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Solar Cycle Variability, Ozone,
and Climate

Drew Shindell,1* David Rind,1 Nambeth Balachandran,1
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Results from a global climate model including an interactive parameterization
of stratospheric chemistry show how upper stratospheric ozone changes may
amplify observed, 11-year solar cycle irradiance changes to affect climate. In
the model, circulation changes initially induced in the stratosphere subse-
quently penetrate into the troposphere, demonstrating the importance of the
dynamical coupling between the stratosphere and troposphere. The model
reproduces many observed 11-year oscillations, including the relatively long
record of geopotential height variations; hence, it implies that these oscillations
are likely driven, at least in part, by solar variability.

It has long been speculated that long-term solar
output variations influence Earth’s climate and
may have caused episodes such as the Little Ice
Age. As surface temperatures have risen rapidly
over recent decades, it has become increasingly
crucial to determine the relative importance of
solar variation on climate. A first step is under-
standing the effects of the well-observed 10- to
12-year activity cycle. Although many meteo-
rological quantities are correlated with the solar
cycle (1, 2), it has remained unclear how rela-
tively small changes in solar radiation (;0.1%),
whose direct effects occur predominantly in the
upper atmosphere, could have an important im-
pact on Earth’s surface. Cosmic ray influence
on clouds has been proposed (1); others have
suggested that the variability reflects other in-
fluences such as volcanoes (3) or internal cli-
mate oscillations (4). Another proposed mech-
anism is amplification of solar variability via
stratospheric or thermospheric changes (5, 6).
Measurements show that 10 to 20% of solar
cycle irradiance changes occur in ultraviolet
(UV) radiation (7), which is largely absorbed

by stratospheric ozone.
A problem has been that most models

with which this question has been studied
have had limited stratospheric representa-
tions, have assumed a constant change in
solar irradiance at all wavelengths, or have
assumed constant ozone concentrations (8–
10). Results showed that UV absorption
changes altered the upper stratospheric zonal
wind, which in turn affected planetary wave
propagation and hence the troposphere. How-
ever, surface changes were quite small unless
input solar variation was unrealistically large.
One recent model (6) showed that incorpo-
rating both realistic solar irradiance and
ozone changes could increase the response to
solar forcing, but this model extended only to
the middle stratosphere (10 mbar), a limita-
tion that restricted the model’s ability to sim-
ulate planetary wave propagation (11).

Here, we include both realistic irradiance
and ozone changes in a climate model with a
complete stratosphere. We used the GISS
stratospheric general circulation model (GCM),
a primitive equation model including parame-
terized gravity waves (10), with 8° latitude by
10° longitude resolution and 23 levels extend-
ing from the surface to 85 km (0.002 mbar).
The two-dimensional (2D) model–derived
chemistry parameterization includes wave-
length-dependent ozone response to changes in
radiation and temperature (12). Solar variability
directly affects both ozone photochemistry and

local heating, modifying ozone abundances,
which in turn further alter local heating rates as
well as the radiation field at other levels.

The GCM was run for 20 years each at
solar maximum and solar minimum irradi-
ances specified by wavelength-dependent
changes from 180 to 400 nm, and constant
changes at longer wavelengths consistent
with total solar cycle irradiance variations
(7). Results were analyzed in two ways: for
the entire 40 years, and for a subset of the 28
years without sudden stratospheric warmings.
The model showed no significant difference
in generation of sudden warmings between
phases, in accordance with observations (13). A
companion experiment used identical radiation
changes and constant ozone. All simulations
had fixed sea-surface temperatures and no
quasi-biennial oscillation (that is, the model
was in its base state with weak easterlies).

Geopotential heights are controlled by
temperatures in the underlying column, in
addition to surface pressures, and thus height
changes reflect temperature modification
throughout the atmosphere below. An ob-
served 10- to 12-year oscillation is present in
more than 40 years of data (2, 14). Heights
from about 10° to 50°N are well correlated
with solar flux [.99.9% significance at 30
mbar for the annual average zonal mean (2)].
We concentrate on December through Febru-
ary, when differences in observed height
changes between Northern Hemisphere sub-
tropical and high latitudes are the greatest
(between 30° and 90°N, a change of 104 m in
winter versus 33 m in summer).

The individual years of the solar maxi-
mum and minimum simulations were aver-
aged to reduce the noise, then the difference
between them was calculated. The zonal
mean 30-mbar height changes showed signif-
icant increases at low and mid-latitudes (Fig.
1). An additional experiment with ozone
changes prescribed according to observations
gave a similar response to that with calculat-
ed ozone, indicating the robustness of the
result. The models with solar forcing and
interactive ozone reproduce observed North-
ern Hemisphere subtropical height increases
well, but the model with solar forcing and
with constant ozone does not. For compari-
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son, a model with volcanic aerosols, another
candidate for causing the observed variations,
shows a very different pattern, with a distinct
minimum at Northern Hemisphere mid-lati-
tudes. That run did not include heterogeneous
chemistry-induced ozone variations resulting
from changes in aerosol loading (3); howev-
er, because those aerosol changes would in-
duce large decreases at northern mid-latitudes
(15), they would likely worsen the agreement
between the modeled and observed height
changes.

Restricting the analysis to years without
sudden warmings does not substantially alter
the results except at high latitudes, where
extremely large variability renders both the
model results and the observations statistical-
ly insignificant when sudden warmings are
included. In any case, the high-latitude height
differences in the analysis without warmings
are significantly different from zero but are
not significantly different from the 40-year
analysis, which provides a better match to the
observations, or from the observations them-
selves. Because the restricted analysis im-
proves the signal-to-noise ratio (the results
from all 40 years are statistically significant
only from 22° to 38°N), we concentrate on

that analysis. The similarity between the re-
sponses with and without sudden warmings is
evidence that the signal does not merely re-
flect this natural mode of variability.

Throughout the Northern Hemisphere, the
temperature response of the lower atmo-
sphere to solar increases causes elevated sub-
tropical and mid-latitude geopotential heights
and decreased heights near the pole (Fig. 2).
The model reproduces the overall pattern of
height increases across all longitudes, al-
though with a somewhat reduced magnitude,
suggesting that the observed pattern may in-
deed arise from solar forcing. At lower levels,
such as 100 mbar, the model again reproduc-
es observed patterns, which are quite similar
to those at 30 mbar.

Ozone transport differences were calculated
noninteractively (12) because of limitations in
computer resources. In the model, solar cycle–
induced circulation changes increased ozone by
1 to 2% from about 25° to 30°N, at 50- to
90-mbar altitude during Northern Hemisphere
winter. Additional increases occurred from 0°
to 20°N below 100 mbar, whereas ozone de-
creased slightly (0.5 to 1.5%) from 35° to 50°N.
Because additional ozone leads to greater heat-
ing, inclusion of these changes would bring the

30-mbar geopotential height changes (Fig. 1)
even closer to the observations by raising val-
ues from 0° to 30°N and decreasing them at
higher latitudes. As also shown from observa-
tions (16), transport changes affect lower
stratospheric ozone and should be included in-
teractively when resources permit.

During other seasons, the model’s re-
sponse is consistently weaker than observed
(although observations show a much weaker
response than the December–February peri-
od) and shows minimal statistical signifi-
cance. The signal may simply be too weak to
extract, or this may reflect model limitations,
including the lack of variable sea surface
temperatures, the quasi-biennial oscillation,
and interactive ozone transport.

The physical causes of the simulated height
changes are revealed by examining the GCM’s
behavior. Calculated ozone changes, based on
our 2D model–derived parameterization, are
similar to those found in earlier 2D models (17)
(Fig. 3). Although models agree with the mea-
sured variations at 30 mbar (;26 km), satellite
observations show much larger ozone differ-
ences above ;40 km (18, 19). Observations
cover less than two solar cycles, however, and
were perhaps affected by the two large volcanic
eruptions that occurred during the data period
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Fig. 1. Modeled zonal mean differences in December–February 30-mbar geopotential heights
between solar maximum and solar minimum in GISS GCM runs with interactive ozone, both for the
entire simulation and for only those years without sudden warmings (23), and with constant ozone.
Also shown are results from a simulation with Pinatubo-like volcanic forcing (24). In that
simulation, sea surface temperatures were allowed to adjust, so the results are taken from only the
first 3 years (a rough lifetime for volcanic aerosols injected into the stratosphere). Thick portions
of lines indicate statistical significance (.90%) for the interactive ozone run and for 40 years of
observations (2). In the region where the observations are statistically significant, the results from
the calculated ozone experiment are within the uncertainty of the observations for both analyses.
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B

Fig. 2. December–February 30-mbar geopoten-
tial height differences between solar maximum
and solar minimum for years without strato-
spheric warmings (A), and in the observations
(as in Fig. 1) (B) (2). The shading shows 90%
(light) and 95% (dark) significance levels.
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near successive solar maxima (3).
During Northern Hemisphere winter, mod-

eled ozone increased by about 2 to 4% in the
middle stratosphere (Fig. 4A). Southern Hemi-
sphere ozone increases were smaller because
increased chemical destruction induced by tem-
perature increases offset radiation-induced in-
creases, as seen in earlier 2D models (17).
Ozone changes in the dark polar region were
those from when sunlight was present, and were
“frozen in” once polar night began and photo-
chemistry ceased. Increases in ozone abun-
dance and incoming UV radiation lead to
greater UV absorption and hence greater so-
lar heating during solar maximum (Fig. 4B).
The largest increases occurred in the South-
ern Hemisphere, where the received radiation
change was greatest, and above the largest
ozone increases.

Increased solar heating broadly warmed the
Southern Hemisphere middle and upper strato-
sphere during December–February (Fig. 5).
Observations also show general stratospheric
warming above ;35 km, and maxima in the
upper stratosphere and in the summer hemi-
sphere (18). Modeled changes in the lower
atmosphere and at high northern latitudes result
from indirect dynamical changes induced by
the solar variation.

The solar heating differences increased the
middle and upper stratospheric latitudinal tem-
perature gradient, enhancing the December zon-
al wind from 30° to 50°N by more than 4 m s–1

(Fig. 5). The resulting decreased horizontal
shear of the zonal wind at these latitudes (20)
increased the quasi-geostrophic potential vortic-
ity and hence the index of refraction for plane-
tary waves [as seen in earlier GCMs (9, 10)]. In
some regions, the index of refraction changed
from negative to positive (45° to 60°N, 20 to 5
mbar). Tropospheric wave energy is then less
able to propagate into the middle stratosphere at
northern mid-latitudes, and instead propagates
preferentially toward lower latitudes. This re-
sulted in a heating divergence in the polar lower
stratosphere and convergence and warming in
the lower stratosphere at mid-latitudes (Fig. 5).
As angular momentum transport is in general
opposite in direction to wave energy propaga-
tion, northward transport of angular momentum
increased in the upper troposphere. The result-
ing greater divergence of angular momentum
transport at mid-latitudes induced a circulation
cell with a descending branch at ;40°N and an
ascending branch at ;60°N. By February, the
troposphere and lowermost stratosphere cooled
at high northern latitudes, and warmed around
25° to 45°N (both are statistically significant),
because of the more southerly convergence of
wave energy and the induced circulation cell,
creating the mid-latitude ridge seen in the geo-
potential heights. Thus, solar variability affects
the troposphere indirectly by affecting how the
troposphere distributes its own energy.

Both observations and previous GCM sim-

ulations support this mechanism. GCM studies
(9, 10, 21) showed that Eliassen-Palm flux con-
vergence changes associated with shifts in
wave propagation lead to the downward prop-
agation of the wintertime zonal wind increase,
as in Fig. 5. The resultant strong February
dipole pattern is clearly visible in observations
(14, 21), although it is slightly larger in magni-
tude. However, the observations only cover a
single solar cycle. The tropospheric mid-lati-
tude zonal wind increase (Fig. 5) caused a slight
poleward shift in the Northern subtropical jet,
as also seen in observations (21). Haigh (6)

found a similar shift, suggesting that our simu-
lated response is not unique to the GISS GCM.

In comparison, the simulation with con-
stant ozone showed roughly two-thirds the
solar heating changes of the interactive ozone
run, and only half the northern high-latitude
upper stratospheric dynamical heating, sug-
gesting that wave propagation was affected
similarly, but not as severely as in the inter-
active run. Differences in the lower strato-
sphere were even greater, with a maximum
December–February average high-latitude
cooling of only –0.7 K (instead of –2.4 K),
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and no evidence of the subtropical lower
stratospheric–upper tropospheric warming of
the interactive ozone simulation. Stratospher-
ic ozone feedback therefore plays a crucial
role in the amplification process whereby
solar heating variations modify zonal wind,
altering wave propagation, which then alters
the equator-to-pole energy transport that
largely governs the lower atmosphere’s tem-
perature response.

The tropospheric circulation changes affect
surface meteorology. However, surface vari-
ability is much larger than that in the strato-
sphere, so that neither modeled nor observed
surface changes are generally statistically sig-
nificant. Nevertheless, the simulated tropo-
spheric changes are generated by the statistical-
ly significant stratospheric changes via dynam-
ical coupling, so it is likely that they are some-
what realistic.

Solar cycle forcing affects surface winds
and sea level pressures. The statistically signif-
icant zonal mean zonal wind increase shown in
Fig. 5 for February results from two large

regional patterns. An increase in pressure
over the northeastern Pacific increases the
anticyclonic flow, bringing warmer air
from lower latitudes over Canada. A simi-
lar effect occurs over the North Atlantic
and over northern Eurasia, bringing warmer
air up over the Arctic Ocean in the Eastern
Hemisphere. The result is zonal mean sur-
face warming of up to 0.5 K northward of
55°, and cooling (up to ;0.2 K) from about
35° to 55°N. A similar pattern, showing the
largest temperature response at northern
high latitudes over land, was seen previous-
ly (8). Zonal mean sea level pressure in-
creases ;0.7 mbar from 30° to 45°N, with
an associated decrease of ;1.1 mbar from
75° to 85°N, greater in magnitude than
(though quite similar in location to) that
reported by Haigh (6 ).

Solar cycle variability may therefore play a
significant role in regional surface temperatures,
even though its influence on the global mean
surface temperature is small (0.07 K for Decem-
ber–February). The radiative forcing of the solar

cycle, resulting from both irradiance changes
and the impact of greenhouse trapping by the
additional ozone, is also small (0.2 W m–2 for
December–February). Although the 11-year so-
lar cycle is relatively short, the use of variable
sea surface temperatures would perhaps affect
the results. Another consideration is that upper
stratospheric ozone has decreased significantly
since the 1970s as a result of destruction by
halogens released from chlorofluorocarbons
(22). This ozone decrease, which has been much
larger than the modeled solar-induced ozone
increases, may have limited the ability of solar
irradiance changes to affect climate over recent
decades, or may have even offset those effects.
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Fig. 5. Monthly modeled temperature differences (kelvin) and zonal wind changes (meters per second)
between solar maximum and solar minimum for years without stratospheric warmings. The shading
shows 90% (light) and 95% (dark) significance levels. Note that the upper and lower panels have
different horizontal scales.
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