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ABSTRACT

The effects of volcanic aerosols on the middle atmosphere are investigated with the Goddard Institute for
Space Studies (GISS) Global Climate /Middle Atmosphere model. Volcanic aerosols with a visible optical depth
of 0.15 are put into the lower stratosphere, and their influence is explored for different time scales: instantaneous
effect (sea surface temperatures not allowed to adjust); influence for the first few years, with small tropospheric
cooling; and long-term effect (50 years) with significant tropospheric cooling.

The aerosols induce a direct stratospheric response, with warming in the tropical lower stratosphere, and
cooling at higher latitudes. On the shorter time scales, this radiative effect increases tropospheric static stability
at low- to midlatitudes, which reduces the intensity of the Hadley cell and Ferrel cell. There is an associated
increase in tropospheric standing wave energy and a decrease in midlatitude west winds, which result in additional
wave energy propagation into the stratosphere at lower midlatitudes in both hemispheres. Convergence of this
flux in the middle atmosphere increases the residual circulation, producing low-latitude cooling and high-
latitude warming near the stratopause. The dynamical changes are on the order of 10%, and are generally similar
to occurrences following major volcanic eruptions in ‘the last 30 years.

On the longer time scale, a strong hemispheric asymmetry arises. In the Northern Hemisphere eddy energy
decreases, as does the middle-atmosphere residual circulation, and widespread stratospheric cooling results. In
the Southern Hemisphere, the large increase in sea ice increases the tropospheric latitudinal temperature gradient,
leading to increased eddy energy, an increased middle-atmosphere residual circulation, and some high-latitude
stratospheric warming.

The different experiments emphasize that the middle-atmosphere response to climate change depends on
both the direct and indirect (i.e., tropospheric) effects. Similarly, the tropospheric changes are not simply the
products of the direct climate perturbation; they depend as well on what happens to the stratosphere. Such
examples of the coupled systems underline the need to include both the troposphere and middle atmosphere
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in studying the effects of climate change.

1. Introduction

This paper is a continuation of the study of climate
change and the middle atmosphere using the Goddard
Institute for Space Studies (GISS) Global Climate
Middle Atmosphere Model (GCMAM; described in
Rind et al. 1988a,b, henceforth papers A and B). In
Part I we investigated the changes due to the doubling
of atmospheric CO, (Rind et al. 1990, henceforth
RSBP). The results contained some surprises, primarily
that eddy energy increased in the middle atmosphere
despite decreases in the troposphere. This led to an
increased transformed Eulerian (or residual) circula-
tion in the doubled CO, middle atmosphere, of the
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order of 10%-20% of the control run (normal CO,)
values, a change that would have implications for the
distributions of ozone and other trace gases. The results
apparently depended on the vertical and latitudinal
thermal destabilization of the troposphere/middle at-
mosphere system in response to the increased CO,,
with tropospheric warming maximizing in the tropical
upper troposphere, and stratospheric cooling maxi-
mizing near the stratopause.

In Part 1I, we investigate the response of the middle
atmosphere to an increase in stratospheric aerosols,
nominally associated with increased volcanic activity.
The study has several motivations, and so is done in
several parts. Volcanic aerosols have been associated
with warming of the lower stratosphere in both obser-
vations (Newell 1970; Labitzke et al. 1983; Parker and
Brownscombe 1983; Quiroz 1983; Fujita 1985; Wen-
dler and Kodama 1986) and models (Hansen et al.
1978; Pollack and Ackerman 1983), associated with
increased energy absorption by SO, aerosols. Volcanoes
have also been implicated in altering the dynamics of
the stratosphere. Van Loon and Labitzke (1987) and
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Labitzke and van Loon (1989) have noted that the
normal association with a warm event in the El Nifio-
Southern Oscillation (ENSO) in Northern Hemisphere
winter is a warm polar vortex and cold tropical strato-
sphere, with a weak westerly circulation. However, this
association has broken down following the eruptions
of Mt. Agung in 1963 and El Chichén in 1982, with
stratospheric tropical, warming, and a cold, stable polar
vortex. Exploring the direct effects of volcanic aerosols
on the middle atmosphere is thus one of the research
goals of these experiments.

In addition, volcanic aerosols can affect the tropo-
sphere, primarily through their tendency to cool the
climate (e.g., Hansen et al. 1978). As the climate cools,
tropospheric dynamics may change, which could con-
ceivably affect the stratosphere. Also, the contrast be-
tween the troposphere and stratosphere would be al-
tered, which could have further ramifications. Thus,
the other component of this study is to determine how
the tropospheric effects of volcanic aerosols may affect
the middle atmosphere.

The two parts of this question inherently involve
different time scales. To affect the stratosphere, volcanic
aerosols need be present for only several months. The
large volcanic aerosol injections of the past few decades
(Mt. Agung, El Chichdn) remained in the atmosphere
for several years, and are good examples of this type
of forcing. To affect the tropospheric climate fully, the
volcanic aerosols would need to be in place for some
50 years, so as to allow the ocean sufficient time to
fully cool (Hansen et al. 1985). A possible example of
this occurrence, which implies multiple volcanic erup-
tions, is the Little Ice Age (circa 1600 to 1800), which
Porter (1986) has shown coincides with times of in-
creased volcanic activity, as deduced from acidity re-
cords in the Greenland ice core. The different time
scales thus allow for different ocean responses and dif-
ferent magnitudes of tropospheric response. Neverthe-
less, even the short-term events may alter tropospheric
processes in conjunction with their slight cooling,

In this paper we describe the results of three exper-
iments: one in which volcanic aerosols are put into the
stratosphere and the sea surface temperatures are not
allowed to change; a second experiment in which the
(minimal ) sea surface temperature changes that arise
in the first three years are utilized; and the third, in
which volcanic aerosols are incorporated and main-
tained in the stratosphere and the sea surface temper-
atures that occur after ~50 years of integration are

employed. The first experiment should highlight the

effects of the direct stratospheric influence, while the
second might add an additional tropospheric response
(although in fact there was little difference between the
results of experiments one and two). The third exper-
iment includes the much larger tropospheric changes
allowed by the longer time scale. The different exper-
iments should further elucidate how the middle at-
mosphere responds to potential climate perturbations.
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The volcanic aerosols used for this experiment have
a visible optical depth (7) set equal to 0.15, which is
held constant in time and space. The volcanic particles
are assumed to be made of sulfuric acid (75% H,SO,
by weight); thus, they are good scatterers of solar ra-
diation and very good absorbers of thermal radiation
(Pollack and Ackerman 1983). A bimodal, lognormal
distribution is used to describe their size distribution,
with the volume modal radii equal to 0.2 and 0.6 ym,
and with the widths equal to 1.6 and 1.2, respectively.
Each mode is assumed to contribute equally to 7, and
is evenly divided among the levels of insertion. For the
smaller particles, 7 varies from ~0.22 at 0.3 um to
0.02 at 10 um, while for the bigger particles it is close
to 0.15 at 0.3 um and 0.05 at 10 um. The composition
and size distribution are based on measured properties
of the El Chichén volcanic cloud (e.g., Hofmann and
Rosen 1983; Oberbeck et al. 1983); while the details
of shortwave versus longwave heating in the lower
stratosphere are likely to be sensitive to the size distri-
butions used, the overall heating should be similar for
volcanoes with similar visible optical depths and sub-
micron particle sizes.

To calculate the scattering characteristics of the
aerosols, Mie theory is used in conjunction with the
optical constants of sulfuric acid (Palmer and Williams
1975) and the given distribution to evaluate the single-
scattering properties of the particles. As these particles
are in a liquid phase (e.g., Oberbeck et al. 1983), Mie
theory is appropriate.

In order to minimize the amount of computer time
involved in the different experiments, we first used the
9-level climate model described in Hansen et al..
(1983). The volcanic aerosols were added to this model
in its top two layers, whose global average pressures
are 102 and 26 mb, respectively. The model, with these
aerosols, was run for 55 years. Due to the ocean thermal
response time and the feedbacks that appear subsequent
to the initial forcing (water vapor, cloud cover, and
sea ice changes), the climate alterations induced by the
aerosols depend upon the length of time of integration.
A full description of these climatological effects is pre-
sented in Pollack et al. (1991). For the experiments
with the middle-atmosphere model, we make use of
the sea surface temperature and other boundary con-
dition changes generated in this 9-layer model, in lieu
of integrating the full middle-atmosphere model for
the full length of time.

In experiment 1 we utilize the current sea surface
temperatures, as in the standard current climate control
run (i.e., paper A). The volcanic aerosols are intro-
duced into the different model layers with the distri-
bution shown in Table 1. The model is integrated for
three years following a six-month spinup. With un-
changing sea surface temperatures the tropospheric
cooling is very small; the annual average surface air
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TABLE 1. Volcanic aerosol visible optical thickness.

Pressure (mb) 0.2 um 0.6 um
149 0.023 0.031
68 0.025 0.034
32 0.012 0.016
15 0.004 0.006

temperature change is —0.08°C. The purpose of this
experiment is to minimize as much as possible the in-
fluence of volcanic-induced tropospheric changes on
the middle atmosphere. As the emphasis is on the direct
effect of volcanic aerosols within the stratosphere, this
experiment will be referred to as STRAT.

In experiment 2 we investigate the impact of volcanic
aerosols that remain in the stratosphere for only several
years, as is normally the case. Thus, we use the sea
surface temperature changes that arose in the 9-layer
model averaged for the first three years; this produced
a small tropospheric cooling. The volcanic aerosol ver-
tical distribution is the same as in experiment 1 (e.g.,
Table 1). The model was then run for three years, after
a six-month spinup. The rationale behind this exper-
iment was that it more closely approximates the real
world situation for transient volcanic influence. How-
ever, as its results differed little from those in STRAT,
we will refer to it only occasionally, as the “transient”
experiment (TRANS).

In experiment 3 we are interested in the additional
effect of allowing the full tropospheric cooling to be
included. In this case, we use the average sea surface
temperature values from years 46 to 55, with substan-
tial tropospheric cooling (global annual average surface
air temperature change of —4.7°C). Again the exper-
iment involves a three-year run, after a six-month
spinup. As this experiment includes a strong tropo-
spheric climatological change, it is referred to as CLIM.

Is three years sufficient time to establish a stable
stratospheric response, given the model’s natural vari-
ability (paper B)? To place the changes in perspective,
they will be related to standard deviations from the
control run; in addition, the similarity of the three-
year results in STRAT to those in TRANS implies that
the forcing is sufficiently strong to generate a consistent
model response.

3. Results

Given the diverse nature of these experiments, we
discuss the results of the aerosol impact in three parts:
for STRAT and then TRANS, with little tropospheric
cooling, and for CLIM with substantial tropospheric
cooling.

a. STRAT

Shown in Fig. 1a are the annual average temperature
changes between STRAT and the control run. The
changes for December-February and June-August are
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shown in Fig. 2a,b, and result from processes similar
to those described below for the annual average. Fol-
lowing are the major effects that arise:

1) The volcanic aerosols have induced warming in
the lower tropical stratosphere, of some three standard
deviations of the interannual variability of the control
run. ( The standard deviations referred to are shown in
paper B.) This is a result of both shortwave (Fig. 3a)
and longwave (Fig. 3b) absorption effects. The addi-
tional shortwave radiative heating (of some 1%-2%)
occurs not only in the levels of aerosol input (Table
1) but also above, due to the added reflected light being
absorbed by ozone. Reduced longwave cooling would
be expected where the atmosphere has cooled, but it
also occurs in the tropics at 68 and 149 mb, where the
temperature has warmed, due to the longwave absorp-
tion properties of the aerosols. At these levels the net
longwave radiation change equals or exceeds the
warming due to solar radiation absorption. However,
the longwave radiation changes are not simply the re-
sult of the additional aerosols, as they are also affected
by temperature changes induced dynamically.

2) In the tropical middle to upper stratosphere, and
continuing into the mesosphere, cooling occurs. This
is the result of a general increase in upward velocities
associated with an increased residual circulation (Fig.
4a); it is therefore due to a change in dynamical heating
(Fig. 4b). These changes are on the order of 5%—15%
of the control run values (generally two to four standard
deviations for the change in streamfunction, one to
two for the dynamical heating).

3) In the polar upper stratosphere and lower me-
sosphere of both hemispheres, temperatures warm, with
a magnitude from one to four times the model’s natural
variability. This also arises due to changed dynamics,
in particular the altered residual circulation (Fig. 4).

4) The polar temperatures in the low- to midstrato-
sphere cool. This is primarily a radiative effect (Fig.
3), from both reduced shortwave heating (as radiation
is scattered away ) and increased thermal energy radia-
tion. A small dynamical effect also occurs in the
Northern Hemisphere, associated with a decrease in
the extreme polar portion of the residual circulation
(Fig. 4).

5) The tropospheric temperatures cool slightly, es-
pecially in the Northern Hemisphere in summer. This
is the result of aerosol scattering of incoming sunlight,
which increases the planetary albedo by 1.4% (abso-
lute). Its effect on the tropospheric climate is minimized
since the sea surface temperatures were not allowed to
change.

6) At upper levels in the mesosphere, temperatures
warm, also a dynamical effect.

While some of these changes are not large compared
to the model’s interannual variability, the results noted
above also occurred in TRANS, which allowed the sea
surface temperatures to adjust for the first three years,
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FIG. 1. Annual-average temperature change between (a) STRAT and the current climate control run, and (b)
TRANS and the current climate control. Negative values are shaded. Results in this and subsequent figures are averages

for three years.
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FiG. 2. Temperature changes in STRAT for (a) December-February and (b) June-~August.
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FIG. 3. Change in heating rates between STRAT and the control run for (a) shortwave heating, and (b) longwave
cooling. (Note that negative changes in longwave cooling signify heating.)
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FIG. 4. (a) Annual average changes in STRAT in residual circulation. Negative values mean a greater clockwise
circulation in the plane of the paper. (b) Annual average change in heating by atmospheric dynamics between STRAT
and the current climate control run.,
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TABLE 2. Change in eddy kinetic energy (%).
984-100 mb
) Standing
EKE EKE loogll((;‘:mb 10_1%(513 mb OSE—I(éE mb
Experiment NH SH NH SH NH SH NH SH NH SH
STRAT 0.6 -1.7 23 -2.0 7.4 5.0 5.2 6.8 -0.3 -2.3
TRANS -1.0 -6.3 1.8 -7.4 7.6 1.4 5.8 2.3 0.4 2.7
CLIM -0.5 9.9 3.0 7.4 -3.7 4.6 14 - 8.5 —4.8 -8.9

and thus had slightly greater tropospheric cooling ( Fig.
1b). In fact, most of the explanations for the changes
turn out to be similar in experiments 1 and 2.

As shown in Fig. 4, in addition to the direct radiative
effect generated by the aerosols in the middle atmo-
sphere, there is also a dynamical change influencing
the temperature field. The increased transformed
streamfunction spiraling away from the equator looks
as if it might be associated with the heating of the lower
stratosphere, but the magnitude is too great for it to
be due to that influence alone: If all the excess heating
went into generating vertical motion, the resultant ve-
locity in the lower equatorial stratosphere would be
only 20% of the change that occurred. Instead, the large-
scale residual circulation changes are more associated
with increased eddy energy (Table 2) and the Eliassen—
Palm (EP) flux convergences that occur. When the EP
forcing above the level of maximum streamfunction
change is integrated and converted to a meridional
mass flux equivalent, it approximates the actual change
in residual circulation mass flux. The question then is

why the eddy energy in the middle atmosphere in-
creased.

The change of annual-average EP fluxes with latitude
in STRAT are presented in Fig. 5, along with the zonal
wind changes. (It should be noted that because of the
difficulty in generating completely accurate diagnostics
for higher-order quantities such as EP fluxes and di-
vergences in GCMs, these changes should be looked
upon as being only approximate.) Increased upward
wave energy fluxes occur in the troposphere at lower
midlatitudes in both hemispheres (~30°N, 40°S). The
energy then propagates upward and equatorward,
leading to EP flux convergences at low to subtropical
latitudes in the middle atmosphere. This is the primary
cause for the acceleration of the residual circulation
cells (Fig. 4a). The vertical energy propagation occurs
primarily through regions of decrease in the tropo-
spheric midlatitude west winds.

The explanation for the tropospheric changes is as
follows. The warming due to the stratospheric aerosols
in the lower stratosphere helps reduce the intensity of
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FIG. 5. Annual average change in EP flux (arrows) and zonal winds (contours). The EP fluxes have. been redu(;ed
by a factor of 30 below 20 km, and by a factor of 5 from 20 to 35 km for presentation purposes. Negative zonal wind
changes are dashed. (Notice that in this figure the Northern Hemisphere is on the left.)
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the Hadley cell. The process through which this occurs
involves the effect of increased vertical stability on the
mean circulation cells in the troposphere. From a
theoretical standpoint, the mean streamfunction in-
tensity is inversely proportional to static stability [ for
example, see Rind and Rossow 1984, Egs. (3)and (5)].
In STRAT, on the annual average, the increase in
tropical tropospheric static stability is approximately
2%, while the decrease in the Hadley Cell is 1.4%, so
the changes are the proper similar order of magnitude.

Along with the Hadley cell decrease is a decrease in
subsidence at 27°N of 10%, an effect that is amplified
by the model compared to the results for the Hadley
cell as a whole, possibly because of a CISK-type feed-
back that maximizes its impact in regions of little rain-
fall. With reduced downward velocities in the subtrop-
ics, the model generates more rain there. This then is
associated with a change in the subtropical to midlat-
itude precipitation gradient of 7.5%.

This additional heat-release gradient produces a
more direct circulation, and, along with the increased
static stability, helps reduce the Ferrel cell, on the order
of 5% (note the more negative residual streamfunction
at Northern Hemisphere midlatitudes in Fig. 4a). It
also perturbs the energy flow. The Ferrel cell, with rel-
atively cold air rising at higher latitudes and warmer
air sinking at lower latitudes, is an indirect cell, driven
by eddy kinetic energy. It is indicative of a transfor-
mation of zonal kinetic energy into zonal available po-
tential energy. The more direct cell produced in asso-
ciation with the subtropical latent heat release reverses
this energy flow: Now more zonal available potential
energy goes to zonal kinetic energy, and then into eddy
kinetic energy. Thus, the zonal kinetic energy is the
direct source for the model’s increase in standing eddy
energy in this experiment. The outcome is that standing
eddy kinetic energy increases by 9% in the Northern
Hemisphere upper troposphere and zonal winds de-
crease at midlatitudes.

The reasons for the increased eddy energy in the
middle atmosphere appear to differ in the two hemi-
spheres. The eddy kinetic energy changes for the dif-
ferent levels and experiments are given in Table 2.
Stratospheric increases occur for both hemispheres in
both TRANS and STRAT, and are generally on the
order of 5%, equivalent to two standard deviations.
Tropospheric increases in eddy energy occur in the
Northern Hemisphere in STRAT, especially in the
standing eddies and in waves 1-4, of particular im-
portance to increased stratospheric eddy energy. How-
ever, in the Southern Hemisphere standing wave energy
and eddy energy in general is slightly reduced. In both
hemispheres reduced west winds at middle latitudes
allow for better energy propagation (Fig. 5). Apparently
alterations in both tropospheric eddy energy and prop-
agation conditions are responsible for the EP flux
changes shown in Fig. 5. In addition, the possibility
exists that the aerosol tropical heating, which increases
the latitudinal temperature gradient in the lower

RIND ET AL.

197

stratosphere, helps excite in situ eddy energy that then
propagates vertically, an effect that could occur in both
hemispheres.

The results shown in Fig. S help explain the dynam-
ically induced temperature changes (Fig. 4b). The EP
flux convergences in the stratosphere help generate the
increased residual circulation responsible for the
warming at upper-stratosphere polar latitudes, and
cooling in the tropical middle-to-upper stratosphere.
The EP flux divergence at polar latitudes in the upper
troposphere and lower stratosphere is associated with
increased west winds in those regions, and polar cool-
ing. Reduction in EP fluxes at upper levels provides
for reduced eddy energy near the model top in the me-
sosphere (Table 2). This results in a reduction in the
divergence of vertical sensible heat flux that occurs at
these levels (see the discussion in paper A ), and relative
warming. The effect is amplified by the presence of the
model top, so must be considered quantitatively un-
certain,

To summarize the results from this experiment, first
for the troposphere and low- to midstratosphere: The
introduction of stratospheric aerosols warms the lower
stratosphere from the tropics through midlatitudes,
cools the lower stratosphere at high latitudes, and pro-
duces some cooling in the troposphere during the first
three years. The increased vertical stability weakens
the Hadley cell, and increases subtropical precipitation;
in response, the Ferrel cell weakens, and there is a rel-
ative transformation of zonal to eddy kinetic energy.
The net effect is an increase in standing eddy energy
and a decrease in midlatitude west winds, which leads
to increased wave energy propagation toward midlat-
itudes in the troposphere, and subsequent propagation
into the stratosphere. The relative EP flux divergence
north of midlatitudes is associated with increased zonal
winds, and polar cooling from the upper troposphere
through the midstratosphere.

Additional eddy energy propagates into the middle
atmosphere, although whether this is solely the result
of the energy propagation from the troposphere is un-
certain; warming of the tropics and cooling near the
poles in the lower stratosphere increases zonal available
potential energy and may be responsible for in situ
energy generation in both hemispheres. The increased
eddy energy helps drive an increased equator to pole
residual circulation, an effect that is also aided by the
direct aerosol warming. This produces cooling
throughout the middle and upper stratosphere in the
tropics, and warming in the upper stratosphere and
mesosphere at polar latitudes, in both hemispheres.

b. TRANS

This experiment allowed the troposphere to respond
to the increased volcanic acrosols for the first three
years. The annual average temperature changes are
presented in Fig. 1b. The middle atmosphere resuits
are very similar to those in STRAT, while in the tro-
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posphere there is somewhat greater cooling, especially
in the Northern Hemisphere. However, in the Southern
Hemisphere high latitudes are actually slightly warmer,
as the interannual variability of sea surface tempera-
tures is larger than the net radiative forcing induced in
this experiment.

The explanations for the temperature changes are
very similar to those discussed in STRAT, which val-
idates their interpretation. This is important given that
the changes are generally small, and of marginal sig-
nificance. One difference that arises is due to the tro-
pospheric high-latitude warming this experiment ex-
perienced in the Southern Hemisphere. Tropospheric
eddy energy is reduced in this hemisphere more than
was the case in STRAT (Table 2), and so the strato-
spheric eddy energy increase is less. The residual cir-
culation increase is also reduced somewhat, as are the
temperature changes associated with it: both the high-
latitude warming and the tropical cooling near the
stratopause are reduced by about 0.5°C. The Southern
Hemisphere results are somewhat of an artifact of the
9-layer model’s sea surface temperature variability, but
they do serve to indicate the sensitivity of the system
to tropospheric changes.

c. CLIM

In this experiment the sea surface temperatures have
been given ample time to adjust, and thus have cooled
substantially. The global average surface air tempera-
ture is now 4.7°C cooler. The latitudinal temperature
change profile is shown in Fig. 6 for the annual average
(Fig. 6a), December-February (Fig. 6b), and for June-
August (Fig. 6¢). Features that CLIM has in common
with STRAT include:

1) warming in the tropical lower stratosphere due
to additional shortwave and longwave absorption and

2) warming in the mesosphere near the model top,
primarily a dynamic effect, as discussed for STRAT.

CLIM differs from STRAT in the following ways:

1) Tropospheric cooling is much more intense, as
expected given the greater response of the sea surface
temperatures.

2) Above the lower stratosphere the tropics has less
consistent cooling, limited to the middle stratosphere
immediately above the warmed regions.

3) The upper stratosphere in the extratropics cools,
in general, in contrast to the warming experienced pre-
viously, and the Northern Hemisphere lower strato-
sphere undergoes much larger cooling.

4) There is now a substantial difference in temper-
ature response in the middle atmosphere of the two
hemispheres.

Outside of the lower tropical stratosphere, the
stratospheric response in CLIM is markedly different
from those of STRAT and TRANS. The shortwave
stratospheric heating rate (Fig. 7a) increases in the
tropical and Southern Hemisphere middle atmosphere
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more so than in STRAT, because of a greater increase
in tropospheric cloud cover, which acts to reflect ra-
diation back to the stratosphere. In the GISS model,
low-level cloud cover increases in cooler climates and
decreases in warmer climates (Rind 1986), providing
a positive feedback to the original climate forcing; in
CLIM, low-level clouds increase by 7% relatively (from
36.5% to 39.1%). In the tropics high-level clouds in-
crease as well (by close to 70% relatively), reducing
shortwave absorption at those levels.

The tropical effect results in part from an increase
in tropospheric tropical eddy energy (by a factor of
two in the upper troposphere, and 10% overall ). In the
GISS model moist convection mixes momentum,
which reduces wind gradients and thus eddy energy.
In the colder climate of CLIM, penetrative moist con-
vective mass flux is reduced (by 27% at 346 mb), and
the eddy energy loss by this process is reduced (by 15%
in the tropics). The increase in both low and high
clouds leads to a total cloud cover change of 50% rel-
atively (from 34% to 51%), raising the tropical plan-
etary albedo by 15% relatively, and augmenting the
tropical cooling substantially in comparison with the
control run.

The greater cooling of the troposphere also implies
reduced longwave energy losses (Fig. 7b), especially
pronounced in regions of the tropical upper-tropo-
spheric cooling, and this reduces longwave absorption
from CO, and ozone in the stratosphere. Once again
the thermal radiation cooling rate change is also af-
fected by dynamical heating changes, of which it is
practically a mirror image (Fig. 8b) (compare also Figs.
3b and 4b for STRAT).

The change in dynamical forcing also varies between
the experiments, which accounts for much of the dif-
fering stratospheric temperature response. In the
Northern Hemisphere, the residual circulation weakens
(Fig. 8a), reducing the dynamical heating through most
of the stratosphere (Fig. 8b). In the Southern Hemi-
sphere the residual circulation generally increases, pro-
viding some additional dynamical heating in the polar
region, especially in winter (Fig. 8b). Remember that
in STRAT the residual circulation increased in both
hemispheres (Fig, 4a).

This hemispheric differentiation is noticeable in the
eddy energy change (Table 2); the Southern Hemi-
sphere troposphere shows an increase in eddy energy,
while the Northern Hemisphere has little change over-
all. This effect is related to the change in latitudinal
temperature gradient: As is evident in Fig. 6, the great-
est cooling in the low- and midtroposphere is found in
the extratropics in the Southern Hemisphere due to
the large expansion of sea ice. At similar levels in the
Northern Hemisphere there i$ little overall increase in
latitudinal temperature gradient, for the tropical cool-
ing is similar to that in the extratropics. Thus, available
potential energy increase is large in the Southern
Hemisphere leading to increased eddy energy—effects
that are missing in the Northern Hemisphere.
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Eddy energy changes in the middle atmosphere are
also greater in the Southern Hemisphere. Some addi-
tional vertical propagation of wave energy is possible
in the Northern Hemisphere, despite a lack of tropo-
spheric eddy energy increase, due to the weakening of
the zonal west winds (Fig. 9). One effect of the tro-
pospheric cooling is to reduce the upper-tropospheric
latitudinal temperature gradient, by reducing tropical
convection and heating. From the thermal wind rela-
tionship, this effect reduces the zonal winds and makes
extratropical energy propagation easier. However, in
general, this additional eddy energy does not propagate
through the tropopause—most likely because of the
decrease in the energy of wavenumbers 1-4 (by some
5%). In contrast, in the Southern Hemisphere, where
planetary longwave energy increases, greater vertical
EP fluxes propagate through the upper troposphere.
This is especially true in the subtropics, where zonal
winds decrease, consistent with the thermal wind re-
lationship, due to the greater tropical cooling. Once
again it is impossible to rule out a direct contribution
from energy generated in the lower stratosphere, as
available potential energy increases there. To the extent
that this effect exists, it obviously does not dominate
the results in the Northern Hemisphere.

The eddy energy change leads to some apparent dif-
ferences in the appearance of stratospheric warmings.
The major change is in the Southern Hemisphere,
where two of the three winters had more obvious
warming episodes than occurred in the control run.
With the limited sampling available, the significance
of this change is uncertain.

To summarize, with the extended duration of vol-
canic aerosol influence in the climate model, the sea
surface temperatures were allowed to fully respond,
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and the troposphere cools substantially. Less longwave
energy is therefore radiated to and absorbed in the
middle atmosphere, which contributes to its overall
cooling. Slightly greater shortwave absorption occurs
in the middle atmosphere due to an increase in tro-
pospheric cloud cover, and thus additional reflected
solar radiation. However, the main impact on the mid-
dle atmosphere comes from the distribution of the
cooling with latitude in the midtroposphere: in the
Northern Hemisphere, where the tropics cool more
than high latitudes, eddy energy decreases, while in the
Southern Hemisphere, where sea ice grows substan-
tially, eddy energy increases. The eddy energy changes
are replicated in their effect on the middle atmosphere
with a decreased residual circulation in the Northern
Hemisphere and cooling, and an increased extratropical
residual circulation in the Southern Hemisphere and
polar warming during winter.

4. Discussion
a. STRAT and TRANS

The results of the different experiments provide in-
teresting examples of how potential climate perturba-
tions, such as the input of volcanic aerosols, can affect
the middle atmosphere in a model. The effects are a
combination of direct stratospheric forcing and altered
tropospheric forcing. The question to be addressed in
this section is how relevant are these results to what
occurs in the real world; that is, are the mechanisms
for change that occur in the model an accurate repro-
duction of the mechanisms in the real atmosphere?

To assess the validity of the model results, we can
compare the changes induced in the model in STRAT
and TRANS with what has occurred after recent vol-
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canoes. The model used an aerosol input with an op-
tical depth of 0.15; this is approximately the value of
the Mt. Agung aerosol ( which erupted in 1963) by the
beginning of 1964, and also approximately the value
for the El Chichén aerosol (which erupted in 1982) by
the beginning of 1983 (see the discussion in Hansen
et al. 1988, appendix B). The properties for the aerosols
are approximately those observed for these two vol-
canoes. The aerosols are put in uniformly as a function
of latitude, which is certainly not a good assumption
for time periods close to the volcanic eruption date,
but becomes somewhat better within the first year (e.g.,
Dutton and DeLuisi 1983). Thus, the comparison
cannot be exact, but should be qualitatively similar to
“real world” effects.

Another question of concern: What are the real
world effects? As emphasized by Quiroz (1983),
stratospheric changes that followed the volcanic erup-
tion must be separated from changes induced by other
mechanisms, for example, the quasi-biennial oscillation
in the tropical lower stratosphere. The same caveat ap-
plies with even greater validity in the troposphere, as
interannual changes could obscure the volcanic aerosol
signal. The following comparisons will obviously be
limited by our lack of knowledge of what the volcanic
signal really was.

For comparison purposes, substantial data are avail-
able for regions up to approximately 10 mb in both
1964 and 1983. However, in the troposphere, the 1982
83 time period also featured a very strong El Nifio,
which limits its usefulness for direct volcanic influence.
At higher levels, global data from satellite analysis is
restricted to the latter time period, although rocket-
sondes are available in the western hemisphere.

We begin with the lower stratosphere. As estimated
by Quiroz (1983), among others, the El Chichdn aero-
sols were responsible for a warming of 1°-3°C between
the equator and 35°N. This assessment is in good
agreement with the results in TRANS and STRAT (Fig.
1). Labitzke and Naujokat (1983) have shown that
similar temperature changes can be ascribed to the Mt.
Agung volcano [and Pinatubo (Labitzke and Mc-
Cormick 1992)]. The warming is a result of both solar
and thermal effects (Fig. 3). The solar radiation ab-
sorption occurs in the near infrared, and the thermal
absorption is primarily a result of the larger (0.5 um)
particles included in the prescription.

The lower stratosphere cooling at higher latitudes is
also in agreement with observations (van Loon and
Labitzke 1987; Labitzke and van Loon 1989). It is
produced, in part, radiatively by a decrease in solar
radiation absorption and an increase in thermal radia-
tion cooling (Fig. 3). Decreased solar radiation ab-
sorption at higher latitudes is a result of the zenith
angle effect on the albedo of the small particles used
in this experiment: With increased zenith angle the
albedo rises rapidly, and scattering reduces the energy
available for absorption by gases and aerosols more
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than the additional absorption provided by the addi-
tional aerosols. This is why the solar radiation effect
switches from warming to cooling in the lower strato-
sphere with an increase in latitude (Figs. 3a, 7a); note
that aerosol-induced cooling at high latitudes may lead
to an increase in polar stratospheric cloud formation.
The scattered radiation is absorbed somewhat at higher
levels, and thus polar regions of the upper stratosphere
have a slight increase in shortwave absorption.

The high-latitude thermal radiation cooling is a result
of the presence of aerosols above a cold surface. As
discussed by Pollack and McKay (1985), volcanic
particles enhance both the absorption of thermal ra-
diation from other layers of the atmosphere and the
emission of thermal radiation from the layers where
they are located. When the contrast between the ra-
diating layer (lower stratosphere) and the surface tem-
perature is large, the particles warm, whereas at high
latitudes, with little temperature contrast, they cool.

The importance of solar radiation absorption on
producing the temperature changes in the lower strato-
sphere is in some disagreement with the analysis of
Pollack and McKay (1985), as well as Hansen et al.
(1978), which emphasized the thermal absorption
contribution. The relative importance of these two fac-
tors is strongly dependent on the particle size and its
distribution. The distribution used by Hansen et al.
(1978) tended to produce a larger effective particle size,
and thus a stronger thermal effect. To the extent that
the distribution used here was indicative of the actual
size distributions for Mt. Agung and El Chichén aero-
sols, this result should be more applicable.

The cooling at high latitudes in the lower strato-
sphere also has a dynamic component (Fig. 4b). This
raises the question of whether the dynamical changes
produced in the model occurred in the real atmosphere.
In particular, the results shown in Fig. 5 indicate a
relative EP flux away from high latitudes. The polar
low-to-middle stratosphere experienced dynamically
stable Northern Hemisphere winters following both of
the major volcanoes, in contrast to what would have
been expected from the QBO/solar cycle relationships
(van Loon and Labitzke 1987; Labitzke and van Loon
1989). The model and observations are thus consistent,
although we cannot be sure that the real world change
was associated with the volcanic forcing. To explore
this question, we need to relate the reasons for the
model result to assessments of what happened in the
real world.

In the model, the altered EP fluxes were part of a
general reorganization of tropospheric energy flow,
which featured reduced Hadley and Ferrel cells, re-
duced midlatitude zonal winds, and increased midlat-
itude standing wave energy (Fig. 5; Table 2). We con-
centrate on the winter of 1964 (Oort 1983), which is
free of the El Nifio influence that occurred in 1983.
Shown in Fig. 10 are the observed changes for January
1964 (from OQort 1983, compared with the averages
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for 1963-73), and the modeled changes for December—
February (3-year average) in STRAT. The observed
circulation for January featured amplified ridges and
troughs in their normal position, and this was true for
December 1963 and February 1964 as well (with effects
that were, if anything, even larger than those in Jan-
uary: Stark 1964; Andrews 1964; O’Connor 1964).

The Hadley and Ferrel celis decreased in both model
and observations, as indicated by the decreased north-
ward flow at 200 mb in the tropics, and the increased
northward flow at 200 mb in midlatitudes (Fig. 10a).
Zonal winds weaken at the same location in both model
and observations (Fig. 10b); note that this is contrary
to what would be expected from the Coriolis turning
of the increased meridional wind at that latitude, and
must be the result of eddy processes.

Standing eddy energy increased at upper midlati-
tudes in both model and observations, although the
observed change was somewhat greater, averaging some
40% north of 40°N in Oort’s data, compared with the
model increase of 10%-25%. However, in both datasets
there were compensating decreases in transient eddy
energy, so the eddy transport of sensible heat in the
upper troposphere increases only in the subtropics (Fig.
10c). As this term is the dominant contributor to the
vertical EP flux, it implies that the observed wave en-
ergy propagation into the stratosphere was augmented
primarily at subtropical and lower midlatitudes, as oc-
curred in the model (Fig. 5). The relative convergence
visible in Fig. 10c from 35°-55°N is true of the vertical
derivative of eddy sensible heat transport as well, and
implies relative EP flux convergence there in both the
model and observations, helping to decelerate the zonal
winds at these latitudes (Fig. 10b). Finally, the tem-
perature changes as a function of latitude are similar,
with cooling in the polar upper troposphere/lower
stratosphere, and warming at low latitudes (Fig. 10d).
All in all, the model simulation is in quite close agree-
ment with the observations for the winter following
the Mt. Agung eruption, with similar dynamic pro-
cesses.

Was the observed response a direct result of the Mit.
Agung aerosol? The changes observed during January
1964 were relatively large compared to those in other
winters; for example, the tropical warming in the lower
stratosphere was greater than that in any other January
from 1958-73, while the cooling in the polar upper
troposphere /lower stratosphere and the midlatitude
zonal wind decreases were exceeded only once. Nev-
ertheless, with only one unambiguous example of the
effect of a large volcano on the troposphere, it is im-
possible to verify cause and effect. At the very least,
the similarity between the modeled and observed re-
sponse is suggestive of a causal connection.

Comparisons of the results with the winter following
El Chichén are made more difficult because of the
overwhelming influence of the El Nifio event of 1982~
83. There has been much speculation about whether
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this El Nifio was influenced by the volcano that erupted
just prior to it (e.g., Handler 1984). The results from
STRAT and TRANS suggest a possible connection, as
a weakened Hadley cell would make El Nifio events
more likely, since it is the trade winds associated with
the Hadley cell that help confine warm water to the
western Pacific. Whether the small magnitude of the
changes produced in this experiment would be suffi-
cient to trigger the event depends on the (relatively
unknown) sensitivity of the system. The magnitude of
the Hadley cell changes in the model also vary with
season: during December through February, the sub-
tropical portion of the Hadley cell decreases in STRAT
by 5%, and this is the season in which E! Nifios nor-
mally maximize.

What about conditions at higher levels? The model
simulation produces cooling in the tropical middle and
upper stratosphere, and warming in the extratropical
upper stratosphere and mesosphere. During the winter
of 1963 /64 only observations from the Meteorological
Rocket Network were available. Apparently at the up-
per levels (0.4 and 2 mb), the winter was dominated
by a “quite active anticyclone” . . . , with periods of
intense height and temperature increases™ over Alaska
and Canada (NMC 1967). While these results are again
suggestive, no comparisons with climatology or general
hemispheric coverage are available.

Parker and Brownscombe ( 1983) show results com-
paring tropical and global temperatures in 1980, 1981,
and 1982 produced by the NOAA 6 Stratospheric
Sounding Unit and Microwave Sounding Unit radiance
channels. Following the eruption of El Chichdn, the
warming in the tropical lower stratosphere is accom-
panied by temperature changes in the upper strato-
sphere (2 mb) consistent with the model results: cooling
in the tropical upper stratosphere and warming in the
extratropics, by up to 2°C in both regions. There is no
proof as such that the results came about due to an
altered residual circulation, but the latitudinal and al-
titudinal characteristics of the changes are consistent
with such an effect, and Dunkerton and Delisi (1991)
recently concluded that the upper stratosphere cooling
was not a radiative response.

To the extent, then, that verification is possible, the
model results are consistent with happenings after the
major volcanoes. The model results are physically
plausible and understandable; however, it will take ad-
ditional large volcanic eruptions (e.g., Pinatubo) before
we can have confidence that the model’s troposphere
and middle atmosphere are responding in a manner
similar to that of the real atmosphere.

b. CLIM

The results from CLIM are potentially applicable to
climate epochs in which significant amounts of volcanic
dust remained in the atmosphere for extended periods
of time. Porter (1986) suggested that increased vol-
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canicity could have been responsible for the cooling
during the Little Ice Age, as acidity records in the
Greenland ice core, indicative of volcanicity, match
well with records of mountain glacier advances in the
Northern Hemisphere. The ice line descent of about
160 m is one-fifth that which occurred during the last
ice age (e.g., Rind and Peteet 1985). Assuming the
global temperature change was similarly related, and
that the ice age cooling was on the order of 5°C, this
would imply a global cooling of ~1°C for the Little
Ice Age.

CLIM used an aerosol optical thickness equivalent
to a 2% reduction in solar constant to produce a 5°C
global cooling. As values within this range are linear,
we can estimate that ~0.4% solar constant reduction
would have been needed for the Little Ice Age, with
the GISS climate model sensitivity. However, the
GCMAM was not in radiative equilibrium with the
sea-surface temperature input from the 9-level climate
model. The GISS climate model has a sensitivity of
~1°C/W m~2, and the GCMAM with exactly the
same physics should have approximately the same sen-
sitivity. CLIM is out of balance by ~1 W m™?; if its
sea surface temperatures had been allowed to adjust it
would have cooled about 1°C less, implying ~0.5%
solar constant reduction for the Little Ice Age. In either
case, the optical thickness used in CLIM is significantly
more than that which likely occurred in the Little Ice
Age, so the results shown for this experiment will rep-
resent an exaggeration of what might have occurred
during the Little Ice Age if volcanic aerosols were the
cause.

With that perspective, we can review what the model
suggests would be the likely changes for such a time
period. The middle-atmosphere responses in the two
hemispheres are completely different, a result of the
differing reactions in their respective tropospheres. The
Northern Hemisphere troposphere features reduced
eddy energy, especially in the planetary long waves,
while the Southern Hemisphere troposphere has in-
creased eddy energy. Ofthand, the reduced eddy energy
in the Northern Hemisphere is a surprise; the canonical
view of colder climates is that cooling should maximize
at high latitudes, increasing the latitudinal temperature
gradient and baroclinic generation of eddies. There is
some increased baroclinic generation, but the effect is
not dominant because the results show very little high-
latitude temperature change amplification in this
hemisphere (Fig. 6). The reasons behind this result are
discussed below, and in Pollack et al. (1991).

The volcanic aerosols scatter sunlight back to space,
and directly produce about 30% of the cooling of the
troposphere. As incident sunlight maximizes at low
latitudes, the aerosol-induced reduction is about twice
as large there compared with 60° latitude. This effect
is amplified by the increased cloud cover in the tropics
noted previously. Furthermore, it is recognized that
the high stability of the winter polar atmosphere re-
stricts temperature changes to low levels, in comparison
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with the tropical situation in which convection redis-
tributes changes to all altitudes. However, when the
atmosphere cools, penetrative convection becomes less
frequent, so the efficiency of redistribution in the tropics
is reduced. The result is that the latitudinal variation
of the tropospheric vertically integrated temperature
change is very similar to that of the surface temperature
change in the Northern Hemisphere.

Without the strong increase in cooling with increas-
ing latitude, baroclinic eddy generation is not overly
enhanced. What about the mechanism that produced
additional eddy energy in TRANS and STRAT, the
conversion of zonal kinetic energy to eddy energy, due
to the altered Hadley and Ferrel circulations? A re-
duction in the Hadley cell also occurs in CLIM, as-
sociated with the increased tropospheric stability, as
well as reduced evaporation /precipitation at low lati-
tudes resulting from the cooler sea surface tempera-
tures. This would imply increased rainfall in the sub-
tropics, as in the previous experiments; however, with
the cooler sea surface temperatures of CLIM, evapo-
ration is severely restricted in the subtropics, which
then leads to a reduction in subtropical precipitation.
Thus, the Ferrel cell does not show as strong a decrease,
and eddy generation associated with transformation
from zonal kinetic energy is smaller than in STRAT.

Nevertheless, despite these effects, tropospheric eddy
energy in the Northern Hemisphere would not have
shown a decrease were it not for one other process. As
noted in section 3b, the colder climate led to reduced
penetrative convection and more eddy kinetic energy
in the tropics. However, the GISS convection scheme
tends to overstabilize the atmosphere. When penetra-
tive convection decreases, low-level convection in-
creases (see the discussion in Rind 1988). Increased
convective mixing of momentum at lower levels in the
extratropics then results in reduced eddy energy.
Therefore, the Northern Hemisphere response of de-
creased tropospheric eddy energy in the planetary long
waves depends upon the latitudinal distributional of
temperature change produced in the GCM, as well as
details of its convection scheme. With reduced North-
ern Hemisphere tropospheric planetary longwave en-
ergy, there is a reduced vertical flux of energy into the
lower stratosphere, reduced EP flux convergences in
the stratosphere, reduced residual circulation, and
widespread cooling.

How about in the Southern Hemisphere? Here the
model does produce a significant amplification in high-
latitude cooling, associated with the increase in sea ice
at polar latitudes. Thus, baroclinic energy generation
increases substantially, as does tropospheric eddy en-
ergy. There is an increased vertical flux of energy into
the lower stratosphere, increased EP flux convergences
in the stratosphere, an increased residual circulation,
and some warming. The validity of the large sea ice
response is open to question: the GCM lacks a dynamic
ocean/sea ice model, and it is uncertain whether sea
ice could extend as far equatorward as implied by the
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model. Nevertheless, during the last ice age the South-
ern Hemisphere sea ice response was thought to have
been a factor of 10 larger than in the Northern Hemi-
sphere (CLIMAP 1981), and if this is true for colder
climates in general, it could imply a hemispheric
asymmetry in tropospheric and middle-atmosphere
reaction.

It is interesting to note that the temperature changes
generated in the middle atmosphere in CLIM are not
much greater than those in STRAT and TRANS, at
least on the annual average (compare Figs. 1 and 6),
despite the fact that CLIM has much greater tropo-
spheric cooling. Apparently, the myriad of feedbacks
that arise limit a straightforward translation of tropo-
spheric magnitudes of change to changes in the middle
atmosphere.

5. Conclusions

The influence of volcanic aerosols on the middle
atmosphere can be divided into three categories: the
direct effect on the stratosphere itself, the direct effect
on the troposphere, and the tropospheric changes that
arise from the direct effect on the stratosphere and then
feed back on the middle atmosphere. The direct effect
on the stratosphere, namely, warming of the tropical
lower stratosphere and cooling of the polar lower
stratosphere, occurred in all the experiments. The tro-
pospheric changes depended upon the length of time
the aerosols were allowed to act.

Within the first several years, a period similar to that
of the influence of major volcanoes in this century, the
warming of the lower stratosphere led to an increase
in tropical static stability, a reduction in Hadley cell
and Ferrel cell intensities, a reduction in midlatitude
westerlies, and an increase in wave energy flux into the
stratosphere at subtropical and lower midlatitudes. The
additional wave energy flux convergences, along with
the direct lower-stratospheric radiative heating of the
aerosols, intensified the residual circulation in both
hemispheres, leading to some high-latitude warming
and low-latitude cooling in the upper stratosphere and
lower mesosphere. The dynamical changes are gener-
ally on the order of 10%. To the extent possible, we
have shown that the real world atmospheric response
following Mt. Agung and El Chich6n had many sim-
ilarities to the results generated in these experiments.

When the aerosols were allowed to remain in the
atmosphere sufficiently long to cool the troposphere to
a new equilibrium level (some 50 years), a hemispheric
asymmetry in middle-atmosphere response became
apparent. In the Northern Hemisphere there was a re-
duction in tropospheric planetary long-wave energy,
which translated into reduced wave energy flux into
the stratosphere, a diminished residual circulation, and
widespread cooling. In contrast, in the’ Southern
Hemisphere, the large sea ice response to the global
cooling substantially increased the latitudinal temper-
ature gradient, leading to increased eddy energy, in-
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creased wave energy flux into the stratosphere, an am-
plified residual circulation, and some high-latitude
warming.

Both experiments emphasize that the middle-at-
mosphere response to climate change depends on both
the direct and indirect (i.e., tropospheric) effects. Sim-
ilarly, the tropospheric changes are not simply the
products of the direct climate perturbation; they de-
pend as well on what happens to the stratosphere. In
Part I of these studies (RSBP), stratospheric cooling
in conjunction with tropospheric warming decreased
the static stability, allowing for greater planetary long-
wave energy generation in the troposphere, which then
propagated into and influenced the middle atmosphere.
In these experiments the increased static stability in
the tropics altered the Hadley circulation, which af-
fected tropospheric eddy energy, its propagation into
the stratosphere, and the subsequent middle-atmo-
sphere effects. These examples of the coupled systems
emphasize the need to include both the troposphere
and middle atmosphere in studying the effects of cli-
mate change.

As noted in the introduction, there has been spec-
ulation that the Little Ice Age may have resulted in
part from increased volcanic activity, and this is true
of other cold epochs during the last 1000 years (Porter
1986). Alternate explanations concern the possibility
for solar constant change associated with the Maunder
Minimum sunspot decrease (e.g., Eddy 1976). We may
expect that reduced solar insolation would have a dif-
ferent impact on the middle atmosphere, and thus per-
haps on the troposphere, than volcanic aerosols, for
reduced solar insolation should cool the stratosphere.
Interpretation of the paleorecord may be aided by
comparing such experiments and looking for their
varying influences, either on the potential for altered
ozone distributions or direct tropospheric effects as
mediated by the middle atmosphere. The effect of re-
duced solar isolation on the middle atmosphere will
be the focus of a subsequent part of this series.
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