20 and the 
influence of horizontal eddy diffusion [Jackman et al., 1988]. 
In that paper we concluded that the best model comparison 
to N20 SAMS data came from the use of larger gyy and 
values (self-consistent calculation, case E) in our model. Our 
modeled total 03 using computed K (case C) is qualitatively 
similar to SBUV data and our modeled total 0 3 using 
self-consistent K (case E) is less similar to the SBUV data. 
Our other results, especially when comparing 03 between 10 
and 1 mbar, indicate that more meridional mixing is needed 
to transport 0 3 to the poles in the wintertime. This means 
either (1) the computed K are correct qualitatively and occur 
at the right time of the year but are not large enough, or (2) 
the combined circulation is too strong and needs to be 
reduced in the middle stratosphere (the computed K would 

then be more consistent with this reduced circulation). At 
the present time, we can only conclude that our "best" 
horizontal eddy diffusion and mean residual circulation (case 
C, combined circulation) are not consistent. 

APPENDIX' VARIATION OF OTHER SPECIES 

WITH DYNAMICAL INPUTS 

Other species, besides ozone, vary with the different 
dynamical inputs. We compare our model results to both 
SAMS and LIMS data by showing CH4, N20 , and NOy (N, 
NO, NO2, NO3, HNO3, HO2NO2, N205, and C1ONO2) for 
March from the three extreme cases B, C, and F. 

LIMS nighttime NO 2 + HNO 3 is given in Figure Al and 
will be compared to our modeled NOy distributions in 
Figures A2c, A3c, and A4c. We use the profile archived data 
for our LIMS values and find that the peak levels are slightly 
less than those given by Callis et al. [1985], who used a data 
set for NO 2 that included a radiance average to derive the 
NO 2 distribution. Between 35 and 50 km the nighttime NO 2 
+ HNO 3 represents more than 75% of the NOy in the 
atmosphere (see Callis et al. [1985] and Jackman et al. 
[1987]). The SAMS data is presented in Figures A2a-2b, 
A3a-3b, and A4a-4b, with a dashed line for easier compar- 
ison to the data. 

The weak circulation (case B) gives CH 4 and N20 distri- 
butions that are far removed from SAMS data (see Figures 
A2a-2b). The trace gases are not being transported above 10 
mbar in any manner representing reality, even considering 
the large uncertainties in the SAMS data [Jones and Pyle, 
1984]. The NOy from the weak circulation shows a peak 
distribution of only about 18 ppbv. The LIMS NO 2 + HNO 3 
distribution translates into a peak of 25.5 _+ 4.5 ppbv [Callis 
et al., 1985]. This indicates that the modeled NO v is lower 
than the data by 15-40% (using 21-30 ppbv as the bounds of 
the odd nitrogen LIMS data) at the peak of its distribution. 
Calculated NOy is much lower than LIMS NO 2 + HNO 3 in 
the lower stratosphere, even though the model contains a 
lightning source of NOy (the H2 source of Ko et al. [1986]). 

The combined circulation (case C) gives CH 4 and N20 
distributions that are much closer to SAMS data (Figures 
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Fig. A2. Model predictions of trace gases for March from the 

weak circulation, with computed Ky,, and Kv.. and small K,.•, case B' 
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(a) for CH 4 the model predictions are represented as the solid line Fig. A3. Model predictions of trace gases for March from the 
and the SAMS data as the dashed line (contours represented are 0.2, combined circulation, with computed Kv,. and K,. z and small Kz.•, 
0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 ppmv); (b) for N20 the model case C: (a)for CH 4 the model predictions are represented as the 
predictions are represented as the solid line and the SAMS data as solid line and the SAMS data as the dashed line; (b) for N20 the 
the dashed line (contours represented are 3, 10, 30,100,200, and 250 model predictions are represented as the solid line and the SAMS 
ppbv); and (c) for model-predicted NO,, (contours represented are data as the dashed line; and (c) for model-predicted NO,.. Contour 
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Fig. A4. Model predictions of trace gases for March from the 

combined circulation, with computed KYy and K,,.. and large 
case F: (a) for CH 4 the model predictions are represented as the 
solid line and the SAMS data as the dashed line; (b) for N20 the 
model predictions are represented as the solid line and the SAMS 
data as the dashed line; and (c) for model-predicted NO,,. Contour 
levels are as given in Figure A2. 

A3a-A3b). Although the agreement is not perfect, similar 
amounts of CH 4 and N20 are predicted by the model and 
observed in the data, especially in the tropics. At higher 
latitudes the data show larger values of both CH 4 and N20 , 
indicating that either (1) more horizontal mixing should be 
included in the calculation or (2) the vertical velocities (both 
upward and downward) should be decreased in magnitude. 
These conclusions are similar to those of Jackman et al. 

[ 1988]. The NOy from the combined circulation shows a peak 
distribution of near 21 ppbv. The modeled odd nitrogen is 
therefore much closer to the LIMS data and is lower than the 

data only by 0-30% (again, using 21-30 ppbv as the bounds 
of the odd nitrogen LIMS data). As in case B, the NOy is 
much less than LIMS NO 2 + HNO3 in the lower strato- 
sphere. 

The combined circulation with the high K• (case F) gives 
CH 4 and N20 distributions that are similar to SAMS data up 
to about 1 mbar. Above 1 mbar, however, the model predicts 
too large an amount of the trace gases at many altitudes in 
the tropical latitudes (see Figures A4a-A4b). The NOy from 
case F shows a peak distribution over 20 ppbv, similar to 
case C. Near 1 mbar (49 km) the modeled NOy shows values 
up to 16 ppbv, much larger than indicated in Figure A1 
(maximum of about 10 ppbv) when it is assumed that the 
LIMS nighttime NO 2 + HNO3 represents over 95% of NOy 
at that altitude (see Callis et al. [1985]; also, our own model 

calculations). The lower stratosphere NOy disagreement 
between model and LIMS data persists in case F as well. 
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