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ABSTRACT

The impact of doubled atmospheric CO, on the climate of the middle atmosphere is investigated using the
GISS global climate / middle atmosphere model. In the standard experiment, the CO, concentration is doubled
both in the stratosphere and troposphere, and the sea surface temperatures are increased to match those of the
doubled CO; run of the GISS 9 level climate model. Additional experiments are run to determine how the
middle atmospheric effects are influenced by tropospheric changes, and to separate the dynamic and radiative
influences. These include the use of the greater high latitude/low latitude surface warming ratio generated by
the Geophysical Fluid Dynamics Laboratory doubled CO, experiments, doubling the CO, only in either the
troposphere or stratosphere, and allowing the middle atmosphere to react only radiatively.

As expected, doubled CO, produces warmer temperatures in the troposphere, and generally cooler temperatures
in the stratosphere. The net result is a decrease of static stability for the atmosphere as a whole. In addition, the
100 mb warming maximizes in the tropics, leading to improved propagation conditions for planetary waves,
and increased potential energy in the lower stratosphere. These processes generate increased eddy energy in the
middle atmosphere in most seasons. With greater eddy energy comes greater eddy forcing of the mean flow and
an increase in the intensity of the residual circulation from the equator to the pole, which tends to warm high
latitudes. Increased gravity wave drag in some of the experiments also helps to intensify the circulation. The
middle atmosphere dynamical differences are on the order of 10%-20% of the model values for the current
climate, and, along with the calculated temperature differences of up to some 10°C, may have a significant
impact on the chemistry of the future atmosphere including that of stratospheric ozone, the polar ozone “hole,”
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and basic atmospheric composition.

1. Introduction

By the middle of the next century, current projec-
tions indicate that the earth’s climate will be signifi-
cantly different from that of today, due to increasing
concentrations in trace gases with greenhouse capacity.
Given the current and expected growth in these gases,
it is estimated that the equivalent doubled CO, radia-
tive forcing will be achieved around 2040 (e.g., Ra-
manathan et al. 1985). With one such scenario for
trace gas growth, Hansen et al. (1988) found that in
the GISS 9-level global climate model (which is basi-
cally a tropospheric model, with only the lower strato-
sphere included in the dynamics), the surface air
warming equivalent to that for doubled CO, would
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occur about 2060 A.D. Increased radiative cooling in
the stratosphere would accompany this tropospheric
warming. .

On the same time scale, anthropogenically generated
chlorine may have a significant impact on ozone in
the middle atmosphere (defined approximately as the
region of 10-100 km in altitude). While such effects
are currently thought to be involved in the Southern
Hemisphere ozone hole phenomena and are just de-
tectable in the Northern Hemisphere (NASA 1988),
future changes in ozone may well be more severe, as
the chlorine concentrations build up in the statosphere.
Various models have been used to project ozone
changes into the middle of the next century (e.g., Bras-
seur et al. 1985; Isaksen and Stordal 1986; Connell and
Wuebbles 1986), and while the actual assessments may
well have to be altered if freon production decreases
significantly, long-term changes in ozone are still likely
(NASA 1988). The task of predicting the future at-
mosphere is complicated because changes in other gases
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such as methane and water vapor are also likely to be
occurring. In addition, the projected climate changes
due to increased greenhouse effect have the potential
to alter ozone change assessments.

Several studies have attempted to quantify the im-
pact of changing climate on chlorine-induced ozone
depletion, using 2-D stratospheric models ( Wuebbles
et al. 1983; Brasseur and De Rudder 1987; Ramana-
than et al. 1987). The results showed that the depletions
are somewhat ameliorated by the projected changes in
temperature. As indicated by Brasseur and Hitchman
(1988), the stratospheric temperature change due to
increased CO, will by itself affect ozone distributions.
In those studies, other possible alterations of the middle
atmosphere, such as changes in atmospheric transport,
had to be ignored. This paper presents results from a
3-D model that show that the effect of changing climate
on both middle atmosphere temperatures and dynam-
ics will likely have an effect on ozone distributions.

Increasing levels of CO, should by themselves cool
the stratosphere, due to an increased loss of longwave
radiation to space. Labitzke et al. (1986) report that
Northern Hemisphere temperature data at the 30 mb
level for the last 20 years already depict a cooling, on
the order of 0.24°C/decade for the hemisphere as a
whole. This result is in excellent agreement with cooling
that arises at that level in the GISS climate model,
when run for the past 20 years with trace gases added
in a realistic time-transgressive manner ( Hansen et al.
1988). It has been estimated using both narrowband
radiance models (Kiehl 1986), and the upper level ra-
diation layers in the GISS climate model, that the ad-
ditional radiative cooling due to doubled CO, would
reduce upper stratospheric temperatures on the order
of 10°C.

There have now been several well-publicized sim-
ulations of the effect of doubled CO, on tropospheric
climate (e.g., Manabe and Wetherald 1975; Hansen et
al. 1984; Washington and Miehl 1984; Manabe and
Wetherald 1987; Wilson et al. 1987). The models show
general agreement on the magnitude of the change in
the global, annual average surface air temperature, with
warming of 4°-5°C. While they exhibit individual dif-
ferences, all the models show alterations of various tro-
pospheric dynamical properties. Given the importance
of planetary waves and gravity waves generated in the
troposphere on the dynamics of the stratosphere, tro-

pospheric changes must be taken into account in any

assessment of the impact of doubled CO; on strato-
spheric circulation.

Much less work has been reported on the impact of
doubled CO, climate changes on the middle atmo-
sphere. Fels et al. (1980) investigated the sensitivity of
the stratosphere to various radiative perturbations, in-
cluding doubled CO,. The results were strongly con-
strained by keeping the sea surface temperatures at
present-day values, thereby limiting the possible influ-
ence of the tropospheric response. In addition, annual
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mean conditions were used. Boville (1986) doubled
the CO; in a perpetual January experiment but again
minimizing its tropospheric effect by keeping sea sur-
face temperatures fixed at current values. As was rec-
ognized in both studies, the problem has not been con-
sidered in its entirety.

In this paper we investigate the full impact of the
doubled CO, climate change on the middle atmo-
sphere. We report on a number of experiments that
show that tropospheric changes play an important role
in altering the dynamics of the doubled CO, middle
atmosphere. This is the first of a series of studies in-
vestigating the impact of climate change on the middle
atmosphere.

2. Model and experiments

The model used for these experiments is the GISS
Global Climate Middle Atmosphere Model
(GCMAM) (Rind et al. 1988a,b; henceforth I and II).
The model has 8° X 10° (latitude by longitude) res-
olution, extends from the surface to 85 km, and in-
cludes all the processes used in the GISS climate model
(Hansen et al. 1983) (e.g., numerical solutions of the
primitive equations, calculation of radiative and surface
fluxes, a complete hydrologic cycle with convective and
cloud parameterizations, etc.). In addition, it incor-
porates a parameterization for gravity wave generation,
propagation, breaking and drag, based on linear satu-
ration theory, with all the parameters evaluated as a
function of model-generated wind and temperature
fields (I). The GCMAM produces a generally realistic
simulation of the troposphere and middle atmosphere,
for both the mean fields and variability (I, II). Its pri-
mary deficiencies are somewhat reduced longwave en-
ergy in the lower stratosphere, too cold temperatures
near the model top, and too warm temperatures in the
Southern Hemisphere polar lower stratosphere.

To investigate the response of the middle atmosphere
to the doubled CO, climate, we first doubled the CO,
(from 315 to 630 ppm) throughout the atmosphere
and incorporated the boundary conditions generated
when CO, was doubled in the GISS 9-level climate
model (Hansen et al. 1984). The 9-level model was
run to equilibrium allowing the sea surface tempera-
tures to change, and produced an average warming of
4.2°C. Included in the boundary condition specifica-
tions for the middle atmosphere model experiment
were the altered sea surface temperatures, as well as
altered ground hydrologic conditions and sea ice. We
thus enable the middle atmosphere model to react to
changes in tropospheric dynamics [as discussed, for
example, in Rind (1986, 1988 )] and warming without
running the model to equilibrium. As this experiment
incorporates the standard conditions for doubled CO,
in the GISS model it will be referred to as “2C02.”

To investigate why the middle atmosphere was
changing, and how sensitive the results were to tro-
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pospheric specifications, a number of additional ex-
periments were performed. In one experiment we lim-
ited the tropospheric response by specifying the sea
surface temperatures at current values, while doubling
the CO, at all levels. This experiment is thus similar
to that of Boville (1986), except that here the full an-
nual cycle is being used. As only the atmospheric con-
centration is changed, this run will be referred to as
“ATM.” Without allowing the sea surface temperatures
to change, the doubled atmospheric CO, provides a
greatly muted tropospheric warming of 0.37°C for the
global, annual average.

There is currently substantial disagreement among
the different modeling groups about the tropospheric
latitudinal temperature response to doubled CO;, a
disagreement that could have a bearing on the middle
atmosphere. The doubled CO, experiments run at the
Geophysical Fluid Dynamics Laboratory (GFDL)
(Manabe and Wetherald 1986) have produced a greater
high latitude amplification (ratio of temperature change
at high latitudes to that at low latitudes) than is the
case in either the GISS or National Center for Atmo-
spheric Research (NCAR) models. This difference af-
fects the modeled changes in longwave energy in the
troposphere, at least when the two different warming
distributions are evaluated with the GISS model (Rind
1987). To cover the range of currently modeled tro-
pospheric responses, we thus have a third experiment
in which the atmospheric CO, concentration is dou-
bled, and the sea surface temperatures are changed in
such a way as to provide the model with the GFDL-
type increased high latitude amplification. As discussed
in Rind (1987), the procedure involves altering the
latitudinal changes in sea surface temperature from the
standard GISS doubled CO, run so as to provide the
same global mean temperature warming as in this
model (4.2°C) but with reduced warming at low lati-
tudes, and increased warming with decreased sea ice
at high latitudes. The longitudinal gradients in sea sur-
face temperature from the standard doubled CO, run
are retained. The intention is not to reproduce the
GFDL doubled CO, tropospheric climate exactly, but
simply to investigate the impact of high latitude am-
plification within the range currently being generated
by different models. This altered doubled CO; run is
referred to as “ALT.” -

These three experiments are each run for three years
following a several-month-long spinup. As the sea sur-
face temperatures are specified, the individual years
for each experiment greatly resemble one another, and
so can be averaged together. None of the models are
in radiative equilibrium, however, which would require
allowing the sea surface temperatures to adjust. The
difference from equilibrium is most noticeable in ATM
and ALT, since their patterns of sea surface tempera-
ture change are quite different from the GISS models’
doubled CO, warming tendencies. Even 2CO2 would
have had a somewhat different response, however, if
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the sea surface temperatures were allowed to adjust.
We will return to this point in section 4,

In order to ascertain if the middle atmospheric
changes are primarily controlled by in situ effects or
by changes in the troposphere, and to separate dynam-
ical and radiative influences, several winters were rerun
with CO, reset to 315 ppm above 100 mb. In the first
rerun, referred to as “2C0O2-A,” the sea surface tem-
peratures were maintained at the values for the doubled
CO, climate, and in the second rerun, referred to as
“ATM-A,” the sea surface temperatures were main-
tained at current values. An inverse experiment, in
which CO, was doubled only in the stratosphere, was
run for the last winter, and will be referred to as
“STRAT.” Finally, an experiment in which dynamics
extended only up to 100 mb, limiting the middle at-
mosphere layers to their radiative response, was run
for both single and doubled CO, atmospheric concen-
tration with the respective boundary conditions. The
doubled CO, run is referred to as “RAD.”

A description of the different experiments is pre-
sented in Table 1. Conducting the range of experiments
described above fulfills several objectives. First, the re-
sults (from ATM) can be compared with the few pre-
vious simulations that have been published. Further-
more, as the tropospheric doubled CO, simulations are
showing a range of high latitude amplifications, the use
of both 2CO2 and ALT allow for tropospheric re-
sponses that highlight the current uncertainty in the
distribution of the projected climate warming. Dou-
bling the CO, only above or below 100 mb helps in
separating the influence of the troposphere and strato-
sphere, and limiting the middle atmosphere to its ra-
diative response allows us to distinguish between dy-
namic and radiative influences. Finally, many of the
changes in stratospheric dynamics are found to be on

TABLE 1. Description of experiments.

2C02 Doubled atmospheric carbon dioxide in troposphere
and stratosphere, sea surface temperatures raised to
values produced by doubled carbon dioxide equilib-
rium climate run.

Doubled atmospheric carbon dioxide in troposphere
and stratosphere, sea surface temperatures raised to
values more similar to GFDL doubled carbon diox-
ide climate run, with greater high latitude amplifica-
tion.

Doubled atmospheric carbon dioxide in troposphere
and stratosphere, sea surface temperatures specified at
current values.

Like ATM, except doubled atmospheric carbon dioxide
only in troposphere.

Like 2CO2, except doubled atmospheric carbon dioxide
only in troposphere.

Like ATM, except doubled atmospheric carbon dioxide
only in stratosphere.

Like 2CO2 except that above 100 mb, only radiation is
calculated (no dynamics); also a control run for this
experiment with 1 X CO2.

ALT

ATM

ATM-A
2C0O2-A
STRAT

RAD
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the order of 10%-20% of the mean, with peak values
of only several times the interannual standard devia-
tions, and simulations would have to be run for many
years to prove their significance. This is true of dynamic
and hydrologic changes in the troposphere due to dou-
bled CO, as well (Rind 1986, 1987, 1988a,b). The
comparison of multiple experiments facilitates inter-
pretation of the physical significance and mechanics
of the changes.

Comparisons will be made between the experiments
and the GCMAM control run (I, IT). As noted in I,
the first two years of the five year control run set the
value of the coriolis parameter near the pole to zero,
as was done in the standard UCLA model code from
which the GISS numerical scheme was adopted (Ar-
akawa 1972). The last three years used the full value
of the coriolis parameter, as in GISS model II (Hansen
et al. 1983). This difference affects the circulation near
the pole. As the three doubled CO, experiments all
used the full coriolis parameter, they will be compared
with the last three years of the control run. When the
results are compared with the full five years, the dou-
bled CO, changes discussed in this paper, in general,
remain unaltered. The standard deviations are taken
from the full five years of the control run, in order to
provide a more meaningful estimate at most latitudes.
They do, however, overestimate the model’s natural
variability at the highest latitudes.

3. Results

In order to focus on the important aspects of the
results, they are organized as responses to a series of
questions. We concentrate on the main experiment
(2C0O2), with the other experiments referred to when
appropriate.

a. Question 1: Is it true that the middle atmosphere
cools everywhere when carbon dioxide is doubled?

Greater CO, concentrations should lead to increased
longwave radiation from the middle atmosphere, and
cooler temperatures. The temperature changes pro-
duced in 2CO2 for the different seasons are shown in
Fig. 1. The basic character of the doubled CO, changes
1s very clear: strong warming in the troposphere, peak-
ing in the GISS model in the tropical upper tropo-
sphere, and strong cooling through most of the middle
atmosphere. The peak cooling values are on the order
of 10°C in the tropical stratopause region. Cooling
predominates in all seasons, and is thus in general
agreement with expectations.
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Warming occurs, however, in the Northern Hemi-
sphere polar stratosphere during the colder half of the
year. This is shown more clearly in Fig. 2, which gives
the monthly average temperature changes at three lev-
els: the lower stratosphere (68 mb), the upper strato-
sphere (1.5 mb), and the mesosphere (0.015 mb). The
winter high latitude warming in the upper stratosphere
is clearly evident in the Northern Hemisphere, and
small warming occurs during Southern Hemisphere
winter as well, Another small area of warming occurs
in the mesosphere during summer in both hemispheres.
(Above approximately 75 km the results may be se-
verely affected by the breakdown of local thermody-
namic equilibrium and the influence of the model top;
an analysis of model limitations is provided in sec-
tion 4.)

The polar warming is clearly not in agreement with
expectations, and indicates that more is happening in
the middle atmosphere in this experiment than simple
radiatively induced temperature changes. To investi-
gate what the radiative response would be by itself, an
experiment was run in which for all levels above 100
mb only radiative transfer was allowed to influence the
temperature, i.e., no dynamics was allowed to occur.
This was done for both a control run, with 315 ppm
CO, throughout and current sea surface temperatures,
and an experiment (RAD), with doubled CO,
throughout, and the warmer sea surface temperatures.
The experiment was begun on 1 September, and in-
tegrated through the following winter; given that the
thermal response time of the stratosphere is approxi-
mately | month, the spinup was sufficiently long to
allow the full effects of the different radiative tendencies
to be manifest.

The change in temperature for December-February
between RAD and its control is shown in Fig. 3 (top).
Now cooling occurs throughout the middle atmo-
sphere, although again there is greater cooling in the
equatorial stratosphere than in the polar night region.
This latitudinal dependence is expected (Fels et al.
1980), since the radiative change will be larger where
the control run temperatures were larger. The contrast
between the December—February results shown in Figs.
1 and 3 indicate the role that changes in dynamics are
playing in altering the temperature profiles.

We can look at this more directly by calculating how
the temperature is changed by the model “dynamics”
subroutine, in comparison with what occurs in the
current climate control run. This result is shown in
Fig. 3 (middle). The winter polar warming is a result
of changed dynamical heating (as is the mesospheric

FiG. 1. Latitude-altitude depiction of the seasonal temperature change for the doubled CO, climate experiment (2C0O2 ) compared with
the current climate control run: December-February (top left), March-May (bottom left), June-August (top right); September-November
(bottom right). The format shown is used for most of the following figures: negative values are shaded, with more extreme negative values
in the dark shading; more extreme positive values are shown by the brick pattern. The transition values are given by the bar legend at the
bottom of the figure. Selected contours are shown (with the negative values dashed), as well as extreme negative and positive magnitudes.
The changes are for 3-year averages for each of the experiments and the control.
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4 TEMPERATURE (°C) AT 68 mb 2C02-CONT

LATITUDE
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FI1G. 2. Change of temperature as a function of month in 2CO2
at 68 mb (top), 1.5 mb (middle), and 0.015 mb (bottom).

warming near the summer pole). More specifically, it
is a result of a change in heating induced by the trans-
formed Eulerian (residual) circulation [defined, for

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOL. 47, No. 4

example, in I, Eq. (23)] (Fig. 3, bottom). This implies
that the residual circulation has changed in the doubled
CO, climate. :

Finally, we can ask how sensitive the results are to
the exact specification of changes in the troposphere.
Presented in Fig. 4 are the temperature changes which
resulted during December-February in ATM (top),
where the atmospheric CO, was doubled but sea surface
temperatures left unchanged. Again warming appears
near the winter polar stratopause. If CO, is doubled
only in the troposphere, with or without the increased
sea surface temperatures (2CO2-A; ATM-A), the same
pattern results. Doubled CO, in the stratosphere alone
[STRAT, Fig. 4 (middle)] likewise results in polar
warming. Only in ALT, with doubled CO, and the
greater high latitude amplification of the sea surface
temperature changes does actual warming not appear
at the poles, just reduced cooling (Fig. 4, bottom ). The
dynamical warming thus seems to result from the ver-
tical differentiation of the radiative effects of in-
creased CO,.

b. Question 2: What happens to the residual circulation
in the middle atmosphere in the doubled CO, cli-
mate? :

The change in residual circulation is shown in Fig,
5 for the different seasons, with negative (shaded) val-
ues indicating greater clockwise flow. In all seasons, in
both hemispheres, the middle atmosphere residual cir-
culation increases (i.e., greater equator to pole flow at
high levels, with return flow at low levels), with changes
on the order of 10% of control run values (2-3 standard
deviations). This pattern, with greater poleward heat
advection near the stratopause, and greater subsidence
near the poles, is responsible for the dynamical polar
warming shown in Fig. 3 (bottom). Why does this

’ happen?

The residual circulation is driven by diabatic, eddy
and gravity wave effects. The increased residual cir-
culation could result from stronger diabatic heating at
low latitudes compared with higher latitudes, or, given
that it is the longwave radiative component which is
directly affected with increased CO,, decreased long-
wave cooling at low latitudes compared with higher
latitudes. As implied by the temperature changes in
Fig. 4 (top), this is not what is happening radiatively,
at least in the winter hemisphere, for the low latitudes
experience greater increase in radiative cooling.

Increased poleward flow near the stratopause could
result from greater eddy forcing (stronger EP flux con-
vergences), or stronger gravity wave drag. Both factors
are occurring. Shown in Table 2 are the changes in the
transformed streamfunction values for the experiments
listed in Table 1, and the relative contribution to the
change generated by the eddy and gravity wave effects.
They were derived in the following manner: for each
experiment the location of the maximum residual cir-
culation change in the stratosphere was determined,
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FI1G. 3. Change of temperature in December-February between
RAD and its control run (top). Difference of temperature changes
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and also the location of the maximum change poleward
of 50°N. The streamfunction maximum indicates that
poleward mass flow was greatest in the atmosphere
above that altitude. As EP flux convergence and the
gravity wave drag help generate poleward mass flow
I, Eq. (22)], we integrate the magnitudes of those
terms at all levels above the streamfunction maximum,
and convert the values to a mass flow equivalent. Were
these two forcing functions to generate the total mass
flow, the sum of their values would equal the stream-
function value shown in Table 2, as is approximately
true for the control run. Deviations can arise because
the EP flux diagnostic must be averaged to the latitude
of the streamfunction maximum, and other terms in
the equation are not necessarily zero.

All the experiments show increased residual circu-
lation intensity, often of two standard deviations or
more (the value in parentheses), including the exper-
iments in which CO, is doubled only in the troposphere
(ATM-A, 2CO2-A) or stratosphere (STRAT). The
forcing appears to be due primarily to eddy effects at
the higher latitudes, but to a combination of eddy and
gravity wave effects at midlatitudes. Table 2 indicates
that the increased gravity wave drag in the middle at-
mosphere is playing a substantial role in accelerating
the residual circulation. In the control run it represents
about one-third of the dynamical forcing in midlati-
tudes, and at high latitudes about one-fifth. In 2CO2
it is the dominant term at the location of the midlat-
itude maximum circulation change. At polar latitudes,
EP flux convergences in the upper stratosphere, and
divergences in the lower stratosphere, act effectively to
intensify poleward flow aloft and equatorward flow be-
low, and eddies represent the chief forcing for circu-
lation changes. This is not true in ALT with its altered
energy propagation and EP flux divergences (discussed
below).

¢. Question 3: Why is the eddy forcing increasing?

Shown in Fig. 6 is the change in eddy energy during
December—-February in 2CO2, ATM and ALT, along
with the standard deviation of this quantity in the con-
trol run. Eddy energy increases through most of the
middle atmosphere in all three experiments. The
change for each hemisphere in each season is quantified
in Table 3, with the results divided into four vertical
regions. For the 24 cases shown in each region (three
experiments, four seasons, two hemispheres), in 21 of
the cases tropospheric energy decreased. Nevertheless,
in 19 of these cases, eddy energy increased in the middle
atmosphere, with the same percentage of increase in
each of the three middle atmosphere regions.

Also included in Table 3 (as the numbers shown in

for December-February, 2C0O2 minus control, by the model dynamics
(middle) and by the transformed advection (bottom ).
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FIG. 4. Temperature change for December-February in ATM
(top), STRAT (middle), and ALT (bottom).

parentheses), are the percentage changes in standing
plus transient eddy kinetic energy for waves 1-3. In
two-thirds of the cases, planetary longwave energy de-
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creases in the troposphere (and a similar result arises
if only standing longwave energy is included). Nev-
ertheless, again for about 80% of the cases, the longwave
energy increases in the middle atmosphere, and, in the
lower stratosphere, it increases in 23 of the 24 situa-
tions. The conclusion that eddy energy is really in-
creasing in the middle atmosphere is significant at
greater than the 95% level when tested with a binomial
distribution analysis of increase versus decrease.

How does this increased eddy energy arise? The
winter energy budgets for the Northern Hemisphere
troposphere and lower stratosphere are given in Table
4. Note that in all three experiments standing wave 1
eddy energy increases in the troposphere, despite the
overall reduction in tropospheric eddy kinetic energy
which occurs when sea surface temperatures are in-
creased, the latitudinal temperature gradient decreases,
and baroclinicity is reduced ( Table 4, EAPE — EKE).
The warming of the lower troposphere and cooling of
the lower stratosphere (Figs. 1, 4) decreases the vertical
stability. This leads to an overall increase in available
potential energy for the longest waves, which are ca-
pable of being more strongly influenced by the large-
scale vertical static stability changes than are the smaller
scale eddies. For example, at 45°N, tropospheric eddy
available potential energy for wavenumber 1 increases
an average of 10% in the three experiments during
winter. For the Northern Hemisphere as a whole,
baroclinic generation of wavenumbers 1-2 increase by
16% in ALT, and in 2CO2, baroclinic generation of
wavenumbers 1-6 increase by 8%. The standing wave
1 energy increase is large relative to the mean value
(25%-50% ) and greater than or equal to two times the
standard deviation.

In all three experiments the increased wave 1 energy
1s also found at higher levels, although in ALT the
specification of warm high latitude oceans provides for
increased wavenumber 2 stationary eddy energy as well.
To illustrate the paths followed by the eddies with in-
creased energy, changes in the EP flux for the different
experiments are presented in Fig. 7, along with the
change in the zonal wind. In the troposphere, increased
vertical propagation starts mainly at the upper mid-
latitudes where eddy energy increases (Fig. 6). Its path
into the middle atmosphere is determined by changes
in the refraction characteristics associated with the
changed wind structure, basically propagating through
regions of relative west wind increase. The differences
among the experiments in the tropospheric zonal wind
response are associated via the thermal wind relation
to the differences in heating produced with the warmer
sea surface temperatures (e.g., the large high latitude
heating prescribed in ALT leads to reduced west winds
at upper midlatitudes). The increased stratospheric
west winds, where they occur, are associated with the
stronger transformed advection (Fig. 5) and greater
EP flux divergences (Fig. 8), while the decreased me-
sospheric west winds are due to greater EP flux con-
vergences and increased gravity wave drag.
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an increased direct circulation from equator to pole.

The patterns of energy flow are also influenced by
tropospheric eddy energy changes, with ATM and ALT
having the greatest high latitude tropospheric increase.
Thus in 2CO2 the energy flow change in the middle
atmosphere is towards high latitudes, while in ALT the
change in propagating energy is upward at and then
away from the highest latitudes. Nevertheless, there is
an overall pattern for increased upward fluxes at high
latitudes in all the experiments, with peak vertical flux
changes 10%-20% of control run values (three standard
deviations).

The amount of eddy energy increase that is occurring
through increased direct generation versus increased
propagation varies with season (e.g., vertical propa-
gation is not a contributing factor during the summer
season when east winds limit upward penetration).
Analysis of the different experiments indicates the fol-
lowing generalities. Lower stratospheric planetary
longwave energy increases appear to be associated with

increased generation as well as increased propagation
from the troposphere when that is available. The in-
creased generation results from increases in potential
energy, a direct result of the general decrease in vertical
stability, with tropospheric warming and stratospheric
cooling, as well as the greater high latitude cooling in
the region from 200 to 50 mb (Fig. 1). For example,
in the lower stratosphere at 45°N, the annual average
wavenumber one available potential energy increases
by an average of about 10% in the three experiments.
The increased energy in the lower stratosphere then
propagates vertically.

These results help explain the increased eddy forcing
of the residual circulation. Shown in Fig. 8 are the
changes in EP flux divergences in 2CO2 for the different
seasons. The increased eddy energy in the lower strato-
sphere leads to increased EP flux convergences at higher
levels; the increased eddy forcing then helps generate
a more direct streamfunction in the middle atmosphere
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TABLE 2. Middle atmosphere residual circulation and changes,
December-February. Note: Change results are for the last winter.

Maximum streamfunction and change (10" Kg s™')

Run Location Trans. S.F. Eddy  Gr. wave
Control (39°N, 46 mb) —419 (x24) —294 -124
A2CO2 (39°N, 46 mb) -93 —41 -90
A2CO2-A  (39°N, 46 mb) —168 —-87 —120
AATM (39°N, 46 mb) —101 -108 -29
AATM-A  (31°N, 46 mb) —42 -23 ~57
ASTRAT  (16°N, 21 mb) —41 -35 11
AALT (39°N, 46 mb) —62 —45 -30

High latitude maximum streamfunction and change (10" Kg s™")

JOURNAL OF THE ATMOSPHERIC SCIENCES

Run Location Trans. S.F. Eddy Gr. wave
Control (55°N, 46 mb) —278 (x12) —236 —66
A2C0O2 (55°N, 10 mb) -30 -47 -7
A2C0O2-A  (55°N, 46 mby) —40 —66 23
AATM (70°N, 46 mb) -32 -50 -6
AATM-A (70°N, 21 mb) -7 -3 -5
ASTRAT (55°N, 10 mb) —-18 —-16 -4
AALT (55°N, 46 mb) -21 8 -11

of both hemispheres, which leads to warming of the
polar latitudes (Fig. 3). The mesosphere responds to
the increased poleward flow near the stratopause with
a more indirect circulation, increased rising air and
cooling in the winter polar mesosphere, increased
sinking air and warming in the summer polar meso-
sphere. The differences in magnitude of high latitude
warming among the different experiments are asso-
ciated with the different patterns of EP flux convergence
(Fig. 7) and thus residual circulation change.

d. Question 4: How do changes in gravity wave drag
affect the results?

As indicated in Table 2, increased gravity wave drag
is partly responsible for increases in the midlatitude
residual streamfunction. The gravity wave changes, as
parameterized in the model (I), will result from
changes in the source and in propagation and breaking
characteristics. In 2CO2 the parameterized source
strengths for gravity waves, mountain waves, wind
shear, and convection, all increase. In this experiment
there is a general increase in west winds in the tropo-
sphere (note the increase in zonal kinetic energy in
Table 4), which leads to greater mountain wave and
shear wave generation. Also, as climate warms, pene-
trating convection increases, which increases the am-
plitude of the high phase velocity gravity waves. As
indicated by the zonal wind changes shown in Fig. 7,
however, the zonal winds in the lower stratosphere also
increase in intensity (due, via the thermal wind rela-
tionship, to the large upper troposphere tropical
warming ), which makes breaking more difficult. The
stronger waves break higher up, and increase the gravity
wave drag by 10%-50% of control run values, an effect
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which becomes as large or larger than any other indi-
vidual influence in the upper mesosphere. In ALT,
zonal kinetic energy decreases (Table 4) due to its
greater high latitude amplification of the temperature
change, as do mountain and shear wave sources, so
the gravity wave changes are somewhat less important
(Table 2).

e. Question 5: Do stratospheric sudden warmings
change in the doubled CO, climate?

With the change in eddy energy, and the alterations
in propagation characteristics, the possibility arises that
dynamic events in the stratosphere may be altered. This
in fact does happen, and is part of an overall pattern
of change that occurs in both hemispheres. The sudden
warming events are defined here as events involving
large and rapid increase of eddy kinetic energy and
decrease of zonal kinetic energy (examples of such
events in the control run were given in II). In the con-
trol run, sudden warmings occurred in December,
while in the doubled CO, experiments, sudden warm-
ings occurred one month earlier, then repeat again in
January/February, leading to a delay in the final spring
warming. These changes occur in 2CO2, ATM
and ALT.

To explain how these changes arises, we discuss the
wintertime evolution of events forced by the climate
change, concentrating first on the Northern Hemi-
sphere. The main points of the following discussion
are shown schematically in Fig. 9, which indicates the
regions of high latitude warming and cooling as a func-
tion of month, as well as the altitudes of increased up-
ward propagation of planetary waves, as determined
from the change in the vertical EP flux. The actual
deceleration of the zonal wind with warming at high
latitudes is associated with the convergence of the EP
flux, and thus better approximated by the warming
regions themselves. The warming referred to in Fig. 9
is calculated relative to the control run, and is often,
though not always, associated with the actual sudden
warming events. We discuss the monthly changes se-
quentially.

1) NOVEMBER

During this month the sun is sufficiently close to the
equator, and sea surface temperatures sufficiently warm
in the tropical Northern Hemisphere, that increased
penetrating convection in the doubled CO, experi-
ments causes substantial heating of the tropical and
subtropical Northern Hemisphere upper troposphere.
This warming increases the subtropical latitudinal
temperature gradient, and thus, from the thermal wind
relation, increases the zonal winds in the upper tro-
posphere and lower stratosphere at subtropical and
lower middle latitudes. In contrast, winds at these levels
do not increase as much (or actually decrease) at higher
latitudes, as the albedo-driven high latitude amplifi-
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FIG. 6. Change in the eddy kinetic energy for December-February in ATM (top left), ALT (bottom left), 2CO2 (top right)
along with the interannual standard deviation from the control run (bottom right).

cation of the temperature response reduces the extra-
tropical latitudinal temperature gradient. The change
in wind response with latitude sharpens the subtropical
jet stream, altering the refractive properties of the at-
mosphere so as to allow wave energy to propagate from
the upper troposphere into the middle atmosphere
more easily.

The additional eddy energy in the stratosphere in-
tensifies the residual circulation and warms the higher
latitudes associated with sudden stratospheric warming
events. The same events also produce cooling in the
mesosphere, a response noted in simulations of sudden
stratospheric warmings in the control run (II), and
one which has often been observed (e.g., van Loon et
al. 1975).

2) DECEMBER

The reduction in the hemispheric latitudinal tem-

perature gradient that accompanies the tropospheric

warming leads to reduced eddy energy, and reduced
eddy deceleration of the upper tropospheric zonal
winds at higher latitudes. As these winds increase, and
as the tropical heating moves southward, the refraction
properties now change so as to make upward propa-
gation less favorable. Less eddy energy propagates out
of the troposphere, stratospheric eddy energy decreases,
and polar temperatures cool. At upper levels, above
approximately 0.10 mb, the mesospheric polar region
recovery from the cooling events of the preceding
month decreases high latitude west winds, which allows
for increased upward energy propagation. This in-
creased eddy energy leads to increased transformed ad-
vection, which warms polar levels at mesospheric
heights.

The eddy energy decrease responsible for the tro-
pospheric wind changes occur in November from de-
creased baroclinicity; during December, longwave en-
ergy starts increasing, due to the effect of decreased
tropospheric stability as discussed above. Tropospheric
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TABLE 3. Percentage change in eddy energy
(waves 1-3 in parentheses).
Troposphere Lower strat Upper strat Mesosphere
Northern Hemisphere
Winter
ATM 1.9(3.9) 2.4(5.3) 7.5(10.4) 3.5(2.6)
2C0O2 —4.7 (6.4) 10.2 (22.9) 1.9(-0.2) 9.8(7.9)
ALT ~93(-1.7) —0.0(0.5) 6.7(7.7) 8.6(11.3)
St. dev. 3.7 2.8 5.4 5.6
Spring
ATM ~-16(-23) ~11(=23) -134(-19.7) -83(-12.2)
2C02 —6.0 (2.4) 15.0 (30.4) =72 (—12.9) 6.2 (10.6)
ALT —14.7 (-9.1) 5309.1) -44(-10.5) -14(-4.7)
St. dev. 1.9 3.1 75 4.2
Summer -
ATM -2.9(4.2) 7.1(16.7) 0.2(1.2) —-0.3(-1.8)
2C02 —-132(-12.7) 37.6(58.5) 4.4 (~1.1) 9.4(11.3)
ALT —14.2(-3.9) 20.1 (29.7) 5.6 (3.9) 3.3(0.8)
St. dev. 15. 3.0 7.3 1.9
Fall
ATM -2.8(-0.9) 0.6 (0.3) 0.2 (2.6) 34(49)
2C02 ~11.2(=1L.7) 13.3 (32.5) 17.3 (21.6) 19.5 (24.5)
ALT ~12.8 (0.3) 4.0(17.6) 9.5 (14.4) 17.9 (23.1)
St. dev. 2.2 6.2 4.0 5.8
Southem Hemisphere
Winter
ATM -0.7 (—1.8) 6.9 (9.0) 16.1 (14.8) 7.7(11.3)
2C0O2 —10.4 (—9.3) ~0.4(1.3) 1.9(1.2) 24 (0.3)
ALT -153(-13.0) -1.3(7.0) 3.1(6.8) -4.6(-7.2)
St. dev. 4.0 4.3 10.1 1.6
Spring
ATM —2.2(-0.9) 5.1 (10.0) 10.0 (14.7) 3.9 (4.8)
2C0O2 —12.4(-3.7) 2.6 (15.1) 6.7 (11.0) 16.9 (19.0)
ALT —18.5(—18.3) -3.6(1.6) 12.2 (20.9) 8.6 (8.7)
St. dev. 1.4 5.3 19 3.1
Summer
ATM 2.0 (3.6) 12,6 (17.9) —-1.2(~4.7) -3.0(—-4.2)
2C02 -7.0(0.2) 28.3 (40.7) 8.4 (11.0) 19.1 (24.7)
ALT —17.4 (-13.7) 7.0 (16.8) ~2.2(=2.0) 5.9 (7.6)
St. dev. 44 5.9 5.8 0.8
Fall .
ATM 0.2(-2.3) 39(9.8) 4.7 (9.2) 2.2(5.0)
2C0O2 ~11.6 (2.2) 12.9(33.3) 3.6 (8.4) 16.8 (23.6)
ALT —15.5(—9.9) 0.4 (7.7) 3.4(7.8) '6.6 (10.2)
St. dev. 3.8 4.6 6.3 1.2

stability decreases more in winter than fall because the
tropospheric stability is currently greater in winter, and
therefore can trap more heat near the surface. In ad-
dition, winter sea ice is greater, so there is more sea ice
to lose as climate warms, and more heating from ab-
sorbed solar radiation and ocean ventilation which can
occur because of its loss.

3) JANUARY

Some tropospheric longwave planetary energy in-
crease occurs in this month, but, on the other hand,
the winter subtropical heating is less, and the latitudinal
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temperature gradient suffers its maximum decrease.
This results in a reduction of the latitudinal gradient
of potential vorticity, and more unfavorable propa-
gation conditions. The effects work against one another,
with the result that eddy energy propagates more easily
only from the upper troposphere. Nevertheless, this
additional energy for the stratosphere increases the re-
sidual circulation, and is associated with sudden
warming events, Again the response of the mesosphere
is to cool.

4) FEBRUARY

Tropospheric longwave energy increases occur in this
month, but now it is not primarily the result of de-
creased stability. By this time of the year, the solar
radiation is returning to the tropical Northern Hemi-
sphere, and the increased tropical warmth of the dou-
bled CO; climate intensifies the Hadley Circulation.
The energy transfers that accompany this process, and
the increased temperature gradient associated with
tropical heating, provide for greater energy transfers
from zonal available potential energy to zonal Kinetic
energy, and then from zonal kinetic to eddy kinetic
energy. Decreased stability helps this latter process, as
it allows the gradient of quasi-geostrophic potential
vorticity to become negative occasionally, promoting
barotropic instability. In the stratosphere, polar warm-
ing occurs during this month, weakening the west
winds, which further enhances energy propagation.
Cooling again characterizes the mesosphere, with re-
duced propagation characteristics.

Note that here a distinction arises among the ex-
periments, for due to its relatively cool equatorial sea
surface temperatures, ALT does not show an increase
in the Hadley circulation, zonal kinetic energy, or
longwave energy. Thus in this run increased vertical
propagation of eddy energy arises only above the mid-
troposphere, while in the other two experiments it oc-
curs from the surface.

5) MARCH

The eddy energy increase in February is sufficiently
strong that it decelerates the midlatitude tropospheric
west winds, an effect which becomes apparent by
March, and results in less favorable vertical propagation
conditions. This, combined with smaller increases in
tropospheric longwave energy, leads to reduced eddy
energy propagation into the middle atmosphere and
cooler conditions in the stratosphere. As was the case
in December, the mesospheric response is to warm,
with better propagation conditions allowing more eddy
energy. The relative cooling of the stratosphere in
March indicates a delay in the onset of the final warm-
ing as compared to the control run, which is consistent
with the later midwinter warmings in the modeled
doubled CO, climate.

The overall pattern shown in Fig. 9 depicts an ap-
parent downward propagation of regions of relative
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TABLE 4. Northern Hemisphere December-February energy budgets, troposphere and lower stratosphere. KE: Kinetic energy; APE:

Available potential energy; E: Eddy; Z: Zonal; G: Generation; D: Destruction; energy (107 J); rates (10! W),

Control AATM A2CO2 AALT Std. dev.
Troposphere (984~100 mb)
EKE 2809 52.3 —-132.5 —260.1 105.0
Stationary EKE 838 50.0 ~11.5 -17.2 323
Standing wave | EKE 140 65.6 54.5 36.9 19.6
ZKE 1728 68.2 325.9 -122.9 22.7
EAPE 6957 323 -518.3 —145.5 116.0
ZAPE 12920 —173.3 —157.0 —1911.4 259.3
EAPE — EKE 681 9.0 —68.0 —89.0 37.8
ZAPE — ZKE 162 9.0 19.9 —1.5 31.1
ZKE — EKE -39 10.0 15.1 15.9 19.5
GEAPE 581 —57.8 —163.0 -53.0 27.1
GZAPE 1507 —88.6 ~256.1 -355.8 45.2
DEKE 411 -10.8 13.3 224 10.0
DZKE 192 —5.2 —11.1 6.5 59
Lower stratosphere (100-10 mb)

EKE 288 6.8 29.3 —0.1 8.2
Stationary EKE 78 0.3 5.8 10.1 2.4
Standing wave 1 EKE 17 5.1 9 33 6.1
ZKE 218 67.9 150.5 ~9.2 344
EAPE 328 12.8 13.1 —0.5 6.4
ZAPE 201 -22.3 -10.4 -16.9 18.2
EAPE — EKE =72 2.8 0.1 4.5 6.2
ZAPE — ZKE 15 1.5 133 44 0.9
ZKE — EKE 3 -2.3 1.5 1.9 1.3
GEAPE —16 ~2.5 -0.6 -0.3 1.8
GZAPE -12 5.1 -24 -0.7 2.7
DEKE 9 —0.4 -2.1 0.1 1.2
DZKE 18 4.4 14.0 2.5 1.7
w'¢’ at 100 mb 112.5 -2.2 —0.28 -11.7 ° 6.9

warming and cooling, starting in September and con-
tinuing through April. A similar phenomenon occurs
in the polar Southern Hemisphere, with relative
warming propagating down in time from the meso-
sphere in May to the lower stratosphere in July (see
Fig. 2). The explanation follows a similar pattern; for
example, upward energy propagation from the tropo-
sphere to the midstratosphere occurs in June, when
increased longwave propagation coincides with more
favorable propagation conditions.

Notice that the Southern Hemisphere winter changes
are one month later in phase than those for Northern
Hemisphere winter (e.g., warming in the midstrato-
sphere in June in the Southern Hemisphere, in No-
vember in the Northern Hemisphere ). This delay ap-
pears to be related to the hemispheric differences in
the control run latitudinal precipitation patterns. In
the Northern Hemisphere, for the current climate, the
model produces maximum rainfall at 20°N in No-
vember; in the equivalent Southern Hemisphere month
(May) maximum rain occurs near the equator. The
difference is associated with the greater land /ocean ra-
tio in the Northern Hemisphere, which draws the in-
tertropical convergence zone further poleward during
summer,

In the doubled CO, climate, the increased heating

Vi

due to moist convection amplifies processes evident in
the control run, and thus the change in heating also
occurs further poleward in the Northern Hemisphere
in November than in the Southern Hemisphere in May,
as does the maximum upper troposphere zonal wind
increase and refraction changes. Hence the increased
vertical energy propagation in November in the
Northern Hemisphere at middle latitudes does not oc-
cur in the Southern Hemisphere in May. The Southern
Hemisphere middle atmosphere actually experiences
reduced eddy energy in May, reduced eddy deceleration
of the winds (both opposite to the Northern Hemi-
sphere changes in November ), and thus increased west
winds at higher latitudes by June. This wind change
provides favorable conditions for vertical and poleward
energy propagation during June, with increased middle
atmosphere eddy energy and relative warming.

[ Question 6: Is the change in the timing of strato-
spheric warmings due primarily to alterations in
tropospheric processes or to the stratospheric cool-
ing?

A change in the average timing or characteristics of
stratospheric warmings would have important conse-
quences for ozone transport (e.g., Leovy et al. 1985).
If this is a real change, alterations in the eddy energy
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propagation patterns as discussed above are one ex-
planation. Another possibility exists: perhaps the
change in timing of the warming events was influenced
by radiation effects. There are at least two potential
causes. The additional radiative dissipation of planetary
waves which arises when CO, is increased in the strato-
sphere may help warmings to reach fruition both earlier
(November) and then again later than in the control
run. The impact of increased dissipation (from gravity
waves) in promoting stratospheric warmings in the
control run has been discussed previously (II). Alter-
natively, Fels (1985) has noted that the N30 version
(3° horizontal resolution ) of the GFDL SKIHI GCM
underwent warming episodes on the same date in two
successive model years, which he suggested might be
associated with overly strong radiative control of the
polar temperature; the preconditioning of the polar
vortex, which is normally associated with minor
warming events, might be arising in the model mostly
from the seasonal cooling, thus producing a phase lock
of the preconditioning and warming with the annual
cycle. It is possible that the increased CO, might pre-
condition the model atmosphere to experience warm-
ings at an earlier time.

The descriptions for the winter patterns given above
emphasize processes strongly influenced by tropo-
spheric events, with low latitude heating changing the
atmospheric refractive properties, and altered tropo-
spheric stability and latitudinal temperature gradients
affecting longwave generation and propagation. In fact,
the increased CO; in the stratosphere does not appear
in the discussion, except for its influence on tropo-
spheric stability. If this is true, then somewhat similar
results should arise whenever these tropospheric
changes occur, regardless of what is happening radia-
tively in the stratosphere.

To test this assumption, we can investigate the timing
of the stratospheric warmings in the experiments in
which CO, was increased only in the troposphere
(ATM-A; 2CO2-A). In the three winters for which
these experiments were run, the sudden warming events
occurred close to the control run times, in December.
It might thus appear that this result verifies the im-
portance of increased radiative cooling, except that in
STRAT, with CO, doubled only in the stratosphere,
the warming again occurred only in December. Thus,
the change in timing of the warmings noted in 2CO2,
ATM and ALT arose only in those runs in which CO,
was doubled in both regions.

FiG. 7. Change of the EP flux (arrows) and the zonal wind changes
{contours) for December-February in the Northern Hemisphere. The
length scale for the arrows is shown in the top left-hand corner of
each figure; values below 20 km are reduced by a factor of 10 for
presentation purposes. Negative zonal wind changes are dashed, and
selected peak magnitudes of wind change are shown. Note that in
contrast to the other figures, the Northern Hemisphere latitudes in-
crease to the left.
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FIG. 8. Change of the Eliassen-Palm flux divergence in 2CO2 for December-February (top left), March-May (bottom left),
June~August (top right), and September-November (bottom right).

In fact, it proved impossible to examine the impact
of radiative forcing alone, for in all three of these ad-
ditional experiments the altered temperature and sta-
bility profiles affected tropospheric long wave genera-
tion and propagation. The return to December warm-
ings therefore occurred in conjunction with eddy energy
changes, regardless of stratospheric CO, levels. While
the sample is too small to draw definitive conclusions,
it would appear that the altered eddy energy propa-
gation, characteristic of the full doubled CO, climate
experiments, is the necessary component for changing
the timing of the warmings.

4. Discussion
a. Dynamical considerations

The experiments described above divulged many
interesting relationships, some of which were com-
pletely unexpected: The first, and foremost one is the

increased eddy energy in the middle atmosphere in all
seasons. The expectation generated from the previous
doubled CO, climate experiments was that eddy energy
in the middle atmosphere would decrease, since de-
creases were clearly experienced in the troposphere, a
result of reductions in the latitudinal temperature gra-
dient. The middle atmosphere eddy energy increase
was responsible for the increased residual circulation,
and the dynamical warming of the polar winter stra-
topause.

Polar warming is not apparent in Fels et al. (1980)
(for annual mean conditions and unaltered sea surface
temperatures). The warming is apparent in the per-
petual January simulation of Boville (1986), although
it is weaker than in 2CO2. As Boville’s experiment
also had unaltered sea surface temperatures, it is more
comparable to ATM, and the warmings are indeed
similar (Fig. 4, top). It is important to understand on
what it depends, and whether it is model dependent.
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FIG. 9. Schematic of the relative change of temperature in the
extratropics as a function of month during the extended winter season
in the middle atmosphere, as summarized for 2CO2, ALT and ATM,
with W indicating warmer and C colder than the control run. Also
shown are the beginning and ending levels for increases in the vertical
EP flux, given by the dark arrows. The broken arrows indicate in-
creased flux passed through the particular level. '

The eddy energy increase is associated with the ra-
diative temperature changes, warming in the tropo-
sphere and cooling in the stratosphere. The doubled
CO, tropospheric warming varies somewhat from
model to model, but are within the range of the various
experiments performed here. The increased thermal
cooling of the stratosphere is an expected result and
will probably not vary greatly from model to model,
although there is no proof that atmospheric radiative
codes in different middle atmosphere models are ex-
actly comparable. The temperature changes found by
Fels et al. (1980) for the equatorial stratopause, and
the values given by Boville (1987) are several degrees
colder. It is not clear how directly applicable these other
studies are, since they were performed with annual
mean radiation (Fels et al. 1980) or perpetual January
(Boville 1987) conditions; although the equatorial re-
gion is in approximate radiative equilibrium, dynam-
ical temperature changes in these experiments in the
equatorial stratopause region are on the order of several
degrees per month (Fig. 3).

The combination of tropospheric warming and
stratospheric cooling produces a relative destabilization
of the atmosphere, which appears to affect the longest
waves when sufficient vertical range is provided in the
model. The doubled CO, potential energy increases
for the tropospheric long waves in the GCMAM does
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not occur in the 9-level climate model, possibly because
the vertical destabilization is not as fully experienced
in the limited vertical domain of the climate model
(whose top is at 10 mb and which includes only one
or two layers in the stratosphere). As indicated in Table
3, Northern Hemisphere kinetic energy in tropospheric
waves 1-3 increases by some 5% in winter and spring
in 2CO2, while in the climate model this energy de-
creases by 5%. Although this difference is not large in
percentage terms, it represents a great difference in the
absolute amount of energy available for the stratosphere
(since the troposphere has about 10 times more eddy
energy than the lower stratosphere ). This implies that
an accurate depiction of tropospheric long wave
changes may require a climate-middle atmosphere
model. 4

The middle atmosphere eddy energy changes are also
influenced by variations in the tropospheric wind
structure/eddy energy propagation characteristics. This
effect varies with the relative magnitude of the high
latitude temperature amplification, as indicated by the
differences between 2CO2, ALT and ATM (Fig. 7). It
will thus vary among the different modeling groups,
which are presently getting different magnitudes of
tropical / polar warming, at both the surface and in the
upper troposphere.

Finally there is some evidence that in situ eddy en-
ergy generation in the stratosphere is favored by the
vertical destabilization, whose average lapse rate de-
creases by some 25% on the annual average (from 1.4°
km ! in the control run to 1.05° km ! in 2CO2, be-
tween 13 and 51 km), along with the increased lati-
tudinal temperature gradient in the lower stratosphere.
Note the large percentage increases in summer in both
hemispheres in Table 3, when tropospheric influence
is minimized by stratospheric easterlies. If this result
depends primarily on the radiative destabilization, it
might well be simulated in all models run with doubled
CO,, given similarities in radiative schemes.

Once the eddy energy increases, the increased resid-
ual circulation and altered polar warmings become
understandable phenomena. In the GCMAM, how-
ever, the residual circulation is also intensified by in-
creased gravity wave drag in some of the experiments.
In 2CO2/ALT, increasing/decreasing tropospheric
west winds tended to generate stronger/weaker moun-
tain wave and shear wave sources, which then acted
on the stronger / weaker stratospheric west winds. Con-
vective sources generally increased in the warmer cli-
mate. While these results appear plausible, it must be
emphasized that the highly nonlinear nature of the in-
teraction between gravity waves and the atmospheric
circulation make the actual gravity wave effect and its
change very uncertain.

As discussed above in response to question 3, in-
creased direct residual circulations in the stratosphere
are associated with increased indirect circulations in
the mesosphere. This change results in additional me-
sospheric cooling near the winter pole, and warming
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over the summer pole. The magnitude of the meso-
spheric temperature changes, however, must be viewed
with caution. The radiative response of the radiation
code in the GCMAM to doubled CO, has been com-
pared with that obtained from line-by-line calculations
(Lacis, personal communication ). The relative cooling
shown by the model compares well with the calculated
values up through 60 km; however, in the mesosphere,
the model underestimates the cooling somewhat. This
deficiency is at least partly offset by the spurious influ-
ence of the model top, which leads to vertical eddy
heat flux divergences in the upper layers (I). With in-
creased mesospheric eddy kinetic energy, especially in
2CQ2, the effect is amplified. An additional problem
above 75 km is the possibility of nonlocal thermody-
-namic equilibrium, which cannot be handled by the
radiation code, and insufficient numerical resolution,
which affects radiation convergence values. Meso-
spheric results need to be evaluated with a more ac-
curate radiation code and, ideally, with the top of the
model located at higher levels.

The tropospheric response is also determined by the
magnitude of the doubled CO, warming. Currently,
the different GCMs are producing warming on the or-
.der of 4°-5°C, with 2CO2 and ALT having warming
of 4.2°C. Wetherald and Manabe (1988) have em-
phasized the importance of upper troposphere cloud
cover generation and vertical layering in influencing
the magnitude of the warming. The GCMAM has dif-
ferent vertical laying in the troposphere, and allows
cloud generation to occur at higher levels than in the
standard 9-level climate model. Would it have pro-
duced the same amount of warming if run to equilib-
rium with doubled CO,?

We can estimate the global warming characteristic
of the GCMAM by noting that the difference in net
radiation at the top of the atmosphere between 2C0O2
and its control run for the three year average was close
to 1 W m~2 coming into the atmosphere. This excess
energy results from a greater increase in upper level
clouds in the GCMAM, associated with its different
vertical resolution, than occurred in the climate model
from which the sea surface temperatures were derived.
An initial imbalance in the doubled CO, run with the
9-level climate model of 4 W m~2 led to an ultimate
warming of 4°C. We can expect that the energy im-
balance in the GCMAM would have produced close
to 1°C greater warming, for a total of about 5°C, as in
the United Kingdom Meteorological Office model
(Wilson et al. 1987). The greater warming would likely
have amplified the effects shown here. Given that our
knowledge of the true climate sensitivity is still some-
what uncertain, the expected response of the middle
atmosphere to increased CO,, to the extent that it de-
pends on tropospheric changes, will contain at least
the same degree of uncertainty.

The arbitrary specification of the sea surface tem-
peratures for all the experiments (except 2C0O2) has
another affect: it allows the land/ocean contrast to

RIND, SUOZZO, BALACHANDRAN AND PRATHER

491

change, which provides potential energy for long wave
generation in the troposphere. The increased wave-
number 2 energy in ALT is likely related to this phe-
nomenon. It would be useful to rerun this experiment
with a model that produces the greater high latitude
amplification in a more natural fashion.

In addition to the possible impact of vertical reso-
lution on model sensitivity, the delineation in the ver-
tical of the equatorial tropopause will likely influence
the water vapor changes predicted for the middle at-
mosphere. Control run temperatures are not quite cold
enough at the equatorial tropopause, possibly because
of insufficient vertical resolution to provide the thin
layer in which the observed temperature minimum oc-
curs. Thus the GCMAM control run had about twice
the observed stratospheric water vapor after five years.
2CO2 shows an increase in stratospheric water vapor,
on the order of about 0.5-1 ppmv, ATM shows a de-
crease, of 1-2 ppmy, and ALT has very small decreases.
These values are consistent with the change in satu-
ration mixing ratios associated with the changes in
tropical lower stratosphere temperature in the different
experiments, warming in 2CO2 of about 0.5°C, cooling
in ATM of 1.5°C, with little change in ALT. Obviously,
the degree of equatorial warming and convection which
occurs in different models will influence this result. In
addition, the concept of tropical “freeze-drying” of
water vapor in the penetrative convective regions may
involve highly complex physical processes, unlikely to
be properly handled by the simple moist convective
schemes included in current climate models. For this
reason we did not allow the changes in water vapor
predicted by the model to influence the radiation in
the middle atmosphere; above 100 mb the control run
and experiments used a constant value of 3 ppmv.
Without greater understanding of tropospheric/
stratospheric exchange of water vapor, and better pa-
rameterizations of tropical convection, modeled water
vapor changes in the middle atmosphere must be la-
beled as highly speculative.

With CO, doubled in the troposphere and not in
the stratosphere, the winter temperatures in the region
from 200-50 mb (12-20 km) are often colder than
with single or doubled CO, at all levels. The additional
CO, in the troposphere, and the associated cloud and
moisture increases, allow the upper troposphere to ra-
diate more energy upward, and with reduced CO, in
the stratosphere, less is absorbed and reradiated back
down. The influence of this cooling in the model ex-
tends to the pressure level centered at 68 mb, even
though CO, was not increased at this altitude.

Currently, CO, values do decrease with altitude from
the troposphere to the stratosphere, although more
gradually than that incorporated in these experiments,
because CO, sources are located in the troposphere.
As reported by Angell (1986), analysis of radiosonde
data for the period 1960-1985 indicates a cooling of
0.5°C over that period in the upper troposphere and
lower stratosphere. This is at variance with the climate
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model simulation of Hansen et al. (1988), which in-
corporated uniform CO, changes with altitude, and
produced an upper tropospheric warming. The upper
tropospheric cooling in ATM-A and CO2-A is thus
qualitatively in the direction needed to align the model
results with the observations (which are admittedly
somewhat uncertain ), and may emphasize the impor-
tance of differences between tropospheric and strato-
spheric CO, concentrations.

Potentially, changes in ozone would accompany
changes in middle atmosphere temperature and dy-
namics. Cooler temperatures in the stratosphere would
lead to decreased photochemical destruction, resulting
in increased concentrations of ozone and increased so-
lar ultraviolet heating, which could in turn offset some
of the CO; cooling (e.g., Fels et al. 1980). On the other
hand, increasing CO, will be taking place in a highly
perturbed atmosphere (i.e., increased stratospheric
chlorine, CH4, NO,, etc.), which in turn may lead to
reduced levels of ozone. Reduced ozone levels in the
Antarctic ozone “hole” may already be affecting the
stratospheric circulation (Kiehl et al. 1988). The effect
of both increased chlorine and lowered temperatures
is to produce a more modified impact on ozone de-
pletion (e.g., Connell and Wuebbles 1986). Ozone
concentrations will be affected by future release rates
of chlorofluorocarbons, and the proposed reduction in
these sources would lead to more moderate ozone
changes. If future ozone decreases are small, the as-
sumption of no global ozone change, as used in all the
experiments, becomes less of an issue, although dou-
bled CO, experiments could well be run with specified
changes in global ozone.

If the circulation of the stratosphere changes in in-
tensity, however, it would undoubtedly lead to a re-
distribution of ozone. In particular, the doubled CO,
experiments produce a more vigorous residual circu-
lation,; its possible effects on ozone and other trace gases
are discussed below. Note that the Southern Hemi-
sphere polar stratosphere cools substantially in all three
experiments during spring. Shine (1987) has empha-
sized the importance of the ozone distribution for de-
termining the temperature profile in this region. With
a redistribution of ozone due to transport changes, the
effect on the temperature in this region, and thus pos-
sibly ozone hole chemistry, might be very different. To
fully resolve the effects of increased CO, on the middle
atmosphere will require an interactive model that can
accurately simulate stratospheric ozone, including the
“hole.”

b. Potential consequences of middle atmosphere
changes

It is beyond the scope of this paper to explore in
detail the implications of the doubled CO, stratospheric
changes on atmospheric trace gases and chemistry.
Nevertheless, some potential consequences can be dis-
cussed. Vertical advection and horizontal mixing in
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the tropical stratosphere control both the distribution
of stratospheric ozone and the atmospheric destruction
rates for many trace gases. Perturbations to the strato-
spheric circulation, as shown here for the case of dou-
bled CO,, can lead more or less directly to changes in
atmospheric composition and chemistry. The two most
obvious changes in the stratosphere as a consequence
of doubling CO, are the reduction in stratospheric
temperatures and the increased net upward velocities
in the tropical stratosphere.

Temperature changes are predicted to be as large as
—10°C near the stratopause (50 km) and of order —4°C
in the middle stratosphere (30 km). These results are
similar to recent estimates of the temperature change
from two-dimensional stratospheric chemical models
(Eckman et al. 1987; Brasseur and Hitchman 1988).
In these models the impact of doubled CO, occurs pre-
dominantly through the increased radiative cooling;
the circulation and its changes cannot be calculated in
a two-dimensional framework without making some
assumptions about the eddy forcing of the stratosphere.
Within the 2-D stratospheric models it has been dem-
onstrated that the cooling of the lower stratosphere re-
duces the efficiency of ozone destruction, leading to an
increase in the column abundance of ozone of 1%-
4%. The present study confirms that temperature
changes of this magnitude also result from the more
complete GCM studies and are a consequence of the
direct radiative cooling of the stratosphere. Therefore
we support the primary conclusions from the chemical
models that predict an increase in column ozone for a
doubling of CO, alone.

Heterogeneous chemical reactions in the polar win-

ter stratosphere depend critically on those regions of

the stratosphere that become cold enough to form
clouds. The interaction of gas-phase and aerosol chem-
istry is believed to be responsible for the formation of
the Antarctic ozone “hole” and may play an important
role in the recently detected trend in column ozone
over northern midlatitudes in the late winter (NASA
1988). Predicted changes in temperatures in the Ant-
arctic lower stratosphere (12-22 km) (Fig. 2) show
that in winter the temperatures below 20 km may be
warmer but during springtime all experiments show a
cooling throughout the lower stratosphere. Thus, for
the doubled-CO, atmosphere the chemical precondi-
tioning during winter may be reduced, but the occur-
rence of polar stratospheric clouds should persist well
into the spring.

The more vigorous stratospheric circulation in the
doubled-CO, atmosphere is a result that could only be
predicted with the use of a 3-D model. Its impact on
the stratosphere is twofold: 1) increased global removal

‘of N,O and fully halogenated chlorofluorocarbons

(CFC]3 N CF2C12 . C2F3C13 , CF3BI') and 2 ) a redistri-

bution of ozone in the lower stratosphere from the

tropics to the midlatitudes, reducing column ozone in
the tropics.
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Photolytic destruction within the stratosphere is the
only significant loss for gases such as N;O and the syn-
thetic chlorofluorocarbons. The rate at which tropo-
spheric air with relatively higher concentrations.of these
gases is delivered to the middle and upper stratosphere
controls the globally integrated loss. We may expect
the lifetimes of these long-lived gases (ranging currently
from about 50 yr for CFCl; to about 150 yr for N,O)
to decrease inversely in proportion to the strength of
the circulation. If the annual emissions of these gases
were to remain constant, then their global concentra-
tions would decline similarly in the doubled-CO, at-
mosphere.

The redistribution of column ozone may greatly af-
fect tropospheric chemistry through the globally av-
eraged destruction of trace gasses by reaction with OH.
Currently the tropical troposphere provides the major
fraction of global loss for gases such as CO, CH,,
CHF,Cl and CH;CCl; (see Logan et al. 1981). The
concentration of tropospheric OH is highly sensitive
to changes in the overhead ozone column; a reduction
in column ozone of 4% would lead to equivalent in-
creases in OH, and hence, in the loss rate for these
gases. This projected change in column ozone for the
tropics needs to be convolved with the other key at-
mospheric variables controlling tropospheric OH such
as water vapor and cloud cover that are also likely to
change in a doubled-CO, atmosphere (e.g., tropo-
spheric water vapor increases by 11% in 2CO2).

A climatically perturbed atmosphere with more
rapid advective transport via the residual circulation
from the tropics to the midlatitudes may further ac-
centuate the latitudinal gradient in the column abun-
dance of ozone. On the other hand, if eddy energy also
increases, then the downgradient eddy mixing of ozone
between midlatitudes and the tropics may increase suf-
ficiently to offset or even reverse this change in ozone
gradient. At high latitudes, the increased residual cir-
culation provides for greater downward transport into
the troposphere, which might affect tropospheric ozone
background values. The impact of this changed cir-
culation on trace gases and ozone is currently being
investigated using a 3-D chemical transport model with
the GCM wind fields described here.

Finally, the occurrence of tropospheric warming and
stratospheric cooling has the potential to change the
altitude of the tropopause itself. The vertical level which
delineates the change from warming below to cooling
above at winter polar latitudes is lowest in ATM ( ~400
mb) and highest in ALT (~50 mb) (Figs. 1, 4). In
the tropical regions, the level is lowest in ATM (~125
mb) and highest in 2CO2 (~60 mb). These differences
are a direct consequence of the variation of input (sea
surface) tropospheric heating in the different experi-
ments. The actual change in tropopause altitude will
depend upon how tropospheric heating and associated
convective transport of heat to the upper troposphere
really change as climate warms.
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5. Concluding remarks

The primary results from these doubled-CO, exper-
iments can be summarized as follows:

1) The stratosphere in general cools, while the tro-
posphere warms. This leads to decreased vertical sta-
bility in the extratropical troposphere, which helps in-
crease longwave generation in the troposphere, es-
pecially during Northern Hemisphere winter.

2) Increased tropical convection produces an in-
creased latitudinal temperature gradient in the lower
stratosphere. This leads to more in situ generation of
eddy energy, as well as altering the atmospheric re-
fractive properties to allow for better wave propagation
conditions in some months.

3) Factors 1) and 2) increase the eddy energy in
the middle atmosphere.

4) The increased eddy energy and eddy forcing drive
a stronger residual circulation; additional influence in
several of the experiments comes from greater gravity
wave drag, associated with stronger tropospheric flow/
shear/convection.

5) The pattern of eddy energy and propagation
changes leads to an alteration of the typical strato-
spheric Northern Hemisphere winter pattern, with rel-
ative warming in November, January and February,
and cooling in December and March.

6) The increased middle atmosphere eddy energy
and residual circulation occur to some degree in all
seasons, and in both hemispheres.

The doubled-CO, dynamical changes in the middle
atmosphere are generally not large, often peaking at
10%-20% of the control run values, the same percent-
age change as occurs for tropospheric dynamical and
hydrologic changes. The robustness of these changes
is, however, suggested by the results from the series of
experiments; many of the changes are on the order of
two to three standard deviations at best, and thus of
marginal statistical significance, again the same con-
clusion found for regional tropospheric dynamics and
hydrology.

All the experiments were run with a coarse resolution
model. To validate and improve the results, models
need to be run with as fine resolution as is possible,
which would at least help determine the possible res-
olution dependency of the tropospheric and strato-
spheric eddy energy changes. In addition, models will
need to include interactive ozone calculations, which
might alter features of the radiative response. Uncer-
tainties in the tropospheric changes limit our confi-
dence in some of the results, as illustrated by the dif-
ferences among these experiments, and further uncer-
tainties exist for changes in gravity wave effects. As was
the case for doubled-CO, tropospheric climate changes,
intercomparisons of doubled-CO, runs for the middle
atmosphere are necessary to improve our understand-
ing of model dependent processes and results.
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