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The solar cycle variation of total ozone: 
Dynamical forcing in the lower stratosphere 
L. L. Hood 

Lunar and Planetary Laboratory, The University of Arizona, Tucson 

Abstract. Multiple regression methods are applied to estimate the solar cycle 
variation of (1) zonal mean ozone as a function of altitude and latitude using a 
combination of Nimbus 7 solar backscattered ultraviolet (SBUV) •nd Nationa• 
Oceanic and Atmospheric Administration (NOAA) 11 SBUV/2 ozone profile data 
for a 15-year period; (2) total ozone as a function of latitude, longitude, and season 
using Nimbus 7 tot•l ozone mapping spectrometer (TOMS) data for a 13.3-year 
period; (3) lower stmtospheric temperature as a function of latitude, longitude, 
and season using microwave sounding unit (MSU) Channel 4 data for a 16-year 
period; and (4) lower stmtospheric geopotential height as a function of latitude, 
longitude, and season in the northern hemisphere using Berlin height data for a 
30-ye•xr period. According to the SBUV-SBUV/2 data, most (about 85%) of the 
1.5-2% solar cycle variation of global mean totaJ column ozone occurs in the lower 
stratosphere (altitudes < 28 kin). Evidence is obtained for a related solar cycle 
variation of lower stmtospheric temperature (50-150 mbar) and geopotential height 
(30, 50, and 100 mbar) with geographic dependences similar to that of the solar cycle 
variation of total ozone. Specifically, total ozone, lower stratospheric temperature, 
and lower stmtospheric geopotential height have annuaJ mean solar regression 
coefficients in the northern hemisphere that reach a maximum near 30øN latitude 
within a longitude sector extending from approximately 160øE to 250øE. Maximum 
wristions from solar minimum to m•ximum in this sector •re •pproxim•tely 11 
Dobson units, 0.8 K near 100 mb•r, and 60 m •t 50 mb•r, respectively. Seasonal 
solar regression coefficients tend to be statistically significant over l•rger •re•s 
in summer but have l•rger •mplitudes within limited regions in winter. These 
geographic similarities between tot•l ozone, lower str•tospheric temperature, •nd 
geopotential height solar coefficients suggest that changes in lower stmtospheric 
dynamics between solar minimum and m•ximum m•y play •n important role in 
driving the observed total ozone solar cycle wristion. To test this hypothesis, a 
simplified perturbation ozone transport model is applied to calculate the expected 
total ozone variation owing to dynamical forcing for the calculated geopotenti•l 
height solar coefficients, climatological ozone mixing ratios, •nd zonal winds. For 
the summer season during which the solar regression coefficients •re significant over 
the l•rgest area, both the amplitude •nd l•titude dependence of the observed solar 
cycle ozone variation are approximately consistent with the model estimates. 

1. Introduction 

A prerequisite for an accurate determination of an- 
thropogenic trends in ozone is a knowledge of the natu- 
ral sources of stratospheric interannual variability [e.g., 
World Meteorological Organization (WMO), 1991, 1995]. 
While it may be possible in some cases to remove statis- 
tically natural variability from a given time series using 
an appropriate mathematical model, a physical under- 
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standing of this variability is also necessary before full 
confidence in the derived trends will be achieved. Varia- 

tions occurring on timescales of a few years, associated, 
for example, with the quasi-biennial oscillation (QBO) 
and the E1 Nifio-Southern Oscillation (ENSO), are in- 
completely understood but have relatively minor influ- 
ences on long-term trend estimates. Variations occur- 
ring on decadal and longer timescales are more poorly 
characterized and can have a more direct impact on 
trend estimates. Two possible sources of decadal nat- 
ural variability in the stratosphere are solar variability 
(occurring mainly on the timescale of the l 1-year so- 
lar activity cycle) and volcanic emissions [e.g., Brasseur 
and Solomon, 1984]. Because recent major volcanic 
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eruptions (especially El Chichon in 1982 and Pinatubo 
in 1991) have occurred at intervals comparable to the 
solar cycle length, it is possible that solar and volcanic 
forcing may be difficult to separate at some latitudes 
and altitudes (see Figure 10 of Solomon ½t al. [1996] 
and the accompanying discussion). Hence, further work 
is needed to evaluate the relative roles of each of these 

forcing mechanisms in driving stratospheric interannual 
variability. The present paper is an effort to character- 
ize further the nature and physical origin of the solar 
component of total ozone variability. 

Statistical analyses of ground-based (Dobson and Um- 
kehr) ozone records extending in some cases over more 
than six decades have previously indicated the occur- 
rence of an in-phase solar cycle variation of global mean 
total ozone with an amplitude of several per cent from 
solar minimum to maximum [Angell, 1989; Reinsel et 
al., 1987; D•i'tsch et al., 1991; Zerefos et al., 1995; R. 
Bojkov, private communication, 1995]. As discussed, 
for example, by Angell [1989; see his Figures 2 and 3], 
the correlation of total ozone with solar activity indi- 
cators is largest when globally averaged Dobson data 
are used but is also present within separate geographic 
zones. Consistent with the ground-based data, recent 
satellite measurements of global column ozone cover- 
ing 13 to 15 years have also yielded evidence for an in- 
phase solar cycle variation with an amplitude of 1.5 to 
2% [Chandra, 1991; Hood and McCormack, 1992; Chan- 
dra and McPeters, 1994]. While even 60 years of data 
are insufficient to prove beyond any doubt a causal link 
between the l 1-year solar cycle and total ozone, this 
interpretation is made plausible by the existence of 
number of direct and indirect physical mechanisms by 
which solar variability could affect ozone in the strato- 
sphere. 

Direct solar mechanisms for perturbing ozone in- 
clude changes in solar ultraviolet spectral irradiance and 
changes in the flux of precipitating energetic particles 
[e.g., Brasseur and Solomon, 1984]. Although precip- 
itating particles, including highly relativistic galactic 
protons, energetic solar protons, and relativistic mag- 
netospheric electrons, can significantly perturb upper 
stratospheric chemistry at high latitudes, the expected 
effects at lower latitudes are relatively small [Garcia 
et al., 1984; for a review, see Jackman, 1991]. It re- 
mains possible that relativistic electron precipitation 
may be important for the polar odd nitrogen budget 
with derivative effects at lower latitudes [Thorne, 1977; 
Baker et al., 1987; Callis et al., 1991]. However, the cal- 
culated middle atmospheric energy deposition depends 
sensitively on angular electron flux measurements near 
geosynchronous orbit and no final consensus on the 
magnitude of their contribution has yet been reached 
[Jackman, 1995]. Thus there is not yet any definite 
confirmation of early proposals that the solar cycle vari- 
ation of stratospheric ozone and temperature may be 
direct consequence of particle precipitation effects 
derman and Chamberlain, 1975; Crutzen et al., 1975; 
Zerefos and Crutzen, 1975]. 

Solar UV variations at wavelengths less than 242 nm 

directly modify the rate of photodissociation of molec- 
ular oxygen in the upper stratosphere and, hence, the 
rate of production of ozone. Unlike particle precipita- 
tion effects, direct solar UV effects are most pronounced 
at low and middle latitudes where photolysis rates are 
greatest. Current estimates for the change in solar UV 
irradiance near 200 nm from solar minimum to maxi- 
mum are in the range of 6 to 10% [Donnelly, 1991; Ce- 
bula et al., 1992; Deœand and Cebula, 1993; Rottman 
and Woods, 1995] and also occur on the solar rotation 
timescale with comparable amplitudes under solar max- 
imum conditions [Donnelly, 1991; London et al., 1993]. 

Observational evidence for the effects of variable so- 

lar UV spectral irradiance on upper stratospheric ozone 
and temperature at low and middle latitudes has been 
obtained on both the solar rotation timescale [Gille et 
al., 1984; Hood, 198(5; Keating et al., 1985; 1987; Chan- 
dra, 1986; Hood and Jirikowic, 1991] and on the solar 
cycle timescale. 

The solar cycle variation of ozone mixing ratio at dif- 
ferent levels in the stratosphere has been investigated 
statistically using 11.5 years of Nimbus 7 solar backscat- 
tered ultraviolet (SBUV) data by Hood et al. [1993b] 
and using 15 years of combined SBUV and National 
Oceanic and Atmospheric Administration (NOAA) 11 
SBUV/2 data by Chandra and McPeters [1994]. Ac- 
cording to these observational studies based on the 
SBUV and SBUV/2 data, the global mean solar cy- 
cle ozone change is a maximum of 4 to 7% near 2 mbar 
(about 45 km altitude) and decreases rapidly with de- 
creasing altitude to negligibly small values by 6 mbar 
(about 35 km altitude). In contrast, two-dimensional 
model calculations employing realistic solar spectral ir- 
radiance changes and accounting for temperature feed- 
back effects predict a maximum percentage ozone in- 
crease between solar minimum and maximum of 1.5 to 

2.5% between 3 and 6 mbar, decreasing to values less 
than 1.5% below 20 km altitude [Brasseur, 1993; Huang 
and Brasseur, 1993; Fleming et al., 1995; Haigh, 1994]. 
A further dilemma arising from the SBUV-SBUV/2 
analyses is that the apparent solar cycle variation of 
the ozone column in the upper and middle stratosphere 
is much less than what is needed to explain the ob- 
served amplitude (1.5 to 2%) of the total ozone solar 
cycle variation (see section 2). This is also in contrast 
with two-dimensional model calculations which predict 
a much larger contribution to the solar cycle total ozone 
variation in the middle stratosphere than is observed. 
However, the SBUV-SBUV/2 data are consistent with 
earlier studies of Umkehr data which found that most of 

the solar cycle ozone variation occurred near the ozone 
concentration maximum in the 20 to 30 km altitude 

range [D•itsch et al., 1991]. 
As reviewed by Labitzke and van Loon [1993, 1995] 

and van Loon and Labitzke [1994], increasing correlative 
evidence exists for a 10- to 12-year oscillation of lower 
stratospheric meteorological parameters based on more 
than 35 years of analyses by the Stratospheric Research 
Group at the Free University of Berlin. While the time 
record is still not long enough to unequivocally conclude 
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that the observed variations are solar forced, this is the 
leading working hypothesis at present. In particular, 
a correlation of solar 10.7 cm radio flux (a proxy for 
long-term solar UV variability)with annually averaged 
30 mbar geopotential height has been demonstrated in 
the northern hemisphere over three and a half cycles. 
The correlation is a maximum near 30øN and within 

a broad longitude sector extending from approximately 
150øE to 330•E longitude. By geostrophic and thermal 
wind relationships, the solar-correlated height field vari- 
ations imply corresponding temperature and wind field 
differences between solar minimum and maximum. Be- 

cause the ozone photochemical lifetime is long compared 
to dynamical timescales in the lower stratosphere, the 
wind field differences could contribute significantly to 
the solar cycle variation of total ozone through changes 
in the rate of ozone dynamical transport. 

Although it has not yet been established how changes 
in solar ultraviolet flux (or other solar-related param- 
eters) can modify lower stratospheric dynamics, some 
progress in this direction has been made. It was orig- 
inally speculated by Hines [1974] that direct solar- 
induced changes in upper stratospheric zonal mean dy- 
namics could modify the transmission-reflection proper- 
ties of upwardly propagating planetary waves, thereby 
producing indirect dynamical changes in the lower strato 
sphere and upper troposphere. In the upper strato- 
sphere, it is expected theoretically that solar UV heat- 
ing and ozone concentration changes between solar min- 
imum and maximum will result in zonal wind perturba- 
tions, especially under winter solstice conditions at mid- 
latitudes where the latitudinal gradient of UV heating 
is a maximum [e.g., Haang and Brassear, 1993; Hood ½t 
al., 1993b]. According to present models, the wind in- 
creases from solar minimum to maximum are relatively 

small (<< 5 m/s). Observationally, there is evidence 
for a zonal wind variation from solar minimum to max- 
imum near the stratopause in December at northern 
midlatitudes and in June/July at southern midlatitudes 
[Kodera and Yamazaki, 1990; Hood et al., 1993b]. How- 
ever, the observed stratopause wind variations are much 
larger in amplitude than expected theoretically (e.g., 23 
-4- 9 m/s in December at i mbar, 45øN) and are not 
hemispherically symmetric [Hood et al., 1993b]. It has 
been argued that this unexpectedly large upper strato- 
spheric wind variation requires a positive feedback due 
to wave mean flow interactions such that the planetary 
wave drag on the flow is reduced under solar maximum 
conditions [Hood et al., 1993b]. 

As reviewed by Kodera [1993], most theoretical inves- 
tigations of the Hines mechanism applied linear mod- 
els and obtained little or no evidence for significant ef- 
fects of upper stratospheric wind field changes on plan- 
etary waves at levels below 30 km [Bates, 1977, 1980; 
Geller and Alperr, 1980; Callis et al., 1985; Nigam and 
Lindzen, 1989]. However, larger effects at lower strato- 
spheric and upper tropospheric levels have been ob- 
tained in (non linear) general circulation model (GCM) 
experiments [Boville, 1984, 1993; Kodera et al., 1990, 

1991]. The latter studies suggest that non linear pro- 
cesses in addition to the propagation of planetary waves 
are capable of producing significant dynamical changes 
down to tropospheric levels. Recent GCM experiments 
involving changes in UV input and with a simulated 
equatorial quasi-biennial oscillation have further indi- 
cated that UV-induced changes in the zonal wind field 
can have dynamical and thermal consequences extend- 
ing into the lower stratosphere and troposphere [Bal- 
achandran and Rind, 1995; Rind and Balachandran, 
1995]. These experiments may ultimately shed light 
on the issue of why the apparent solar cycle variation of 
geopotential height in the lower stratosphere is associ- 
ated with temperature changes in the middle and upper 
troposphere [Labitzke and van Loon, 1995]. However, 
because the UV forcing employed in the experiments so 
far was larger than observed over a solar cycle, was inde- 
pendent of wavelength below 300 nm, and no solar cycle 
variation of ozone was simulated, a direct comparison 
of the results with observations is not yet possible. It 
should be noted that a process not ir. cluded in current 
GCMs is radiative-photochemical feedbacks on plane- 
tary wave propagation. It has been shown analytically 
that effects of ozone heating on the stability of lower 
stratospheric waves can be significant [Nathan et al., 
1994]. It is therefore possible that these processes com- 
bined with the observed solar cycle variation of ozone 
in the stratosphere may produce secondary feedbacks at 
lower stratospheric levels that would not be anticipated 
with existing numerical circulation models. 

In this paper a more quantitative understanding of 
the apparent solar cycle variation of total ozone is 
sought with the help of several relevant long-term data 
sets. Of special interest is the question of whether 
changes in lower stratospheric dynamics (and, hence, 
ozone advection) from solar minimum to maximum may 
play a substantial role in driving the solar cycle varia- 
tion of total ozone. In section 2, a brief review of evi- 
dence from SBUV-SBUV/2 data for a solar cycle varia- 
tion of global mean ozone is presented and the contribu- 
tions to the total ozone variation from different strato- 

spheric pressure ranges are estimated. In section 3, a 
multiple regression statistical model is applied to deter- 
mine the latitude, longitude, and seasonal dependences 
of the solar regression coefficient for a series of rele- 
vant stratospheric quantities. Evidence is obtained for 
similarities between the geographic dependences of the 
calculated total ozone solar regression coefficients and 
those for lower stratospheric geopotential height and 
temperature. In section 4, a perturbation mechanis- 
tic ozone transport model is applied together with the 
geopotential height solar regression coefficients to esti- 
mate the amplitude and latitude dependence of the dy- 
namically forced solar cycle total ozone variation. This 
model-derived ozone variation is then compared with 
that derived from the available satellite ozone data to 

evaluate quantitatively the extent to which dynamical 
transport changes can account for the observed solar 
cycle total ozone variation. 
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Figure 1. (top) A comparison of area•weighted, latitu- 
dinal averages of monthly zonal mean SBUV-SBUV/2 
ozone in the upper stratosphere and (bottom) for total 
ozone. Averaging across both hemispheres reduces the 
amplitude of the annual cycle, allowing long-term vari- 
ations to be more easily seen. The superposed lines are 
25-month running means. 

2. Vertical Distribution of the Total 

Ozone Variation 

In this section a combination of monthly zonal mean 
Version 6 Nimbus 7 SBUV data [e.g., McPelers el al., 
1984] and NOAA 11 SBUV/2 data [e.g., Planet el al., 
1994] is considered for the period extending from Jan- 

uary 1979 to December 1993. The data consist of esti- 
mates for the ozone column abundance within specified 
pressure layers (Umkehr layers) and have a vertical res- 
olution of approximately 8 km. Useful measurements 
of the ozone mixing ratio are limited to pressures be- 
tween approximately 16 and 1 mbar (about 28 to 48 km 
altitude). The lowermost level at which useful measure- 
ments are obtained is limited by the spread of the ozone 
sensitivity function below the ozone maximum. SBUV 
measurements at 30 mbar, for example, are more repre- 
sentative of ozone variations in the lower stratosphere 
as a whole (i.e., total ozone) and do not compare fa• 
vorably with independent ozone mixing ratio measure- 
ments at this level (S. Chandra, private communica• 
tion, 1995). The amplitude of changes in the ozone 
column at lower levels (pressures greater than about 
16 mbar) is estimated here by taking the difference be- 
tween the independently measured total ozone change 
and the measured ozone profile changes at higher lev- 
els. For discussions of data quality, long-term stability, 
and methods used to combine the two separate satellite 
records, the reader is referred to the papers by Chandra 
and McPeters [1994], Hood et al. [1993a], and J. Mc- 
Cormack and L. Hood, Appareni solar cycle variations 
of upper stratospheric ozone and temperature: Latitude 
and seasonal dependences, submitted to Journal of Geo- 
physical Research, 1996. 

A comparison between area•weighted, latitudinal av- 
erages of monthly zonal mean SBUV-SBUV/2 ozone in 
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Figure 2. (bottom) The dashed lines represent the 
same data as shown in Figure 1 after deseasonalizing 
and removing the linear trend. The superposed solid 
lines are again 25-month running means. (top) The 
dashed line shows the monthly mean Mg II core-to- 
wing ratio, a close proxy for solar ultraviolet spectral 
irradiance near 200 nm (L. Puga, private communica• 
tion, 1994). (top) The solid line is a 13-month running 
mean. 

the upper stratosphere and total ozone is shown in Fig- 
ure 1. The upper stratospheric ozone measurements 
are for Umkehr layer 9 (1 to 2 mbar) and are in units 
of Dobson units (DU) per layer (1 DU = I milliatmo- 
sphere centimeter- 2.687 x 1016 ozone mol per cm2). 
A long-term decline in both data records is apparent; 
however, the decline is not monotonic. A period of rela- 
tively rapid decline during the early 1980s is followed by 
a period of little change during the late 1980s and by 
an apparent resumption of more rapid decline during 
the early 1990s. This variation of both upper strato- 
spheric ozone and total ozone has been interpreted as a 
superposition of a solar cycle variation and a long-term, 
approximately linear, negative trend [e.g., $folarski ef 
al., 1991; Chandra, 1991; Hood and McCormack, 1992; 
Hood ef al., 1993a,b; Chandra and McPefers, 1994]. Re- 
moving a linear trend and deseasonalizing the data of 
Figure 1, the time series indicated by the dashed lines 
in the lower panels of Figure 2 is obtained (see also 
Figure 3a of Chandra and McPefers [1994]). The solid 
lines in the two lower panels represent 25-month run- 
ning means, intended to minimize the influence of the 
quasi-biennial oscillation. The top panel of Figure 2 is 
a time series representation of the Mg II core-to-wing 
ratio, a good proxy for solar UV flux at wavelengths 
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Figure 3. (middle) The data is a global mean, de- 
seasonalized temperature deviation for the 50 - 150 
mbar layer (maximum weighting near 90 mbar) as de- 
rived from channel 4 radiances of the Microwave Sound- 

ing Units (MSU) on the NOAA operational satellites 
[Spencer and Christy, 1993]. The times of the E1 Chi- 
chon and Pinatubo volcanic eruptions are indicated. 
(bottom) The dashed line shows the MSU channel 4 
deviation data after removing a linear trend and inter- 
polating linearly across the periods of enhanced temper- 
atures following E1 Chichon and Pinatubo. (top) Here 
it is identical to that of Figure 2. 

near 200 nm that are important for ozone production 
[Heath and Schlesinger, 1986; Donnelly, 1991; Cebula 
et al., 1992; DeLand and Cebula, 1993]. The upper 
stratospheric ozone and total ozone residuals both vary 
approximately in phase with the solar UV variation dur- 
ing the 15-year interval for which global data are avail- 
able. Although the data of Figure 2 suggest that ozone 
starts to increase before the Mg II index following the' 
1985-1986 solar minimum, a much longer time series 
would be needed to establish that a significant phase 
difference exists. It is more likely that interannual vari- 
ability associated with the QBO, ENSO, and volcanic 
eruptions acted to shift the observed ozone minimum 
forward in time during this particular solar cycle. The 
amplitude of the global mean total ozone variation from 
solar minimum to maximum is 1.5 to 2%, in approxi- 
mate agreement with previous multiple regression stud- 
ies of the satellite ozone data and with earlier analyses 
of ground-based Dobson data extending over more than 
3 solar cycles [Angell, 1989; Reinsel et al., 1987; Zerefos 
et al., 1996]. 

Given that the residual global mean total ozone varia- 
tion shown in the bottom panel of Figure 2 is consistent 
with that of upper stratospheric ozone shown in the 
center panel and is consistent with earlier analyses of 
previous solar cycles using Dobson data, it may be sug- 
gested that this variation is physically associated with 
solar variability. However, as many as 10 additional cy- 
cles of data may be required to prove this association 
in a statistically rigorous sense. 

Table i lists the results of an approximate calcula- 
tion of the contributions to the apparent solar cycle 
total ozone variation from different stratospheric pres- 
sure ranges based on the SBUV-SBUV/2 data. Since 
the SBUV-SBUV/2 data are provided as monthly zonal 
mean column amounts within Umkehr layers (R. McPet- 
ers, private communication, 1995), this calculation is 

Table 1. Contributions to Solar Cycle Total Ozone Change 
from Different Stratospheric Pressure Ranges 

Millibars Dobson Units Total Dobson Units Total Percent 

Upper Stratosphere 

0.5- 1 mbar 4% x 0.92 DU = 0.04 DU 
I - 2 mbar 4% x 3.3 DU = 0.13 DU 
2 - 4 mbar 3% x 10.4 DU = 0.31 DU 12% 

Middle Stratosphere 

4- 8 mbar 3% x 25.2 DU = 0.13 DU 
8- 16 mbar 0% x 47.7 DU = 0 DU 3% 

Lower Stratosphere 

16- 32 mbar 1.5% x 70.2 DU = 1.05 DU 
> 32 mbar 2.0% x 136.2 DU = 2.7 DU 85% 

Global Mean Solar Cycle Total Ozone Change _• 1.5% x 295 DU - 4.4 DU 



1360 HOOD: SOLAR CYCLE VARIATION OF TOTAL OZONE 

straightforward. As reported previously [Stolarski et 
al., 1991; Chandra, 1991], the global mean total ozone 
variation from solar minimum to maximum was approx- 
imately 1.5% during the last cycle, or about 4.4 DU for a 
global mean ozone value of 295 DU. The largest percent- 
age solar cycle variation of ozone is known to occur in 
the upper stratosphere and amounts to as much as 4 to 
7% [Hood et al., 1993b; Chandra and McPeters, 1994]. 
However, owing to the relatively small ozone column 
amounts in the upper stratosphere above 4 mbar, the 
net contribution of the upper stratospheric variation to 
the total ozone variation is only about 12%. In the mid- 
dle stratosphere, the ozone column amounts increase 
substantially but the derived solar cycle variation in this 
pressure range (4 to 16 mbar)is very small ((0.5%) 
leading to a net contribution to the total ozone solar 
cycle variation of only about 3%. Finally, in the lower 
stratosphere, the percentage changes of ozone increase 
somewhat to 1.5-2.0% and the ozone column amounts 

increase as well. Consequently, a majority (about 85%) 
of the observed global mean total ozone variation can 
be attributed to ozone changes occurring in the lower 
stratosphere (altitudes less than about 28 km). 

As discussed in the Introduction, the conclusion that 
most (_• 85%) of the solar cycle variation of total col- 
umn ozone occurs in the lower stratosphere is at vari- 
ance with the predictions of current two-dimensional 
models of the middle atmosphere. Although most mod- 
els predict a solar cycle total ozone variation of several 
percent, in approximate agreement with observations, 
this agreement for total ozone is somewhat misleading. 
Recent calculations for realistic solar spectral irradiance 
changes, including the effects of temperature feedback 
on ozone photochemistry, by Brasseur [1993], Huang 
and Brasseur [1993], Fleming el al. [1995], and Haigh 
[1994] all predict a maximum percentage ozone mixing 
ratio increase of 1.5 to 2.5% between solar minimum and 

maximum in the middle stratosphere (approximately 30 
to 40 km altitude). Consequently, these models predict 
that a relatively large contribution to the ozone col- 
umn change between solar minimum and maximum oc- 
curs in the middle stratosphere (more than 30%) while 
the contribution in the lower stratosphere is less than 
50%. This prediction contrasts with the results of Ta- 
ble I which show nearly no contribution from the middle 
stratosphere and a large majority contribution from the 
lower stratosphere. 

3. Statistical Analysis of the Lower 
Stratospheric Variation 

Given the evidence presented above that a large ma- 
jority of the apparent solar cycle variation of total ozone 
occurs in the lower stratosphere, it is of interest to inves- 
tigate statistically the characteristics of this variation 
and whether there is a corresponding variation of other 
relevant lower stratospheric physical quantities (tem- 
perature, geopotential height). As discussed in the In- 
troduction, evidence has previously been obtained for a 
10- to 12-year oscillation of lower stratospheric geopo- 

tential height and temperature using analyses carried 
out at the Free University of Berlin (available only for 
the northern hemisphere) [Labitzke and van Loon, 1993, 
1995; van Loon and Labitzke, 1994]. To provide an in- 
dependent assessment, we consider first in this section 
a global lower stratospheric temperature record with 
especially good long-term stability. This is the 50-150 
mbar weighted mean lower stratospheric temperature 
time series provided by Channel 4 of the microwave 
sounding units (MSU) on the NOAA operational satel- 
lites [Spencer and Christy, 1993; see also Randel and 
Cobb, 1994]. The middle panel of Figure 3 shows the 
MSU data over a 16-year time period in the form of a 
global mean, deseasonalized temperature deviation [see, 
e.g., Climate Diagnostics Bulletin, 1995]. Major posi- 
tive temperature deviations occur in association with 
the injection of volcanic aerosols following the E1 Chi- 
chon and Pinatubo eruptions. However, a long-term 
variation is also present that is similar to the total ozone 
variation in the bottom panel of Figure 1. Specifically, 
there is a relatively rapid interannual temperature de- 
crease during the early 1980s followed by a period of 
minimal temperature change or a slight increase during 
the late 1980s and evidence for a more rapid tempera- 
ture decrease following the Pinatubo deviation in 1993 
and 1994. In the bottom panel of Figure 3, the same 
data are shown after removing a linear trend and in- 
terpolating across the two volcanic episodes. (In both 
episodes, the volcanically perturbed interval is assumed 
to be 2 years in length.) An apparent solar cycle varia- 
tion with a global mean amplitude of 0.2 to 0.3 Kelvin 
from minimum to maximum is present. 

In the remainder of this section, the apparent lower 
stratospheric solar cycle variation is characterized fur- 
ther by analyzing statistically a series of relevant data 
sets. Specifically, multiple regression methods will be 
applied to estimate the latitude, longitude, and seasonal 
dependences of the solar component of total ozone, 
lower stratospheric temperature, and lower stratospheric 
geopotential height variability. In the case of ozone, we 
consider both zonal mean Version 6 SBUV-SBUV/2 to- 
tal ozone data (described in the previous section) and 
Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) 
data for the period October 1978 to December 1991. 
The version 6 GRIDTOMS data set is on a i ø lati- 

tude by 1.25 ø longitude grid and has been adjusted for 
calibration drift to within + 1.3% (2•r) over the 13.3- 
year measurement period considered here [Herman et 
al., 1991]. To determine the lower stratospheric temper- 
ature regression coefficients, we again analyze the MSU 
channel 4 data for the 50 to 150 mbar layer with maxi- 
mum weighting at approximately 90 mbar [Spencer and 
Christy, 1993]. The MSU data are on a 10 • longitude 
by 5 * latitude grid and cover the period from January 
1979 to December 1994. To determine the lower strato- 

spheric geopotential height regression coefficients, we 
analyze monthly means of northern hemispheric daily 
analyses at 30, 50, and 100 mbar on a 5 * by 5 * grid by 
the Stratospheric Research Group at the Free Univer- 
sity of Berlin [Pawson et al., 1993]. (For some time in- 
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tervals and levels, these data are only available on a 10 o 
by 10 o grid; for these cases, the data were interpolated 
to 5 ø resolution.) These height analyses are derived 
from carefully screened radiosonde data by subjective, 
nonautomated methods and have relatively good long- 
term stability. Evidence for both long-term trends and 
a 10- to 12-year oscillation in the lower stratosphere has 
previously been derived from the Berlin height analy- 
ses [for reviews, see Pawson el al., 1993; Labdzke and 
van Loon, 1993]. The version of the Berlin height data 
analyzed here covers approximately 30 years from 1964 
to 1994 (K. Labitzke, S. Leder, private communication, 
1994). 

The multiple regression statistical model that is em- 
ployed here is identical to that used in several earlier 
studies [WMO, 1991; Slolarski el al., 1991; Hood and 
McCormack, 1992; Hood el al., 19934,b]. It is assumed 
that the primary components of interannual variability 
for all analyzed quantities consist of (1) a linear trend 
describing the stratospheric response to anthropogenic 
increases in ozone-sensitive trace gases such as chlorine; 
(2) a quasi-biennial oscillation (QBO) at tropical and 
extratropical latitudes; and (3) a solar cycle variation. 
Interannual variability due to volcanic emissions is not 
explicitly accounted for in the statistical model. These 
are assumed to be nearly orthogonal to the primary 
components that are modeled at most latitudes. Specif- 
ically, the model is of the form, 

v(t) - t,(i) + + oXo.o(t- 
+sXsr(t) + (1) 

where t is the time in months; Y(t) represents the 
monthly mean time series of ozone, temperature, or 
geopotential height at a given altitude (if applicable), 
latitude, and longitude; /•(i) is a seasonal term equal 
to the long-term mean for the ith month of the year 
(i = 1, 2,... 12); Xc2,o(t)is a time series repre- 
senting the tropical quasi-biennial oscillation (QBO); L 
is the optimum phase lag between Xc2Bo(t) and Y(t); 
XstrN is a time series representing solar variability (no 
phase lag is assumed); e(t) is a residual error term; and 
/•T, /•Q, and /•$ are the coefficients to be determined 
by least squares regression. To represent the QBO, the 
Singapore (2 ø 1'4) 30 mbar zonal wind (J. Angell, private 
communication; Climate Diagnostics Bulletin [1995])is 
used. To represent solar variability, we use the Mg II 
index (L. Puga, private communication, 1994). Appli- 
cations of (1) to these stratospheric time series without 
specifying the error term •(t) generally yield residuals 
that are first-order autocorrelated. The error term is 

therefore modeled as a first-order autoregressive pro- 
cess, that is, e(t) = re(t - 1)+ w(t), where w(t) is white 
noise [e.g., Neler el al., 1985]. 

Figure 4 compares the zonal mean and annually av- 
eraged solar regression coefficients as a function of lat- 
itude from 65øS to 65øN as calculated from the mul- 

tiple regression model for both SBUV-SBUV/2 total 
ozone (15 years) and MSU 50 - 150 mbar temperature 
(16 years). The regression coefficients are expressed in 

- (a) SBUV/SBUV2 Total Ozone 

-60 -40 -20 0 20 40 60 
Latitude 

-- 

(b) MSU 50 - 150 mbar Temperature 

-60 -40 -20 0 20 40 60 
Latitude 

Figure 4. Zonal mean and annually averaged solar re- 
gression coefficients for (a) SBUV-SBUV[2 total ozone 
and (b) MSU channel 4 temperature. The error bars 
represent 2 standard deviations from the mean as cal- 
culated from the multiple regression model. In both 
cases, the regression coefficients are expressed in terms 
of the change from solar minimum to maximum. In the 
northern hemisphere, both the total ozone and lower 
stratospheric temperature solar regression coefficients 
reach a peak near 300 N and decrease rapidly at higher 
latitudes. 

terms of the change in ozone or temperature from solar 
minimum to maximum, corresponding to a change in 
the Mg II index of approximately 0.017 and a change 
in the 10.7 cm solar radio flux of approximately 130 
units. The error bars are two standard deviations in 

length and indicate 95% confidence limits. Positive co- 
efficients significantly different from zero are obtained 
at most latitudes. Only at high latitudes in the north- 
ern hemisphere do the regression coefficients decrease 
to insignificant values. In the southern hemisphere, the 
largest coefficient amplitude for ozone occurs at 65øS 
while in the northern hemisphere, the largest coefficient 
amplitude occurs at about 30øN. Both the total ozone 
and lower stratospheric temperature coefficients have a 
similar dependence on latitude with smaller values near 
the equator and larger values at approximately 300 lat- 
itude in both hemispheres. 

In the remainder of this section, the longitude, lati- 
tude, and seasonal dependences of the solar regression 
coefficients are examined in the northern hemisphere 
for which Berlin geopotential height data are available 
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over a 30-year period. Plate 1 compares the annu- 
ally averaged solar regression coefficient in the north- 
ern hemisphere as derived from 13 years of Nimbus 7 
TOMS data (Plate la) and from 13 years of simultane- 
ous MSU channel 4 temperature data (Plate lb). Both 
data sets analyzed for this figure extend from January 
1979 to December 1991 so that a one-to-one compar- 
ison is possible. Heavy dark lines divide regions that 
are statistically significant at the 2a level from those 
that are not. For both ozone and temperature, the 95% 
confidence level is exceeded only at latitudes less than 
approximately 450 N, consistent with the zonal mean re- 
sults of Figure 4. While the largest solar coefficients are 
obtained near 30øN, as expected from the zonal mean 
results of Figure 4, the coefficient amplitudes are not 
longitudinally symmetric. The largest TOMS solar co- 
efficients tend to occur in the 170øE to 230øE sector and 

there is a corresponding maximum for the MSU solar 
coefficients in the same sector. Additional TOMS and 

MSU maxima of smaller amplitude occur in the 0 øE to 
900 E sector. 

Plate 2 shows the annually averaged Berlin geopoten- 
till height solar regression coefficient at two levels (30 
and 50 mbar) for comparison to the TOMS and MSU 
coefficients of Plate 1. The entire 30 years of available 
height data were used to produce Plate 2; however, the 
results do not change substantially when only the 13- 
year period covered by the TOMS and MSU analyses of 
Plate 1 is analyzed. Similar to the TOMS and MSU co- 
efficients, the height solar coefficients at 30 and 50 mbar 
reach a maximum near 300 or 40øN and become insignif- 
icant at latitudes northward of 50øN. Moreover, the 
height solar coefficients are larger in the 170øE to 270øE 
sector and maximize near 180øE where the TOMS solar 
coefficient of Figure 5a is a maximum. 

Plates 3 and 4 give an indication of how the TOMS 
ozone and Berlin 50 mbar height solar coefficients de- 
pend on season. Plate 3 compares the TOMS coeffi- 
cients with the 50 mbar height coefficients for boreal 
summer. To produce this figure, the TOMS and Berlin 
height data were first averaged for June, July, and Au- 
gust (JJA) resulting in time series at each latitude and 
longitude consisting of 13 data points for TOMS and 30 
data points for Berlin height. The multiple regression 
model was then applied using similarly averaged solar 
and QBO time series. Despite the short record length 
for TOMS, significantly positive regression coefficients 
are obtained at low latitudes up to approximately 30øN 
in most sectors (Plate 3a). The regression coefficient is 
slightly longitudinally asymmetric with maximum val- 
ues in the hemisphere centered on 180 øE and minimum 
values near 0øE. For 50 mbar height (Plate 3b), the 
solar regression coefficient is significantly positive over 
most of the hemisphere with maximum values near 300 
to 40øN in the longitude sector extending from 90øE to 
270øE. 

hemisphere has relatively small and insignificant solar 
coefficients, larger and statistically significant values oc- 
cur near 30øN within certain longitude sectors. The 
largest coefficients occur near 180øE. Ozone variations 
during this season are mainly responsible for the coef- 
ficient maxima on the annual mean regression map of 
Plate l a. The 50 mbar height regression coefficients are 
also largest near 180øE at northern midlatitudes. 
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Plate 4 shows the result of a similar seasonal re- 

gression analysis of the TOMS and Berlin 50 mbar 
height data for boreal winter (DJF, December, Jan- 
uary, and February). In Plate 4a, while most of the 

Figure 5. (a) Climatological zonal mean ozone mix- 

ing ratios (b), zonal winds, and}c) zonal wind vertical gradients, for boreal summer (J A). See the text for a 
description of data sources. 
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(a) Nimbus 7 TOMS Ozone, Dobson Units 
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Plate 1. Comparison of the annually averaged solar 
regression coefficients in the northern hemisphere as de- 
rived from (a) 13 years of Nimbus 7 TOMS data, and 
(b) 13 years of simultaneous MSU channel 4 tempera- 
ture data. The heavy solid line in both plots separates 
regions where the coefficients are statistically significant 
at the 2-standard deviation level from regions where 
the coefficients are not statistically significant. In both 
cases, coefficients equatorward of 40 ø to 50 ø latitude 
tend to be significantly different from zero. 
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Plate 2. Annually averaged geopotential height solar 
regression coefficients at (a) 30 mbar and (b) 50 mbar 
as calculated from approximately 30 years of analyses 
by the Stratospheric Research Group at the Free Uni- 
versity of Berlin [Pawson et al., 1993]. The heavy solid 
lines again separate regions that are not statistically 
significant from regions that are significant at the 
level. Regions equatorward of 50 ø to 60 ø latitude are 
significant. Results are shown north of 10 ø N where con- 
tinuous height data are available. 

4. Mechanistic Ozone Transport 
Calculations 

The total ozone, lower stratospheric temperature, 
and lower stratospheric geopotential height solar regres- 
sion coefficients estimated in the previous section are 
not easily explained in terms of photochemical and ra- 
diative processes alone. Even if only the zonal mean, 
annually averaged coefficients of Figure 4 are consid- 
ered, the derived latitude dependence and relative am- 
plitudes of the ozone and temperature regression coef- 
ficients are inconsistent with such a model. The lati- 

tude dependence of the ozone coefficients (peaking near 
30øN and falling off rapidly with increasing latitude in 
the northern hemisphere; see Figure 4a) is unexpected 
if only changes in ozone photochemical production rate 
and constant meridional transport of ozone to higher 
latitudes are involved. If the ozone coefficients are nev- 

ertheless accepted, the associated temperature coeffi- 
cients are too large to be explained by radiative heating 
changes alone. This can be confirmed quantitatively by 
applying a suitable radiative transfer code to calculate 
approximate bounds on the radiative equilibrium tem- 
perature change in the 50-150 mbar layer corresponding 



1364 HOOD: SOLAR CYCLE VARIATION OF TOTAL OZONE 

(a) JJA TOMS Ozone, Dobson Units (a) DJF TOMS Ozone, Dobson Units 
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Plate 3. Comparison of (a) TOMS ozone and (b) 
Berlin 50 mbar height solar regression coefficients for 
boreal summer (JJA). Heavy dark lines again separate 
zones where coefficients are not statistically significant 
from zones that are significant at the 2• level. On the 
TOMS plot, regions equatorward of approximately 30 ø 
latit-de tend to be significant in most longitude sectors. 

to the observed total ozone changes of Figure 4a (J. Mc- 
Cormack, private communication, 1995). The resulting 
model temperature changes at low latitudes have am- 
plitudes in the range of 0.1 to 0.2 K while the observed 
temperature changes are of the order of 0.5 K (Figure 
4b). Even if uncertainties in the ozone profile change 
in the lower stratosphere are considered, it is difficult 
to produce radiative equilibrium temperature changes 
(in the fixed dynamical heating approximation)signifi- 
cantly greater than 0.2 K. 

Given the apparent inadequacy of radiative and pho- 
tochemical processes, we turn to the hypothesis of dy- 
namical forcing. The similar geographic dependences 
obtained for total ozone, lower stratospheric tempera- 
ture, and lower stratospheric geopotential height solar 
regression coefficients derived in the previous section 
provide qualitative support for this possibility. For the 

(b) DJF 50 mbar Height, meters 
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Plate 4. Same format as Figure 7 but for boreal winter 
(DJF). Note the smaller areal extent of zones that are 
statistically significant but the higher amplitudes of co- 
efficients within these zones as compared to the results 
for boreal summer. 

purpose of a more quantitative investigation, it is useful 
to consider a mechanistic model for the ozone change 
in the lower stratosphere due to long-term changes in 
dynamics alone. In this highly simplified model, photo- 
chemistry is neglected in comparison to dynamical ad- 
vection and it is assumed that the ozone mixing ratio is 
nearly in a steady state (O/Or = 0). For these assump- 
tions, the ozone chemical continuity equation [Lindzen 
and Goody, 1965; Andrews et al., 1987, p. 414], in per- 
turbation form, reduces to 

_Or' v' O'• w' O• v'XZr-uzz+ yy+ O z -0' (e) 

In (2), x, y, z are Cartesian coordinates in the eastward, 
northward, and vertical directions, respectively. At a 
given location, we define the perturbation mixing ratio 
r' as the deviation from a basic state zonal mean mixing 
ratio F(y, z). Further, we assume that the zonal wind 
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velocity u is much larger than the meridional (v) and 
vertical (w) velocities so that these can be replaced, to 
first order, by the perturbation quantities v•,w t and by 
•(y, z), a basic state zonal mean zonal wind. 

Using the geostrophic approximation and applying 
the perturbation thermodynamic energy equation for 
an adiabatic process, it is possible to express v t and w t 
in terms of the geopotentiM height perturbation Z t on 
a constant pressure surface as [see, e.g., Kurzcja, 1984; 
Hood and Zaff, 1995], 

v • ~ go 8• • f Oz (3) 

w •~ go O'•8Z • 82Z •' 

where go is the mean vMue of the •ccelemtion of grav- 
ity •t se• level, f is the Coriolis p•mmeter, •nd N 2 
is the buoyancy frequency squ•red. Here, we h•ve de- 
fined Z • • the deviation from • b•ic state zonM mean 

geopotentiM height Z. Substituting (3) •nd (4) into (2), 
multiplying thro. ugh by dz •nd integrating, we obtain 

- • O• N•U Oz k Oz AZ - • 
(5) 

where •r • is the approximate change in the ozone mix- 
ing ratio resulting from a given change •Z • of the 
geopotential height. In addition to the qu•i-static and 
photochemically inert •sumptions mentioned above, 
(5) is limited in its applicability to regions away from 
the equator (f >> 0) where • does not approach zero 
(u>> 0). 

In principle, (5) provides a means of estimating the 
change in ozone mixing ratio at a given level in the 
lower stratosphere corresponding to a known change 
in geopotential height from solar minimum to maxi- 
mum. It is then possible to estimate the correspond- 
ing change in the ozone column for comparison with 
the observational results of section 4. The calculation 

is complicated somewhat by the large variations of •, F, 
and their gradients with latitude, altitude, and se•on. 
As one simplification, we consider here only the boreal 
summer se•on (JJA) for which the total ozone solar re- 
gression coe•cients are statistically significant over the 
largest area (Plate 3). The analysis is also necessarily 
restricted to the northern hemisphere where the Berlin 
height data are available. For the constants in (5), we 
take values of go - 9.8 x 10 -a km s -•, N • - 4 x 10 -q 
s -•, and f - (1.454 x 10 -q) sin A s -x where A is lati- 
tude. For the b•ic state quantities, Y and •, we adopt 
the climatological values for boreal summer shown in 
Figure 5. The b•ic state ozone volume mixing ratios 
are b•ed on the data of D•'tsch [1969] and Keating 
and Young [1985]. The JJA climatological zonal wind 
values and vertical gradients of Figure 5b and 5c are 
calculated from National Meteorological Center height 
data for the years 1979 through 1992 using the gradient 
wind algorithm [e.g., Randel, 1992]. 

According to Figure 5b, the JJA zonal wind is a 
strong function of latitude in the lowermost part of the 
stratosphere. Because Ar t is approximately inversely 
proportional to •, this leads to a similar strong latitude 
dependence for the total ozone perturbation resulting 
from a positive change in geopotential height between 
solar minimum and maximum. The final model-derived 
estimates for the JJA zonal mean total ozone variation 

from solar minimum to maximum are shown in Figure 
8 compared to values derived from the TOMS data for 
the same season. 

To illustrate how the model estimates of Figure 8 
are obtained, consider two specific latitudes, 20ON and 
50 • N, where the total ozone perturbation is positive and 
negative, respectively. Table 2 lists the model parame- 
ters leading to these estimates. At 20ON, from the cli- 
matological data of Figure 54, O•/Oy is approximately 
-3.4 x 10 -•, 1.8 x 10 -4, and 1.1 x 10 -4 ppmV/km at 30, 
50, and 100 mbar, respectively. Corresponding values of 
O•/Oz at the same levels are about 0.76, 0.57, and 0.11 
ppmV/km. From the data of Figure 54 and 5c we have 
• = -16.8, -13.6, and -7.76 m/s; and O•/Oz _• -0.58, 
-0.85, and -1.83 m/s/km, respectively. The geopo- 
tentiM height solar coefficients at 30, 50, and 100 mbar 
derived from the regression analyses of the previous sec- 
tion are plotted in Figure 6 for both 20øN and 50øN. 
From the 20øN height data of Figure 64, AZ t _• 55, 
35, and 20 m. Taking mean altitudes of 24.6, 21.1, and 
16.2 km at the three levels, we estimate O(AZ•)/Oz _• 6, 
4, and 2.5 m/km, respectively. Substituting the above 
values into (5), we obtain Ar • •_ -0.02 + 0.08 -- 0.06 
ppmV at 30 mbar, Ar • •_ 0.09+0.02 -- 0.11 ppmV at 50 
mbar, and Ar • •_ 0.07--0.01 -- 0.06 ppmV at 100 mbar. 
These represent increases of 1.3%, 5.9%, and 13.5%, re- 
spectively, over the corresponding climatological mixing 
ratios of 4.2, 2.0, and 0.4 ppmV. 

In order to estimate the change in the total ozone 
column resulting from the calculated mixing ratio in- 
creases at 30, 50, and 100 mbar, the climatological 
zonal mean ozone concentration profile was first approx- 
imated by linear interpolation at 1-km intervals between 
the known values at 1, 2, 5, 7, 10, 30, 50, 100,300,400, 
and 1000 mbar. The solid line in Figure 74 shows the 
resulting base concentration profile in units of DU/km. 
To compute this approximate profile, we use the first- 
order relation [e.g., Wirth, 1991], ½- (114)7 exp(-z/7) 
DU/km, where ½ is the concentration in DU/km, ? is 
the mixing ratio in ppmV, and z is altitude in km. The 
corresponding base total ozone column at 20øN is 283.7 
DUo The dashed line in Figure 7a shows the perturbed 
concentration profile obtained by adding the values of 
At' calculated above at 30, 50, and 100 mbar. The 
corresponding model ozone column is 292.5 DU, repre- 
senting an increase of 8.8 DU. This is the value plotted 
at 20øN in Figure 8. 

At 50øN, from the climatological data of Figure 5a, 
values for 0F/0y of approximately -5.5 x 10 -•, 2.2 x 
10 -4, and 2.3 x 10 -4 ppmV/km at 30, 50, and 100 mbar 
are estimated. Corresponding values for i)F/i)z are 0.42, 
0.48, and 0.20 ppmV/km. From the data of Figure 5b 
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Table 2. Model Parameters at 20øN and 50øN 

P, Olay o/az /az, zxz', a(zxz')/az, zx', 
mbar ppmV/km m/s m/s/km rn m/km ppmV 

3O 

20øN -3.4(-5) 0.76 -16.8 -0.58 55 6.0 0.06 
50øN -5.5(-5) 0.42 -3.4 -0.70 50 2.4 -0.16 

50 

20øN 1.8(-4) 0.57 -13.6 -0.85 35 4.0 0.11 
50øN 2.2(-4) 0.48 0.2 -1.2 42 2.4 0.01 

100 

20øN 1.1(-4) 0.11 -7.8 -1.8 20 2.5 0.06 
50øN 2.3(-4) 0.20 8.9 -2.0 34 2.4 -0.02 

Values in parentheses are powers of 10 by which primary entries are •o be multiplied. 
P is pressure in millibars. 

and 5c, climatological values for H are -3.4, 0.2, and 
8.9 m/s while values for &fi'/Oz are -0.7, -1.2, and -2 
m/s/km at the same respective levels. (Note that the 
value for • is unacceptably small at 50 mbar; for this 
case, the value for H at the next adjacent pressure level 
of 30 mbar was used.) From the height data of Figure 
6b, AZ • '" 50, 42, and 34 m. The resulting estimates 
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Figure 6. Berlin geopotential height solar regression 
coefficients for three lower stratospheric pressure levels 
at (a) 200 N and (b) 500 N latitude. The error bars 
indicate 2 standard deviation uncertainties for the co- 
efficients at 50 mbar and at 1900 E. longitude. 

for O(,XZ')/Oz are approximately 2.4 m/km at all three 
levels. 

Substituting the above values into (5) we obtain 
Ar • •_ -0.07 - 0.09 -- -0.16 ppmV at 30 mbar, Ar • •_ 
-0.24 + 0.25 -- 0.01 ppmV at 50 mbar, and Ar • •_ 
-0.07 + 0.05 -- -0.02 ppmV at 100 mbar. These mix- 
ing ratio changes represent changes of-4%, 0.4%, and 
-3% at these levels over the corresponding climatolog- 
ical values of 4.2, 2.8, and 0.9 ppmV, respectively. The 
solid line in Figure 7b shows the base concentration 
profile at 50øN in DU/km, while the dashed line is the 
perturbed profile obtained by adding the values of Ar • 
estimated above. The corresponding base and model 
ozone columns are 350.0 and 349.5 D U. The difference 

of-0.5 DU is the value plotted at 50øN in Figure 8. 
From a comparison of the above two calculations at 

20 øN and 50 øN, differences between the zonal wind 
fields as a function of altitude are largely responsible for 
the decrease in Ar • at 50øN relative to that at 20øN. At 

60øN, the total ozone perturbation shown in Figure 8 
is decidedly negative. This is due to a smaller positive 
value (3.8 m/s) for • at 100 mbar (Figure 5b) which re- 
sults in a larger negative contribution in the lowermost 
stratosphere. Although these calculations are simpli- 
fied and subject to uncertainties, the results are ap- 
proximately consistent in both amplitude and latitude 
dependence with the zonal mean TOMS solar regression 
coefficients. 

5. Conclusions 

On the basis of satellite ozone profile and total ozone 
data covering a 15-year period, it has been inferred that 
a large majority of the apparent solar cycle variation of 
global mean total ozone occurs in the lower stratosphere 
(pressures > 16 mbar). Multiple regression statistical 
studies of lower stratospheric temperature and geopo- 
tentiM height data yield evidence for a solar cycle vari- 
ation of these physical quantities with geographic and 
seasonal dependences that are similar to those of to- 
tal ozone. These similarities suggest that changes in 
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Figure 7. The solid lines in both panels represent 
approximate climatological ozone concentration profiles 
for solar minimum conditions at (a) 200 N and (b) 500 
N latitude for the boreal summer season (JJA). See the 
text for a description of the computational procedure. 
The dashed lines in both panels represent perturbed 
concentration profiles for solar maximum conditions as 
estimated from the simplified ozone transport model de- 
scribed in the text using the geopotential height solar 
regression coefficients at 30, 50, and 100 mbar. 

mean lower stratospheric dynamics between solar min- 
imum and maximum may contribute substantially to 
the total ozone variation through changes in the rate of 
ozone dynamical transport. In section 4, a highly sim- 
plified analytic ozone transport model was applied to 
estimate the ozone mixing ratio perturbations resulting 
from changes in the geopotential height field at three 
levels in the lower stratosphere (30, 50, and 100 mbar) 
where long-term data are available. The analysis was 
limited to the boreal summer season for which the so- 

lar regression coefficients are significant over the largest 
area and to the northern hemisphere where the Berlin 
height data are available. Taking into account the lat- 
itude dependence of the climatological zonal wind field 
during this season, it was found that the amplitude and 
latitude dependence of the observed total ozone varia- 
tion from solar minimum to maximum could be approxi- 
mately explained by the transport model. It is therefore 
concluded that changes in mean ozone dynamical trans- 
port in the lower stratosphere are indeed most probably 
responsible for most of the observed total ozone solar 
cycle variation. As discussed in the Introduction, these 
changes in lower stratospheric dynamics are most prob- 
ably a secondary consequence of the direct effects of 
solar variability in the upper stratosphere. 

It is interesting to note that a previous study of 
ground-based Dobson total ozone and Umkehr ozone 
profile data by D•i'tsch et al. [1991] also concluded that 
the total ozone solar cycle variation at northern mid- 
latitudes is due mainly to variations in ozone transport 
occurring near the ozone maximum (~ 50 mbar). (Note 
added in review: Following completion of this paper, it 
was learned that a recent analysis by Wang et al. [1996] 
of reprocessed Stratospheric Aerosol and Gas Experi- 

Figure 8. Comparison of TOMS zonally averaged solar 
regression coefficients (points) for boreal summer (JJA) 
to those estimated from the ozone transport model de- 
scribed in the text using the Berlin height solar re- 
gression coefficients (solid line). The error bars on the 
TOMS coefficients represent two standard deviations 
from the mean. 

ment data has confirmed that most of the observed total 

ozone solar cycle variation occurs just below the ozone 
concentration peak in the lower stratosphere.) With- 
out additional data, it was not possible in that study 
to determine whether the solar cycle ozone variation in 
this altitude range was due to changes in stratospheric 
circulation or in photochemistry in the tropical source 
region or both. On the basis of the regression results in 
section 3 and the calculations in section 4, it appears 
most probable that changes in stratospheric circulation 
are dominantly responsible. Untbrtunately, as discussed 
in the Introduction, a full understanding of how the di- 
rect upper stratospheric effects of solar variability can 
indirectly perturb lower stratospheric and upper tro- 
pospheric dynamics has not yet been achieved. A more 
complete understanding of these processes is needed be- 
fore it can be claimed that the solar cycle variation of 
total ozone is well understood. 

Note added in review' A recent study by Labitzke 
and van Loon [1996] has independently found a geo- 
graphic similarity between lower stratospheric geopo- 
tentiM height solar correlations and those obtained us- 
ing TOMS ozone data. They suggest that solar-induced 
changes in the transport of ozone from the tropics to 
higher latitudes are responsible for these correlations. 
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