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ABSTRACT

The authors have used the Goddard Institute for Space Studies Climate Model II to simulate the response of
the climate system to a spatially and temporally constant forcing by volcanic aerosols having an optical depth
of 0.15. The climatic changes produced by long-term volcanic aerosol forcing are obtained by differencing this
simulation and one made for the present climate with no volcanic aerosol forcing. These climatic changes are
compared with those obtained with the same climate model when the CO, content of the atmosphere was
doubled (2X CO,) and when the boundary conditions associated with the peak of the last ice age were used
(18 K). In all three cases, the absolute magnitude of the change in the globally averaged air temperature at the
surface is approximately the same, ~5 K.

The simulations imply that a significant cooling of the troposphere and surface can occur at times of closely
spaced, multiple, sulfur-rich volcanic explosions that span time scales of decades to centuries, such as occurred
at the end of the nineteenth and beginning of the twentieth centuries. The steady-state climate response to
volcanic forcing includes a large expansion of sea ice, especially in the Southern Hemisphere; a resultant large
increase in surface and planetary albedo at high latitudes; and sizable changes in the annually and zonally
averaged air temperature, AT; AT at the surface (A7) does not sharply increase with increasing latitude, while
AT in the lower stratosphere is positive at low latitudes and negative at high latitudes.

In certain ways, the climate response to the three different forcings is similar. Direct radiative forcing accounts
for 30% and 25% of the total AT in the volcano and 2X CO; runs, respectively. Changes in atmospheric water
vapor act as the most important feedback, and are positive in all three cases. Albedo feedback is a significant,
positive feedback at high latitudes in all three simulations, although the land ice feedback is prominent only in
the 18 K run.

In other ways, the climate response to the three forcings is quite different. The latitudinal profiles of AT for
the three runs differ considerably, reflecting significant variations in the latitudinal profiles of the primary
radiative forcing. Partially as a result of this difference in the AT profiles, changes in eddy kinetic energy, heat
transport by atmospheric eddies, and total atmospheric heat transport are quite different in the three cases. In
fact, atmospheric heat transport acts as a positive feedback at high latitudes in the volcano run and as a negative
feedback in the other two runs. These results raise questions about the ease with which atmospheric heat
transport can be parameterized in a simple way in energy balance climate models.
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1. Introduction

Energetic volcanic explosions, such as those of
Mount Agung, El Chichdn, and Mount Pinatubo inject
micron-sized silicate particles and gases, including sul-
fur-containing ones, into the stratosphere, where this
material and its products have residence times of weeks
to years. The silicates sediment out of the stratosphere
on the shorter of these time scales, while sulfuric acid
particles, produced by photochemical reactions in-
volving the injected sulfur gases, persist for several years
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(Toon and Pollack 1982). Almost all of the impact of
volcanic aerosols on the earth’s radiation budget is
produced by the longer-lived sulfuric acid aerosols
(Pollack et al. 1976a; Toon and Pollack 1982; Pollack
et al. 1983).

Sulfuric acid particles in the stratosphere affect cli-
mate by altering solar and terrestrial radiative fluxes.
In particular, by absorbing warm upwelling thermal
radiation from the surface and troposphere and re-
emitting thermal radiation at a much lower tempera-
ture, they warm the lower portion of the stratosphere
within which they reside. The one-dimensional, radia-
tive—convective calculations of Pollack and Ackerman
(1983), which used data for the well-observed El Chi-
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chén volcanic cloud, reproduced well the stratospheric
temperature increases associated with this cloud (La-
bitzke et al. 1983). These particles tend to cool the
troposphere and surface by reducing the amount of
sunlight reaching the troposphere and ground, and they
tend to warm these regions by increasing the down-
ward-directed thermal radiation at the tropopause
(Pollack et al. 1976a). Simulations of temperature
changes within the troposphere associated with the
Agung eruption (Hansen et al. 1980) and evaluations
of the radiative properties of the El Chichon particles
(Pollack et al. 1991) indicate that the solar perturbation
is stronger than the thermal perturbation; hence, vol-
canic aerosols generally produce a cooling of the at-
mosphere and surface below them. An obvious excep-
tion to this general rule is the impact of volcanic aero-
sols at high latitudes during the winter season, where
their thermal effects should dominate (Harshvardhan
et al. 1984).

Volcanic aerosols attained sufficiently high optical
depths (~0.1) at times during the last 100 years to
have contributed significantly to the climate forcing at
these times (Pollack et al. 1976b; Hansen and Lacis
1990). In particular, the time-averaged optical depth
of the stratospheric aerosols for the period from 1882
to 1914 was approximately 0.05 due to the culmulative
effect of a number of major volcanic explosions during
this period (Pollack et al. 1976b). Consequently, these
particles, as well as a reduced level of greenhouse gases
in the atmosphere at this time, may have contributed
to a lower globally averaged surface temperature then
than during much of the later epoch (Pollack et al.
1976b; Hansen and Lacis 1990).

We have used a general circulation model (GCM)
to simulate the response of the climate system to a
temporally and spatially constant amount of volcanic
particles. The optical depth of these aerosols was chosen
so as to produce approximately the same amount of
forcing as results from doubling the present CO, con-
tent of the atmosphere and from the boundary con-
ditions associated with the peak of the last ice age. This
was done to abet comparisons with analagous experi-
ments performed with the same GCM.

Our simulations have three major objectives. First,
we wish to better understand the climate changes in-
duced by volcanic particles. The current simulations
are relevant to periods of several decades to centuries
in which there was a sustained volcanic forcing engen-
dered by multiple, closely spaced volcanic explosions,
as has occurred in both historical times and earlier
epochs (Pollack et al. 1976b; Toon and Pollack 1982).
These simulations may also provide insight into the
three-dimensional pattern of climate changes produced
by a single volcanic cloud. These patterns are difficult
to discern in both observations and calculations due
to signal-to-noise limitations.

A second objective of our simulations is to assess
the similarities and differences in the response of the
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climate system (aside from sign differences) to forcing
by volcanoes, greenhouse gases, and ice age conditions.
In particular, we are interested in determining the de-
gree to which there is a “universal” response, as op-
posed to a forcing-dependent response, the degree to
which forcings that cause coolings and warmings elicit
the same response, aside from a sign change, in the
climate system, and the degree to which forcings of the
same sign yield the same response. To the degree that
there are significant differences, one may have the abil-
ity to cleanly separate the response of the climate sys-
tem to several concurrent forcings, a matter of consid-
erable interest in view of the concern about the climatic
impact of greenhouse gases over the next century.

The third objective of our simulations is to perform
a limited assessment of parameterizations used in en-
ergy balance climate models. Such models commonly
assume that there are simple relationships between
transports by eddies and spatial gradients in the mean
fields. By comparing the vigor of the eddy transports
among the three GCM climate experiments and their
relationship to mean fields, we will evaluate the ap-
propriateness of some of the commonly used param-
eterizations.

2. Procedure

We performed the volcano simulations with the
Goddard Institute for Space Studies (GISS) climate
model II (Hansen et al. 1983; henceforth, paper 1). In
this section, we first describe several key aspects of this
climate model and then discuss the properties of the
volcanic particles used in the volcano simulation. In
describing the application of climate model II to the
volcano problem, we will also indicate the manner in
which this model was used in prior simulations of
steady-state changes occurring when the present at-
mospheric CO, content was doubled (2X CO,) and
when the surface had properties similar to that at the
peak of the last ice age (18 K—'*C age) (Hansen et al.
1984; henceforth paper 2).

As is the case for all modern GCMs, the primitive
equations of meteorology are numerically integrated
to determine the temporal evolution of the basic at-
mospheric fields: temperature, pressure, wind, and
moisture. In view of the quasi-chaotic nature of the
nonlinear primitive equations, it is not possible to
make totally deterministic predictions of the temporal
evolution of the climate system for periods in excess
of about a day from the initial time point. However,
the response of the climate system is not totally random
for a given forcing (e.g., doubling CO, always results
in a global warming, regardless of the exact initial con-
ditions). Thus, it should be possible to make statisti-
cally meaningful statements about the response of the
climate system to a given forcing.

Since the GCM had to be run for 55 simulated years
to reach a statistically steady state for the volcanic
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problem of interest, we used a coarse grid of 8° latitude
by 10° longitude. The dynamical portion of the model
is divided into nine vertical layers that span the region
from the surface to a pressure level of 10 mb. The two
highest-lying levels are situated in the lower strato-
sphere, where the volcanic particles are located (these
two layers span pressures ranging from 10 to 70 mb
and 70 to 150 mb, respectively). In addition, there are
three layers situated at still higher altitudes that influ-
ence the radiation fields in the lower-lying, dynamical
portion of the model. The same grids were used in the
2X CO, and the 18 K ice age experiments with which
the volcano run will be compared. As discussed in detail
in paper 1, many aspects of the current climate are well
simulated with model II with its coarse horizontal res-
olution, although there are some deficiencies.

For the volcano problem, as well as for the 2X CO,
problem, sea surface temperature and sea ice cover are
calculated, instead of being prescribed. Sea surface
temperature was calculated from the first law of ther-
modynamics, in which fixed but nonzero oceanic heat
transport and a seasonally and spatially variable depth
for the mixed layer of the ocean were included. The
oceanic heat transports were derived from model 11
simulations of the present climate regime, for which
observed sea surface temperatures and sea ice distri-
bution were used (paper 2). Relevant data were used
to define the depth of the mixed layer (NOAA 1974;
Gordon 1982).

Sea ice begins to form when the temperature of the
mixed layer decreases to —1.6°C, the freezing point of
seawater, with the fractional amount of ice cover in
each grid box increasing as the ice thickness increases.
A surface energy budget is used to determine the for-
mation, thickness, fractional coverage, and dissipation
of sea ice (paper 2).

In contrast to the volcano and 2X CO, simulations,
the 18 K ice age experiment was carried out with pre-
scribed ocean temperatures, sea ice, continental snow,
and continental topography that were based on the
Climate: Long-Range Investigation, Mapping, and
Prediction Project (CLIMAP) data (CLIMAP 1981;
Denton and Hughes 1981). Thus, there is an ocean
heat transport feedback in the 18 K experiment, since
it can be independently determined for the 18 K ex-
periment and its control run (the present climate) from
the heat budget at the ocean surface.

For all three climate perturbation experiments, frac-
tional cloud cover and cloud height were calculated,
although the radiative properties of clouds at a fixed
altitude level were held constant. Thus, cloud feedbacks
are included in the simulations, although in a somewhat
incomplete manner.

Results from all three experiments were compared
with the properties of the ‘“‘unperturbed” present cli-
mate, as simulated with ten-year runs of model II.
However, different control runs were used for the vol-
cano and 2X CO, runs on the one hand and the 18 K
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run on the other hand so that they paralleled the man-
ner in which sea surface temperature, sea ice, and ocean
transport were derived in the various experiments.

We next describe the properties of the volcanic par-
ticles that were used in the volcano simulation. Their
visible optical depth, 7, was set equal to 0.15 and it
was held constant in space over the entire globe and
constant in time. This value was chosen to produce a
forcing comparable to that of 2X CO,. The volcanic
particles were assumed to be made of concentrated sul-
furic acid (75% H,SO, by weight). Thus, they are very
good scatterers of solar radiation and very good ab-
sorbers of thermal radiation (Pollack and Ackerman
1983). We employed a bimodal, lognormal function
to describe their size distribution, with the volume
modal radii equal to 0.2 and 0.6y, and with the widths,
o, equal to 1.6 and 1.2, respectively. These choices of
composition and size distribution are based on the
measured properties of the El Chichdn volcanic cloud
(e.g., Hofmann and Rosen 1983; Oberbeck et al. 1983).
They are also consistent with properties being derived
for the recent Pinatubo volcanic cloud (e.g., Deshler
et al. 1992; Valero and Pilewskie 1992) and ones char-
acterizing less well-observed, earlier volcanic clouds
(Toon and Pollack 1982).

Each mode was assumed to contribute equally to 7
and the volcanic particles were evenly divided between
the upper two dynamical levels of the GCM. These
properties of the volcano cloud are in approximate ac-
cord with properties of the El Chichdn volcanic par-
ticles during much of its lifetime in the lower strato-
sphere (Oberbeck et al. 1983; McCormick et al. 1984).

We used Mie theory in conjunction with the optical
constants of sulfuric acid (Palmer and Williams 1975)
and the above size distribution to evaluate the single
scattering properties of the volcanic particles. Since
these particles are in a iquid phase (e.g., Oberbeck et
al. 1983), the use of Mie theory is appropriate. These
choices led to the model volcanic cloud inducing a net
cooling of the troposphere and surface, in accordance
with the theoretical and observational studies cited in
the Introduction.

The radiative calculations in the GISS GCM utilized
the correlated & distribution to compute gaseous ab-
sorption and a single Gauss point adaptation of the
doubling and adding method to compute multiple
scattering by clouds and aerosols (Hansen et al. 1983).
The thermal infrared calculations used 25 spectrally
noncontiguous k intervals to cover the infrared spec-
trum (see Lacis and Oinas 1991, for a comparison of
the correlated k distribution results to line-by-line
thermal cooling rates). Each k interval is characterized
by a mean absorption coefficient for each gas species
that has contributed to this interval and a fraction of
the spectrally integrated Planck blackbody function.
These two pieces of information were obtained by
mapping wavelengths having similar gas absorption
coefficients into a given interval and weighting their
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contributions by the Planck function. This mapping
was performed for H,0, CO,, CH,4, and N,O and used
to construct a large table, which was interpolated in
pressure, temperature, and gas amount to determine
gas optical depths.

Similar tables with 25 spectrally noncontiguous k
intervals were generated from the spectral dependence
of the Mie scattering cross sections of cloud particles,
tropospheric aerosols, and volcanic aerosols. Two cloud
types were included: those with 10-um radius liquid
water particles and those with 25-um effective radius
ice spheres to simulate cirrus cloud radiative properties
(Hansen and Pollack 1970). Tropospheric aerosols
(kept fixed in the experiments conducted here) were
also included and were based on the compositions and
vertical distributions given by Toon and Pollack
(1976). For clouds, a parameterized correction was
included to correct the outgoing radiation from clouds
for multiple scattering effects.

The radiative treatment for solar radiation used the
correlated k distribution (weighted by the solar spec-
trum) in 15 noncontinuous spectral intervals to com-
pute absorption by H,O, CO,, and O, and utilized the
parameterized O; absorption of Lacis and Hansen
(1974). Six contiguous spectral intervals were used to
model the spectral dependence of cloud and aero-
sol scattering properties. These included spectrally
weighted extinction cross sections, single scattering al-
bedos, and asymmetry parameters for the individual
cloud and aerosol species, obtained from Mie calcu-
lations. A single Gauss point adaptation of the doubling
and adding method, with the “extra angle” formulation
to provide explicit zenith angle dependence (Hansen
and Lacis 1974), was used for the cloud and aerosol
multiple scattering calculations. The solar zenith angle
dependence of both clouds and volcanic aerosol was
further parameterized by adjusting the upward-to-
downward scattering ratio to yield the same zenith an-
gle dependence for the reflected radiation for charac-
teristic optical thicknesses as obtained with the full an-
gle integration of the unparameterized doubling and
adding calculations.

Thus, the radiative method provided a self-consistent
treatment of the solar and thermal components of the
radiafive energy balance and included physically re-
alistic multiple scattering interactions among the sur-
face, clouds, and aerosols. While most of the radiative
forcing by volcanic aerosols was produced by reflected
solar radiation, absorption of upwelling surface thermal
radiation produced some counterbalancing greenhouse
warming and also generated local stratospheric warm-
ing. To a lesser degree, the lower stratosphere was also
warmed by absorption of sunlight within the near-in-
frared bands of sulfuric acid. This solar warming would
have been higher during the earliest phases of the in-
troduction of volcanic material into the stratosphere
when visible absorbing dust was present, something
that we did not include in our calculations.
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3. Results
a. Climatology

Here, we describe the transient and steady-state re-
sponse of the modeled climate to steady-state forcing
by a volcanic cloud and compare these results to the
response of the system to forcing by 2X CO, and the
18 K boundary conditions. The volcano and 2X CQO,
runs began with the present climate, as simulated with
model II. Figures la and 1b show the temporal evo-
lution of the globally and annually averaged surface
air temperature, T, as a function of time from the
application of the volcanic and CO, perturbations, re-
spectively. The volcano run takes almost twice as long
to reach a steady state as does the 2X CO, run. This
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FIG. 1. Globally averaged surface air temperature as a function of
time from the start of the simulation for the (a) volcano and (b) 2X
CO; runs.
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difference may in part reflect the 773 dependence of
the radiative time constant. In addition, sea ice, by
virtue of its very low thermal inertia, played a major
role in producing this difference in time scales: sea ice
expanded much more in the volcano run than it con-
tracted in the 2X CO, run. Thus, finite-amplitude
coolings take longer to reach their steady-state asymp-
totes than do warmings of comparable amplitudes.

The climatology of the volcano run reached an
asymptotic steady state during the last part of the sim-
ulation, as indicated by the globally averaged net heat-
ing at the surface shown in Fig. 2. In particular, this
net heating fluctuates about a value of zero during the
last ~ 10 years of the run. A similar behavior was found
for the 2X CO, run. Thus, we averaged the last ten
years of these runs to define the mean steady-state cli-
mates produced by their forcings and subtracted these
results from similarly time-averaged values for the
control run to define the differences between the per-
turbed climate states and the present state (negative
differences in temperature imply a cooler perturbed
state).

Figure 3a shows the time and longitudinally averaged
surface air temperature difference, AT, as a function
of latitude between the volcano, 2X CO,, and 18 K
runs and their corresponding control runs. These tem-
perature difference curves are far from being identical
in absolute value. In particular, the 2X CO, profile of
AT; is fairly symmetrical about the equator, with the
notable exception of its behavior over the Antarctic
continent. Also, AT, for 2X CO; is smallest at low lat-
itudes and largest at latitudes close to the poles. In con-
trast, AT for the volcano run has its smallest absolute
value at northern midlatitudes and its biggest absolute
value at southern midlatitudes. Also, the values of AT
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F1G. 2. Globally averaged net heating at the surface as a function
of time from the start of the simulation for the volcano run.
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at high northern latitudes are comparable to those at
low southern latitudes. Finally, A7 for the 18 K sim-
ulation differs from the volcano run by displaying a
strong monotonic increase in absolute value from low
to high northern latitudes (due to the presence of con-
tinental ice sheets at high latitudes), small values at
low latitudes of both hemispheres, and its largest ab-
solute value at high northern latitudes. In both cases,
AT has a sharp feature near 50° to 60°S latitude due
to a large increase in sea ice at these locations (see
below).

Figure 3b shows AT for the volcano run in units of
standard deviation as a function of latitude. The values
of the standard deviation were derived from a 100-year
control run by computing the rms difference among
the values of T obtained from ten-year averages of this
run. Clearly, all the values of AT} for the volcano run
have a high signal-to-noise ratio. The same is true for
the values of AT, for the 2X CO, and 18 K runs as
well as for all the other climatological variables of all
three climate simulations.’

Figure 3c shows contours of AT for the volcano run
on a latitude/season diagram. Much larger changes
occur at high latitudes during the winter than during
the summer. A similar seasonal behavior was found
for the 2X CO, and 18 K runs (paper 2).

Figure 3d exhibits contours of changes in air tem-
perature, AT,, for the volcano run on a pressure/lat-
itude plot. At low latitudes, the largest changes occur
within the upper troposphere due to a suppression of
penetrative convection and attendant latent heat release
aloft. At middle and high latitudes, the largest tem-
perature changes occur close to the surface, since there
is less advective heat transport to the higher altitudes
at these locations; AT, exhibited similar behavior in
the 2X CO; and 18 K simulations to that of the volcano
run, for much the same reasons (paper 2).

However, important exceptions to the similarity in
AT, as a function of pressure and latitude among the
three runs include major differences in latitudinal dis-
tribution close to the surface, as noted earlier, and im-
portant differences in the lower stratosphere. The lower
stratosphere cooled by a few degrees at all latitudes in
the 2X CO; run, due to an enhanced atmospheric
emissivity produced by elevated amounts of CO,. This
cooling increased with altitude.

In the volcano run, the lower stratosphere warmed
at low latitudes and cooled at high latitudes. These
effects are expected to be strongest in the layers in which
the volcanic particles resided. The variation in the sign
of AT, in the stratosphere with latitude reflects, in part,
the importance of the magnitude of the temperature
contrast between the lower stratosphere and the gen-
erally warmer, underlying troposphere and surface
(Pollack and McKay 1985): volcanic particles enhance
both the absorption of thermal radiation from other
layers of the atmosphere and the emission of thermal
radiation from the layers where they are located. When
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the temperature contrast is large, as it is at low latitudes,
thermal radiative exchange causes a net warming.
When the temperature contrast is small, as it is at high
latitudes, thermal radiative exchange produces a net
cooling.

However, both solar radiation and dynamics also
affected the temperature changes in the stratosphere in
the volcano run. In a companion experiment, the sea
surface temperature changes produced in this run and
the additional aerosol loading were used in a version
of the GISS model that has a better-resolved strato-
sphere (Rind et al. 1988). This model was then run
for three additional years. Analysis of the results in-
dicates that the aerosols altered the solar radiation
heating rate to the extent that at the 68-mb level solar
heating increased by 0.015 K day™! at low latitudes
and decreased by about 0.020 K day ! at high latitudes.
The low-latitude effect was caused by absorption within
the near-IR bands of sulfuric acid, especially those in
the 3- to 4-um region, while at high latitudes, aerosol
scattering at oblique solar incidence angles led to a
reduction in radiation. In addition, changes in the re-

sidual circulation in the stratosphere cooled the north-
ern latitudes by 0.05 K day ! at 68 mb. Thus, the tem-
perature response of the lower stratosphere to the pres-
ence of volcanic aerosols is a result of shortwave, long-
wave, and dynamical responses. A full discussion of
the stratospheric effects and their subsequent effects on
the troposphere is contained in Rind et al. (1992).

Finally, temperatures at and slightly above the tro-
popause in the 18 K simulation did not change at
northern mid- and high latitudes, cooled slightly at low
latitudes, and warmed somewhat at high southern lat-
itudes. At all these latitudes, AT, tended to 0 with in-
creasing altitude within the stratosphere.

We next consider the changes in surface albedo ex-
hibited by the three runs and their impact on the plan-
etary radiation balance. These changes reflect differ-
ences in land snow and sea ice distribution between a
given perturbed run and its control run. Figure 4 shows
the change in ground albedo, A4, as a function of
latitude. As expected, A A4, is almost zero at low latitudes
in all three runs and has sizable values at high latitudes.
The volcano and 2X CO, runs show the largest changes
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at high southern latitudes, due to the expansion and
retreat of sea ice close to the Antarctic continent, re-
spectively. However, both the peak amplitude of A A,
and the area of the Southern Hemisphere having sizable
values of this parameter are significantly larger for the
volcano run than for the 2X CO, run, that is, the ice
albedo feedback is stronger in a colder climate than in
a warmer one. In contrast to these two simulations,
the 18 K run not surprisingly exhibits a broad region
having large positive values of AA4; at mid- and high
latitudes of the Northern Hemisphere due to the pres-
ence of the large ice sheets on the North American and
Eurasian continents. But the 18 K run also shows siz-
able values of A A4; at high southern latitudes, due to a
buildup of sea ice, in rough agreement with the profile
exhibited by the volcano run at these locations. Since
the distribution of sea ice in the 18 K simulations is
based on paleoclimatological data, it provides quali-
tative support for the sea ice distribution obtained for
the volcano simulation in the sense that a large response
is to be expected at high southern latitudes at times of
strong cooling.

Figure 5 shows the change in planetary albedo, A4,
as a function of latitude for the three simulations. These
changes illustrate the degree to which the changes in
surface albedo of Fig. 4 are reflected in the solar energy
budget at the top of the atmosphere. The two sets of
curves are not the same, both because some sunlight
is scattered back to space by the atmosphere (thus re-
ducing the amplitude of A4,) and because the fraction
of cloud cover also changes (thus modulating the shape
of AA,). At high latitudes, the shapes of the A4, curves
resemble those of the A A4, curves, but with amplitudes
that are reduced by about a factor of 3 to 4. At low
latitudes, the A A, curves are chiefly influenced by the
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changes in cloud properties, which will be discussed
next.

To judge the importance of the values of A 4, shown
in Fig. 5, one can compare the magnitude of the change
in the earth’s radiation budget implied by these values
with that of the primary forcing. Doubling the atmo-
spheric mixing ratio of CO, produces a globally aver-
aged forcing of about 4 W m™2, while changing the
globally averaged planetary albedo by 10% is equivalent
to a change of 24 W m~2 (paper 2). Thus, the surface
albedo changes at high latitude and the resulting
changes in planetary albedo can be expected to have a
significant impact on the final climate state.

Figure 6a shows the time- and longitude-averaged
change in cloud cover, AF,, as a function of latitude
for the three perturbed runs. In all three cases, the
change in cloud cover is spatially well correlated with
the change in sea ice at high southern latitudes (e.g.,
cf. Figs. 4 and 6a). The sense of the correlation is that
cloudiness decreases (increases) at latitudes where sea
ice increases (decreases). We suggest that the changes
in cloud cover at high southern latitudes result in part
from a decrease (increase) in evaporation in places of
increased (decreased) sea ice. The decrease in evapo-
ration associated with an increase in sea ice is due to
the formation of a stable boundary layer over sea ice,
which leads to a very large decrease in the vigor of
turbulent mixing. The reduced evaporation leads to a
reduction in low-level cloud cover.

There are several reasons for our postulating the
above set of causal relationships between changes in
sea ice and cloudiness at high southern latitudes, aside
from their spatial coincidence. First, the low-altitude
relative humidity at 60°S (near the center of the sea
ice changes) is significantly lower in the volcano run
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F1G. 5. Annually and zonally averaged change in planetary albedo
as a function of latitude for the volcano, 2X CO,, and 18 K runs.
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than it is in the control run. Second, the latitude region
of the Southern Hemisphere that encompasses the lo-
cation of increased sea ice in the volcano run exhibits
a reduction of cloudiness at low altitudes, whereas
cloudiness at low altitudes increases at almost all other
latitudes (cf. Fig. 6b). Furthermore, this reduced, low-
altitude cloudiness at high southern latitudes peaks
close to the surface.

Changes in atmospheric water vapor transport may
have also contributed to the changes of cloudiness at
high southern latitudes. In particular, the volcano run
exhibits an increase of latent heat divergence due to
atmospheric transport at these latitudes (cf. Fig. 12
and the discussion later in the paper) so that changes
in water transport favor a decrease in cloudiness.

Alternative explanations for the change in cloud
cover at high southern latitudes are not supported by
our analysis of the three experiments. In particular,
since the extreme latitudinal temperature gradient and,
hence, the jet-stream track shift to lower latitudes for
the cooling experiments, it might be argued that there
is less storminess at the high southern latitudes where
there is a buildup of sea ice. But, the eddy kinetic energy
does not decrease at these latitudes during southern
summer (cf. Fig. 11 and the discussion of these figures
later in the paper). Furthermore, the annually averaged
eddy kinetic energy increases between 50° and 70°S
in the volcano run, with the increase being largest near
the equatorward edge of the region of enhanced sea
ice. Such increases should imply a more vigorous baro-
clinicity and may be responsible for the increased
cloudiness aloft at high southern latitudes (cf. Fig. 6b).

The AF, curves for the volcano and 18 K are similar
but not identical to one another. While the curve for
2X CO, is (crudely) a mirror image of the volcano
and/or 18 K curves at some of the higher latitudes,
especially those in the Southern Hemisphere, it is not
even close to a mirror image at the lower latitudes of
both hemispheres. Thus, there are marked departures
from symmetry in the behavior of the changes in frac-
tional cloudiness between climate warmings and cli-
mate coolings and even, to a lesser extent, between
different types of climate coolings.

Further insight into some of the factors controlling
the AF, curve for the volcano run is provided by Fig.
6b, which shows the change in cloud amount (con-
tours) on a pressure /latitude diagram. In this run, there
is a decrease in high-level clouds (cirrus) at all latitudes,
with the largest reduction occurring at low latitudes.
This reduction is due to changes in the depth and vigor
of the large-scale circulation, as well as a reduction in
penetrative convection. Cloudiness increased at lower
altitudes in the tropics due to an enhanced low-level
convection. But, low-level convection cannot increase
substantially because colder sea level temperatures limit
the associated vertical motions. Thus, the net effect is
a reduction in total cloud cover (cf. Fig. 6a).

The 18 K simulation shows similar behavior to the
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volcano run at low latitudes (paper 2). However, the
reduction in high-altitude clouds at low latitudes for
the 18 K run was not as great as for the volcano run
and the 18 K run exhibited a small increase in high-
altitude clouds at high northern latitudes. Presumably
this latter change reflects the influence of orographic
forcing by the highly elevated ice sheets.

Changes in the large-scale circulation and increased
penetrative convection for the 2X CO, simulation re-
sult in an increase in high-altitude clouds. Quite con-
ceivably, the GISS model may underestimate the in-
crease in high-altitude cloudiness in this experiment,
since clouds are not allowed to form above 100 mb.
Indeed, 2X CO, experiments conducted with GCM
models that permit clouds to form above 100 mb show
a small percentage increase in cloud amount above
100 mb in the tropics (Wetherald and Manabe 1988).
A decrease in the vigor of low-level convection results
in a decrease in low-altitude clouds at most latitudes.
To first approximation, these changes are mirror images
of the changes in cloudiness found for the volcano run.
However, there are some differences. For example,
high-altitude cloudiness decreased at low southern lat-
itudes in the 2X CO; run (but see the caveat above on
clouds not being able to form above 100 mb). Also,
the altitude-integrated changes in cloud cover are not
mirror images of one another in the tropics, as noted
above (cf. Fig. 6a). We do not think that this latter
asymmetry is a result of limitations in the GISS model
as to where clouds can form, since 2X CO, experiments
with GCMs that allow clouds to form above 100 mb
also show a decrease in total cloud cover in the tropics
{Wetherald and Manabe 1988). The role of atmo-
spheric dynamics in producing some of these changes
will be discussed in a later section of this paper.

Finally, Fig. 6¢ shows the change of total cloud cover
for the volcano run as a function of season and latitude.
The strongest seasonal variations are found at the
highest latitudes, as might have been expected. But
perhaps a bit surprisingly, the seasonal variation is fairly
muted at middle latitudes, especially in the Southern
Hemisphere.

b. Feedbacks

We have used a two-dimensional radiative-convec-
tive model to analyze the feedback effects in the GCM
simulations. There are two primary reasons why we
used this approach, rather than conducting this analysis
directly with the 3D model. First, we are not as limited
by the noise inherent in the GCM (as also occurs in
the real world) in defining the relationships between
individual climate factors and the response of the cli-
mate system. Second, it would have involved a pro-
hibitively large amount of computer time to determine
each of the feedback factors, especially for long runs
such as the volcano and 2X CO, simulations. A 1D
radiative~convective model was used in paper 2 to de-
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termine globally averaged feedback factors. Here, we
employ a 2D model of this type to determine the lat-
itudinal dependence of the feedback factors and to ex-
amine the influence of dynamical as well as radiative
factors.

The 2D radiative-convective feedback model com-
putes the equilibrium atmospheric temperature profile
and the ground temperature at each latitude by per-
forming a detailed energy balance calculation. It does
so using annually and zonally averaged parameters
from the GCM simulations and algorithms analogous
to ones used in the GCM. In particular, the 2D model
employs the same radiative transfer code that is used
in the GCM. The 2D model considers solar and thermal
radiative heating, the convergence of atmospheric me-
ridional transport of sensible, latent, and geopotential
energy, and the convergence of oceanic meridional heat
transport. The 2D model is time marched to a steady-
state temperature profile at each latitude.

The 2D model obtains the dynamical heating terms
directly from the GCM results. It also obtains atmo-
spheric and surface parameters from the GCM that are
needed for calculating radiative heating rates. These

include the vertical profiles of water vapor, other ra-
diatively active gases, clouds, and atmospheric aerosols,
the temperature lapse rate, and the surface albedo. The
GCM provides information on the fraction of cloud-
iness in each atmospheric layer and, in particular, cloud
fractions of low-, middle-, and high-level clouds, as
well as the clear-sky fraction for the entire vertical col-
umn. Since the sum of the GCM low, middle, high,
and clear fractions is greater than unity, overlapping
cloudiness occurs and needs to be allowed for. We do
so in the 2D analysis by defining an overlapping cloud
category consisting of equal amounts of low, middle,
and high clouds such that the sum of nonoverlapped
and overlapped cloud fractions is equal to 1 minus the
clear-sky fraction. In addition, we uniformly adjust the
column cloud optical thickness to match the annually
averaged planetary albedo of the GCM results. Thus,
details of the diagnostic information that are not di-
rectly available from the GCM output are extrapolated
from available information using a minimum of as-
sumptions to define the radiative input for the 2D
model analysis of GCM control and experiment data.

First, a reference temperature structure is calculated
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by using parameter values from the control run and
time marching the 2D model to an equilibrium state.
This structure is always quite close to that obtained
directly from the GCM output. We calculate the an-
nually and zonally averaged temperatures, rather than
directly use the GCM results, so as to treat the control
run in the same way that we treat climate perturbations.
Next, information is used selectively from an altered
climate run (e.g., the 2X CO, experiment). The value
of only one climate factor (e.g., atmospheric water va-
por) is obtained from the altered climate run and the
values of all the remaining variables are taken from
the control run. The 2D model is again run to equilib-
rium. The difference in temperature of the air at the
surface, AT, between the 2D perturbed and 2D ref-
erence cases provides a measure of the influence of a
given climate variable in producing the total temper-
ature change found in the altered climate run with the
GCM. Values of AT are obtained for all the climate
variables. One can also readily obtain the system’s gain,
g, which is simply the fraction of the total temperature
change produced by a given climate variable (paper
2). (We deviate a bit from the convention used in paper
2 in that we also evaluate g for the primary forcing
variable as well as all the feedback factors.)

In using the 2D model to isolate the contribution of
each key climate variable to the altered climate state,
we are making three assumptions. First, we assume
that the use of zonally and annually averaged infor-
mation is adequate for computing zonally and annually
averaged temperature changes. Second, we assume that
the lack of complete cloud information in the GCM
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FI1G. 7. Comparison of the summed and total changes in annually
and zonally averaged surface temperature given by the 2D radiative/
dynamical model with analogous temperatures given by the GISS
Climate Model I1 (GCM ) for the volcano run. The term “summed”
refers to adding up the changes in temperature when each variable
is changed individually, while the term “total” refers to the change
in temperature when all the variables are altered simultaneously. The
two GCM curves refer to results obtained directly from calculated
surface air temperatures and by extrapolating from the midpoints of
the lowest two model layers.
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output (see above) will not seriously alias our final
results. Third, we assume that the total temperature
change can be well represented by the sum of the
changes produced by each climate variable in isolation.

Some confirmation of the approximate validity of
the above assumptions is shown in Fig. 7, where we
compare the total temperature changes given by the
2D model with those obtained directly from the GCM
volcano run. Two curves are shown for the total tem-
perature change found by alternately using the surface
air temperature and the value found by extrapolating
the values at the midpoints of the two lowest layers of
the atmosphere to the ground. Since the 2D model
does not have a boundary layer, it is not clear which
of these two GCM values is the most appropriate one
to compare with the 2D value. Two additional curves
are shown to indicate the total temperature changes
found with the 2D model by alternately summing the
temperature changes produced by climate variables that
are varied one at a time from their control values and
temperature changes obtained when all the climate
variables are permitted to change simultaneously. We
see that all four curves lie close together. Similar results
were obtained for the 2X CO, and 18 K runs. Thus,
the 2D results can be expected to provide useful rep-
resentations of the complete GCM simulations and the
net change produced by the cumulative changes in all
the variables is closely approximated by the sum of the
changes produced by each variable separately.

Figures 8a and 8b show AT as a function of latitude
for the primary radiative forcing variable and for the
four major secondary climate variables that collectively
determine the climate changes that occurred in the
volcano and 2X CO, runs. Figure 8c displays analogous
information for the four major secondary variables of
the 18 K run. As mentioned earlier, both the 18 K run
and its associated control run had fixed sea surface
temperature and sea ice. Thus, this case lacks a well-
defined primary forcing variable, other than the
boundary conditions themselves. Figures 8d, 8e, and
8f show the system’s gain, g, for the primary and sec-
ondary variables of the three climate experiments,
where g is simply AT for a given variable divided by
the total AT, (Hansen et al. 1984). Although the same
information is used to construct Figs. 8a-c and 8d-f,
they serve complementary functions: Figs. 8a—c define
the magnitude and sign of AT due to a given variable
(as well as the total), while Figs. 8d—f define the frac-
tional contribution of a given variable to the total
change. This latter presentation makes it easier to
compare the impact of a given variable in each of the
three experiments. Note that the shapes of comparable
curves are somewhat different in the two forms of pre-
sentation since the total AT, as well as the individual
AT, varies with latitude (also, the sign will differ when
the total AT, is negative). '

The curves labeled ““aerosol” and “CQO, only” in Fig.
8 show the direct effects of the radiative forcing by
volcanic particles and enhanced CO, for the volcano
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and 2X CO; runs, respectively. The major categories
of secondary climate variables that vary between the
control and perturbation runs and that alter the re-
sponse of the climate system include atmospheric water
vapor, clouds, surface albedo, and heat advection. The
first three of these secondary variables directly affect
the radiation balance in different ways. Since oceanic
heat advection is kept constant between the volcano
and 2X CO, runs and their control runs, it does not
directly alter the magnitude of the climate changes oc-
curring in these two cases. Thus, the advective flux
refers only to atmospheric heat transport in these cases.
However, oceanic heat advection did vary between the
18 K run and its control run, so that the advective flux
in Figs. 8c and 8f refers to the impact of the change in
heat advection by the atmosphere plus the ocean.
The direct volcanic aerosol forcing produces a cool-
ing of about 2 K at the equator and only about | K at
the highest latitudes (cf. Fig. 8a). By contrast, the direct
CO, forcing produces an almost constant warming of
" 1 K (cf. Fig. 8b). The difference in the latitudinal de-
pendence of these two radiative forcings reflects dif-
ferences in the components of the radiation field that
the two variables are affecting and their altitude profiles.
The radiative forcing by CO, is restricted almost en-
tirely to the thermal portion of the spectrum. Carbon
dioxide is uniformly mixed throughout the atmosphere
and has important effects on the thermal radiative
heating rates in both the troposphere, where it causes
a net warming, and the stratosphere, where it causes a
net cooling (paper 2). In contrast, volcanic dust affects
both solar and thermal radiation, with the solar impact
dominating in the troposphere, except at high latitudes
during winter. Thus, its direct forcing is largest at low
latitudes, where the annually averaged amount of sun-
light is largest. At high latitudes, the direct aerosol forc-
ing produces a net warming during winter when the
sun is below or close to the horizon. During other times
of the year, the solar cooling effect at high latitudes is
diminished by having a high albedo surface underlying
the volcanic particles and is enhanced by having a larger
slant path than at low latitudes. When averaged over
a year, a diminished net cooling occurs at high latitudes.
Direct volcanic forcing accounts for about 30% of
the total globally averaged temperature change, while
CO, forcing accounts for about 25% of the total (cf.
Figs. 8d and 8e¢). Thus, there is a slightly larger ampli-
fication of the direct forcing in the 2X CO, run. The
situation is less clear-cut for the 18 K simulation, in
the sense of defining unambiguously the variable(s)
that are providing the primary forcing of the ice age
climate (paper 2). On the one hand, if only the an-
nually and globally averaged insolation changes asso-
ciated with the Milankovitch orbital changes are con-
sidered, then the direct forcing accounts for only a tiny
fraction of the total climate change (~5%). On the
other hand, if climate variables that operate on long
time scales—Iland ice, CO,, and vegetation—are in-
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cluded among the primary drives for the ice age climate,
then collectively they account for about 25% of the
globally averaged temperature change, a value quite
similar to that for the volcano and 2X CO, runs.

Water vapor provides a major, positive amplification
of the temperature changes at all latitudes in all three
climate experiments, primarily by altering the amount
of greenhouse trapping of thermal radiation. According
to Figs. 8d, 8e, and 8f, changes in atmospheric water
vapor account for about 45% of the total globally av-
eraged temperature change in the volcano and CO,
runs, but only about 25% of the total change in the 18
K case. Thus, changes in water vapor represent the
most important feedback mechanism in the first two
cases, while changes in cloud properties have a com-
parable importance to changes in water vapor for the
18 K case.

As discussed in paper 2, the total impact of water
vapor on an altered climate state can be subdivided
into the impact due to changes in the vertically inte-
grated amount of water vapor in the atmosphere,
changes in its vertical distribution, and changes in the
atmospheric lapse rate, which water vapor induces by
latent heat release. Figures 9a, 9b, and 9c¢ show such a
dissection of the water vapor impact by displaying the
total fractional change in temperature due to water va-
por variability (chain curve), change in the column
abundance of water vapor (column: solid curve),
change in both column abundance and vertical distri-
bution (profile: dotted curve), and change in lapse rate
(lapse rate: dashed curve). We determmed the impact
of changes in column, profile, and lapse rate by chang-
ing the water vapor abundance at each altitude by the
same fractional amount as that experienced by the en-
tire vertical column, by changing the abundance in-
dividually for each layer by an appropriate amount,
and by changing the lapse rate in accordance with the
GCM results.

According to Fig. 9, the total change and the change
due to a varying column abundance track one another
quite closely at low and middle latitudes, with the
changes due to water vapor distribution (the difference
of the dotted and solid curves) and lapse rate tending
to have comparable amplitudes and (:)pposite signs.
However, at high latitudes, the three separate factors
induce changes having the same sign, so that the total
change significantly exceeds that due, solely to the
change in column abundance.

Recent analyses of satellite measurements have pro-
vided strong support for the basic validity of the water
vapor feedback predicted by GCMs. Raval and Ra-
manathan (1989) analyzed long wavelength fluxes
measured by the ERBE satellites over open oceans for
cloud-free conditions. They showed that the correlation
between the greenhouse effect (the difference between
the upward IR fluxes at the surface and top of the at-
mosphere ) and surface temperature was quantitatively
very similar to that predicted by several GCMs and to
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that expected from changes in the column abundance
of water vapor, as controlled by its saturation vapor
pressure curve. The results shown in Fig. 9 provide
additional perspective on this most important finding.
At the low and middle latitudes examined by Raval
and Ramanathan, that is, places free of ocean ice, the
water vapor feedback is plausibly dominated by
changes in the column abundance of water vapor.
However, there is not an exact cancellation of the feed-
backs due to changes in the vertical distribution of wa-
ter vapor and the lapse rate. Furthermore, the net water
feedback deviates substantially from that of the column
component alone at high latitudes. These components
are both harder to measure and more difficult to pre-
dict, although there seems to be a strong consensus
among climate GCMs on the nature and strength of
the water vapor feedback, despite their considerable
disagreements on cloud and other feedbacks (Cess et
al. 1989).
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FI1G. 9. Fractional change in the zonally and annually averaged
surface air temperature due to water vapor variations (total) and its
separate components (column, profile, lapse rate) for the volcano
(a), 2X CO, (b), and 18 K (¢) runs. The terms column, profile, and
lapse rate refer to the effects of changing the water vapor abundgpce
at each altitude by the same fractional amount as that characterizing
the entire vertical column, changing the abundance individually for
each layer by an appropriate amount, and the effect of the change in
latent heat release on the vertical temperature gradient.

Additional support for the validity of GCM-pre-
dicted feedbacks due to water vapor was provided by
Rind et al. (1991). They used measurements of water
vapor obtained from the SAGE II satellite experiment
to evaluate seasonal and regional variations of absolute
and relative humidity. They found that at warmer times
of the year and in warmer locations, the absolute hu-
midity strongly increased at middle and high altitudes
of the troposphere, while the relative humidity slightly
increased. These results are qualitatively and quanti-
tatively in good accordance with those expected from
standard treatments of penetrative convection and the
predictions of the GISS climate model, but they are
totally inconsistent with the expectations of an alter-
native model of penetrative convection (Lindzen
1990). This comparison, therefore, provides some
support for the validity of the changes in both column
abundance and vertical distribution of water vapor
predicted by climate GCMs in general and the GISS
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model in particular. Thus, they support the predicted
feedbacks due to these two components of the water
feedback.

Changes in surface albedo provide a strong, positive
feedback at high latitudes in all three altered climate
cases. In the volcano and 2X CO, runs, the changes in
surface albedo result almost entirely from changes in
the amount of sea ice. In the 18 K experiment, changes
in the amount of sea ice near 60°S latitude induce
sizable albedo and temperature changes, while the large
increase in land ice, that is, ice sheets, in the Northern
Hemisphere results in temperature changes having a
comparable peak amplitude and a broader latitudinal
extent than that due to sea ice in the Southern Hemi-
sphere (Fig. 8f). A minor contribution also originates
from albedo variations associated with changes in veg-
etation. These differences in the source of the altered
surface albedo among the three experiments are re-
flections of differences in time scale. Sea ice changes
much more rapidly ( =~ decades) than does land ice in
the form of mobile glaciers (=~ millenia). But, note
that there are also longer time scales for changes in sea
ice that are associated with changes in the circulation
of the deep oceans—these longer time scale changes
are not encompassed or explicitly modeled by the vari-
able sea surface temperature (SST) experiments dis-
cussed in this paper.

According to Figs. 8d-f, clouds produce a positive
feedback at low latitudes and a negative feedback at
high latitudes in all three altered climate runs, although
the transition from positive to negative feedback occurs
at somewhat different latitudes in each of the various
experiments. Remarkably, most of the cloud feedback
at each latitude in these three experiments is cancelled
by feedbacks of opposite sign due to heat advection.
This near-cancellation of these two feedback effects is
most completely realized for the 2X CO; run and least
completely realized for the 18 K run. Also, it is poorly
realized in both the volcano and 18 K runs at high
southern latitudes, where there is a significant expan-
sion of sea ice.

Differences in the degree of cancellation of the cloud
and advective feedbacks between the volcano and 2X
CO, runs on the one hand and the 18 K run on the
other hand could reflect, in part, important differences
in the nature of these experiments. There is no ocean
transport feedback in the first two of these runs, but
there is an implied one for the 18 K experiment. How-
ever, there are reasons for suspecting that the CLIMAP
sea surface temperatures that were used in the 18 K
run may be somewhat too large in the tropics—1 to 2
K (paper 2; Rind and Peteet 1985; Broccoli and Man-
abe 1987)—and, hence, the ocean feedback is corre-
spondingly uncertain.

In the GISS GCM, cloud feedback can arise from
changes in cloud cover, cloud altitude, column thick-
ness, and diurnal variability, but not from cloud mi-
crophysical or optical thickness changes. An increased
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optical thickness of low clouds would produce a neg-
ative feedback component that is missing in the GISS
GCM, but since most cirrus clouds are optically thin,
an increase in cirrus cloud optical thickness could pro-
duce a positive cloud feedback; their enhanced green-
house warming of the surface might éxceed their en-
hanced solar reflectivity.

Obviously, the cloud prediction scheme in the GISS
GCM is very crude, as is the case for all current GCMs.
The GCM intercomparison by Cess et al. (1990) shows
cloud feedbacks varying from strongly negative to neu-
tral to strongly positive.

Ramanathan and Collins (1991) carried out pi-
oneering analyses of ERBE observations in an attempt
to define the sign and magnitude of the cloud feedback.
In particular, they compared the solar and thermal (or
greenhouse) cloud forcings over the tropical Pacific
Ocean for an El Nifio year (1987) with those for non—
El Nifio years (1985 and 1989). They found a striking
spatial correlation among locations having elevated
SSTs, enhanced solar reflected fluxes, and enhanced
greenhouses. The changes in solar and thermal cloud
forcings between the El Nifio and non-El Nifio years
were found to be linearly correlated, with the slope of
the correlation implying a modest dominance of the
solar effect, that is, the clouds produced a net negative
feedback. Ramanathan and Collins therefore suggested
that there was a direct causal relationship between el-
evated SSTs in the tropical Pacific and enhanced, neg-
ative cloud feedbacks involving cirrus anvils.

If the above study is accepted at face value, it defines
at best the cloud feedback relationships at very low
latitudes. Even in this restricted sense there is some
ambiguity about the sign of the net radiative effect of
clouds: the correlation between the absolute solar and
thermal cloud forcings for the individual years implies
a slightly positive net cloud feedback (Ramanthan and
Collins 1991).

A very recent study by Fu et al. (1992) casts some
doubts on the results and implications of the study by
Ramanathan and Collins (1991). Fu et al. (1992) de-
duced the impact of cirrus clouds on solar and thermal
radiation from International Satellite Cloud Climatol-
ogy Project (ISCCP) radiance data. They argued that
the changes in cloud forcing found by Ramanathan
and Collins (1991) were not due to changes in SSTs.
For example, changes in solar and thermal cloud forc-
ings between two non-El Nifio years with minimal dif-
ferences in SST's were found to be very similar to those
between an El Nifio year and a non-El Nifio year. Also,
there were no significant systematic changes in solar
or thermal cloud forcings between 1987 and 1985 when
these changes were averaged over the entire tropical
Pacific basin, even though the basin-averaged SSTs
were larger during the El Nifio year. The analyses of
Fu et al. (1992) also indicated that the variations in
cloud forcing, when averaged over large spatial scales,
were due chiefly to changes in fractional cloudiness
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rather than cloud reflectivity or cloud-top temperature
and that changes in the large-scale Walker and Hadley
circulations were the chief sources of the variable cloud
forcings.

Thus, cloud feedbacks remain poorly modeled and
poorly understood. Nevertheless, satellite data are be-
coming available to address this important issue, as
exemplified by the studies of Ramanathan and Collins
(1991) and Fu et al. (1992). Further analyses of other
natural, short-term climate changes and seasonal vari-
ations over a wide range of latitudes can help to im-
prove matters substantially on the observational side,
while the development and verification of schemes for
parameterizing changes in cloud optical properties in
GCMs may make their predictions of cloud feedbacks
more believable in the future.

¢. Dynamics

The conventional view of climate change is that high
latitudes will be more sensitive than low latitudes.
Therefore, as the climate cools, high latitudes will cool
more than low latitudes, increasing the latitudinal
temperature gradient. With increased latitudinal tem-
perature gradients, baroclinic instability and eddy en-
ergy should increase, enhancing eddy and atmospheric
energy transports. Thus, the response of the dynamics
to climate change in this scenario is to provide a neg-
ative feedback by warming the latitudes that are cooling
the most.

The results from the volcano run are in direct con-
tradiction to al/ of the above statements. First, high
latitudes do not cool significantly more than low lati-
tudes, especially in the Northern Hemisphere, as has
already been pointed out for annually averaged con-
ditions (cf. Fig. 3a). This matter is further explored in
Fig. 10a, which shows the latitudinal distribution of
AT, for the winter season in the Northern Hemisphere,
the time of most vigorous atmospheric dynamics for
that hemisphere. Besides displaying AT for the volcano
run, this figure also shows the corresponding curves
for the 2X CO; and 18 K runs. In contrast to the results
for the other two runs, AT for the volcano run de-
creases from low to midlatitudes in the Northern
Hemisphere. While ATy for the volcano run then in-
creases from northern mid- to high latitudes, its values
at high latitudes are generally less than those for the
other two runs. As discussed in more detail at the end
of this subsection, the large differences in the AT lat-
itudinal profiles of the three runs are caused, in gross
detail, by variations in the latitudinal profiles of the
primary radiative forcing (cf. Figs. 8a—c) and, in fine
detail, by the radiative and dynamical responses to this
forcing. Here, we focus on the dynamical responses to
the AT profiles to set the stage for this later discussion.

Several processes produce a high-latitude amplifi-
cation of AT, when the climate warms, as illustrated
by the results for 2X CO; in Fig. 10a. The high stability

POLLACK ET AL.

1735
DECEMBER-FEBRUARY
12 T L
i -=== 2xCO ,-’{
~ 8 e 8K 2 77
3 L Volcano ,/’ b
el - S~ = |
g 4 ‘/\—J \.- ------- == N
«
g 0 P —
E T IR
2 —471/\/_‘
G
5 s |
€ H
@ 1214 f
< —.'f{
-16— (a
@ l ]
5 T | AT p— |
- ” N, ——— - -
3 /_z’_' 2%CO S~
o -———— 2X
E‘" ;/, ------------ 8K 2 7
o [ Volcano _
2
g 0 e N pcenan, JURe— —
8 -1 | - S, ]
E | \ i
£ 3 \
5 \J
S -5t Ay -
<
=7 —
® 1 | 1
-90 -60 -30 0 30 60 90
South Latitude (deg) North
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grated air temperature (b) as a function of latitude for the volcano,
2X CO,, and 18 K runs.

of the winter polar atmosphere limits the amount of
heat advected vertically and, hence, the greenhouse
warming in the 2X CO, experiment tends to be con-
centrated near the surface there. At low latitudes, the
greenhouse warming is distributed throughout much
of the troposphere by an enhanced, vigorous penetra-
tive convection ( Manabe and Wetherald 1975). Thus,
the vertically integrated atmospheric temperature

_ change is actually greatest in the tropics for the 2X CO,

run (cf. Fig. 10b), since the increase in tropical mois-
ture provides a strong positive feedback at low latitudes.
In contrast, there is less of a variation in the vertical
distribution of cooling with latitude in the volcano run.
For example, penetrative convection in the tropics car-
ries latent heat to lower altitudes for the volcano run
than it does for the 2X CO, run since there is less mois-
ture close to the surface in the climate-cooling volcano
run. Thus, the vertically integrated temperature change
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for the volcano run (Fig. 10b)is roughly similar to that
at the surface (cf. Fig. 10a). This similarity is also found
for the 18 K run, for which the very modest changes
in sea surface temperature at low latitudes and the oc-
currence of elevated ice sheets at northern middle and
high latitudes control temperature changes in this run.

Without a major, systematic increase in the latitu-
dinal temperature gradient, the volcano run experi-
ences little change in the eddy kinetic energy in the
Northern Hemisphere (cf. Fig. 11a). Also, the long-
wave energy in the Northern Hemisphere decreases in
this experiment (cf. Fig. 11b). By contrast, the 18 K
experiment shows a marked enhancement of eddy ki-
netic energy and longwave energy in the Northern
Hemisphere that reflects the marked increase of the
latitudinal temperature gradient. The 2X CO, run is
characterized by a decrease in eddy kinetic energy and
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shortwave energy, reflecting the decrease in the lati-
tudinal temperature gradient close to the surface.

As neither the latitudinal temperature gradient nor
the eddy kinetic energy show large positive, systematic
increases in the Northern Hemisphere for the volcano
run, no marked systematic increase occurs in the pole-
ward transport of sensible heat by eddies (cf. Fig. 12a).
Once more this behavior for the volcano run is quite
different than that for the 18 K run, which does show
a large increase in sensible heat transport by eddies in
the Northern Hemisphere during winter. Also, this
transport is weakened in the 2X CO, run.

In both cooling experiments, there is a reduced
moisture content at low latitudes, although more so in
the volcano run. This change, when combined with an
approximately unaltered amount of eddy kinetic en-
ergy, results in a marked decrease in the poleward
transport of latent heat by eddies in the volcano run
(cf. Fig. 12b). (Note that the poleward transport is
positive in the north and negative in the south in this
figure and in Figs. 12c and 12d.) But in the 18 K run
this transport increases slightly due to an enhanced
kinetic energy. It also increases in the 2X CO; run, due
to the enhanced amount of moisture at low latitudes.

The total (sensible plus latent heat) static energy
transported poleward by eddies decreases greatly for
the volcano run, reflecting the marked decrease in la-
tent heat transport and modest changes in sensible heat
transport (cf. Fig. 12¢). Also, the total energy transport
by eddies and the mean circulation are greatly reduced
in this run (cf. Fig. 12d). In contrast, the 2X CO, run
is characterized by a somewhat weakened eddy trans-
port of sensible heat and a substantial increase in eddy
transport of latent heat, which combine to produce a
small enhancement of total transport by eddies in the
north and a more sizable enhancement of total trans-
port there. Finally, the increased eddy kinetic energy
and latitudinal temperature gradient of the ice age run
result in a large increase in sensible heat transport by
eddies, and overall marked increases in total eddy and
total atmospheric transport of static energy. .

As can be seen in Fig. 12d, total atmospheric heat
transport at low northern latitudes decreases greatly in
the volcano run, but not in the other two runs. These
changes in transports at low latitudes can be attributed
to changes in the Hadley circulation, as driven by lat-
itudinal gradients in latent and sensible heat fluxes from
the ocean surface into the atmosphere. In the volcano
experiment, the reduced latitudinal gradient in surface
temperature at low latitudes implies a reduced gradient
in these heat fluxes (e.g., there is a greater reduction
in precipitation and, hence, evaporation close to the
equator than at somewhat higher latitudes, cf. Fig. 13a).
With reduced latent and sensible heat forcing from the
tropical oceans, the vertically integrated streamfunction
decreases in intensity in the volcano experiment (cf.
Fig. 13b; a positive change in the streamfunction in
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the Northern Hemisphere indicates a decrease in the
Hadley cell intensity ). This reduced circulation then
transports less energy poleward (cf. Fig. 12d). In a
similar vein, the surface temperature gradient at low
northern latitudes remains about the same in the 2X
CO; run and, hence, its Hadley cell intensity remains
about the same, while this temperature gradient in-
creases in the 18 K run and, hence, its Hadley cell
intensity increases (cf. Figs. 10a and 13b).

Thus, the dynamics in the volcano experiment act
to cool high latitudes, rather than warm them, as ex-
pected (cf. Fig. 12d). Despite these dynamical tenden-
cies, high latitudes do not cool much more than the
tropics in this experiment, perhaps because of the
counteracting effects of cloud and dynamical feedbacks.
In the 2X CO; experiment, the dynamics act as positive
feedbacks by trying to warm high latitudes during the
winter season. Only in the 18 K experiment does the
dynamics act in the expected way by exerting a negative

feedback on cooling at high latitudes. But, this case
shows the largest absolute values for AT} at high north-
ern latitudes during winter (Fig. 10a). Thus, the warm
and cold experiments are not mirror images of one
another nor do the two cold experiments show the same
behavior. Models (e.g., energy balance models) that
operate on the assumptions noted at the beginning of
this subsection would not reproduce the results of the
GCM runs considered here. Furthermore, as illustrated
particularly by the results from the volcano run, there
is not a simple relationship between the change in the
eddy transports and the change in the local latitudinal
temperature gradient (cf. Figs. 10a, 12a).

The above discussion of the dynamical changes in
the three climate experiments provides a context for
interpreting the changes in cloudiness exhibited by
them (cf. Fig. 6a). At middle latitudes, variations in
baroclinicity (or storminess), as measured by changes
in eddy energy (cf. Fig. 11a), can play a major role in
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causing changes in cloud fraction, while at low latitudes
changes in the intensity of the Hadley circulation (cf.
Fig. 13b) can be important. In the Southern Hemi-
sphere, the eddy energy increases significantly at mid-
latitudes for the volcano and 18 K runs, thereby en-
hancing the fractional cloudiness at these latitudes,
while just the opposite occurs for the 2X CO, run. Also,
an enhanced moisture convergence occurs at these lat-
itudes in the volcano run, while an enhanced moisture
divergence occurs there in the 2X CO, run (cf. Fig.
12b). These changes in moisture transport also favor
the computed changes in cloudiness. Finally, there is
little change in the intensity of the Hadley circulation
in the Southern Hemisphere for any of the runs (cf.
Fig. 13b) so that it is not an important factor in the
cloud changes under consideration.

A distinctly different set of changes occurs in the
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Northern Hemisphere. The eddy energy increases
greatly at midlatitudes for the 18 K run, changes little
for the volcano run, and undergoes a modest decrease
for the 2X CO, run. Also, the Hadley circulation greatly
increases for the 18 K run, varies little for the 2X CO,
run, and decreases significantly for the volcano run.
The changes in cloudiness at northern midlatitudes for
the 18 K and 2X CO, runs can be attributed to the
above-cited changes in eddy energy. The small increase
in cloudiness near 30° latitude in the volcano run is
caused by the weakening of the Hadley circulation,
which shifts the latitude band of its subsidence equa-
torward, that is, there is reduced subsidence where there
is enhanced cloudiness. Also, there is an enhanced
moisture convergence in the volcano run at latitudes
below about 30°.

The above discussion illustrates that there need not
be mirror symmetry between changes in climate vari-
ables between cooling and warming forcings, nor sym-
metry in the changes that occur in the two hemispheres.
From a dynamical perspective, differences in latitudinal
surface temperature gradients play a key role in causing
this breakdown in symmetry. From a somewhat
broader perspective, we can attribute the breakdown
in cooling/warming symmetry to asymmetries in the
primary radiative forcing. In particular, the radiative
forcing in the volcano run is approximately twice as
strong at the equator as it is at the poles (cf. Fig. 8a);
it is nearly independent of latitude in the 2X CO, run
(cf. Fig. 8b); and it is strongly concentrated at high
latitudes in the 18 K run. We attribute the breakdown
in hemispherical symmetry to the asymmetry in the
distribution of landmasses and oceans. This basic
asymmetry is reflected in the GCM runs in terms of
asymmetries in such climate variables as the amount
of sea ice. Changes in these variables in turn produce
changes in latitudinal temperature gradients and,
hence, eddy energies. ‘

The above basic causes of cooling/warming and
hemispherical asymmetries provide a starting point for
understanding the fundamental reasons for the major
differences in the latitudinal profiles of AT exhibited
by the three climate experiments (cf. Figs. 3a and 10a).
In a gross sense, this profile is flattest for the volcano
experiment; it is steeper for the 2X CO, run (i.e., AT,
increases toward higher latitudes); and it is steepest for
the 18 K experiment. These differences are direct re-
flections of the above-cited differences in the latitudinal
distribution of the primary radiative forcing. In all three
cases, large changes in sea ice at high southern latitudes
significantly enhance AT at these locations (cf. Fig.
3a). Consequently, these changes represent a major
mechanism for creating hemispherical asymmetries.

Radiative and dynamical responses to the primary
radiative forcing have a major impact on the fine struc-
ture of the AT, profiles. These responses produce
changes in latitudinal heat transport, cloudiness, and
water vapor abundances. They also involve different
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components of the circulation at low (Hadley) and
high latitudes (eddy). For example, a less vigorous
Hadley circulation in the Northern Hemisphere for the
volcano run (cf. Fig. 13b) plays an important role in
creating a AT, profile that decreases from the equator
to midlatitudes in the Northern Hemisphere. The al-
tered Hadley circulation leads to sharply varying per-
turbations in advective heat flux, cloud fraction, and
water vapor with latitude at low northern latitudes (cf.
Fig. 8a) that jointly help to create, in a self-consistent/
interactive manner, the net A7 profile. By way of con-
trast, the Hadley circulation in the Northern Hemi-
sphere is less perturbed in the 2X CO; experiment and
the various feedback factors show less steep variations
at low northern latitudes for this run than they do for
the volcano run (cf. Figs. 8a and 8b).

4. Discussion and summary

Volcanic particles in the stratosphere due to a single
volcanic event typically have lifetimes on the order of
one to several years (e.g., Toon and Pollack 1982;
McCormick et al. 1984). This time scale is longer than
the radiative response time of the lower stratosphere,
but is much shorter than the response time of the cou-
pled troposphere/ocean system. When just the heat
capacity of the upper mixed layer is considered, the e-
folding time scale for cooling by steady-state volcanic
forcing is approximately 15 years (cf. Fig. 1a). When
allowance is made for heat exchange between the mixed
layer and the deeper portions of the ocean based on
observations of passive tracers this time scale increases
by as much as a factor of 10 (paper 2). Also, according
to the GFDL coupled atmosphere/ocean GCMs,
southern high latitudes may respond much more slowly
than other latitudes to climate forcings because of very
deep mixing that occurs in and adjacent to the Ant-
arctic circumpolar ocean (Stouffer et al. 1989; Manabe
et al. 1991). Thus, a single volcanic cloud can drive
temperatures in the lower stratosphere to essentially
their steady-state values. But, temperature changes in
the troposphere are only a small fraction of their steady-
state values, in accordance with 1D radiative convective
simulations of the Mt. Agung and the El Chichdn vol-
canic clouds (Hansen et al. 1980; Pollack and Acker-
man 1983 ) and GCM simulations of the Mt. Pinatubo
cloud (Hansen et al. 1992).

Closely spaced, multiple, sulfur-rich, volcanic ex-
plosions are required to produce large increases in
stratospheric aerosols over time scales comparable to
the response time of the troposphere/ocean system
(decades-centuries). As illustrated by the calculations
reported here, large changes in globally averaged surface
temperature can occur when this condition is met and
when the globally and time-averaged optical depth of
the volcanic particles is on the order of 0.1. Due to
possible linkages between plate tectonics and volcanic
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explosions, such epochs of multiple volcanic explosions
may occur from time to time, as exemplified by the
30-year period at the end of the nineteenth and begin-
ning of the twentieth centuries when a sustained, sig-
nificant optical depth perturbation by volcanic particles
occurred (Pollack et al. 1976b). Such epochs introduce
a level of uncertainty in predicting the future course
of the earth’s climate, due to the steadily increasing
amounts of greenhouse gases in the earth’s atmosphere.

The earth’s climate is modified in a number of major
ways by sustained volcanic forcing with a time- and
space-independent optical depth of 0.15, according to
GISS climate model II. The annually averaged amount
of sea ice expands by more than a factor of 2, chiefly
at high southern latitudes. This prediction is consistent
with a comparable expansion of sea ice that charac-
terized the climate at the height of the last ice age,
which had a globally averaged decrease in surface tem-
perature comparable to that in the volcano run (CLI-
MAP 1981). However, the variation of AT with lati-
tude for the volcano and 18 K simulations are quite
different. The absolute magnitude of AT} increases
strongly from low to high latitude in the 18 K run, but
shows a much flatter profile for the volcano run. This
difference is due in part to the occurrence of elevated
ice sheets at middle to high northern latitudes in the
18 K run. For similar reasons, the surface albedo of
the volcano run shows its largest variation at high
southern latitudes, where most of the change in sea ice
occurs, while the 18 K run exhibits both this change
in surface albedo and one of comparable amplitude
and greater extent at middle to high northern latitudes,
where land ice is present.

Differences in sea ice changes between the 18 K and
volcano runs may well reflect limitations of both the
CLIMAP data and the GISS climate model II. In par-
ticular, sea ice may have increased somewhat less (by
10% to 20%) than is indicated by the CLIMAP recon-
struction of the peak of the last ice age (see paper 2).
The GISS climate model II has a simplistic sea ice
scheme, one which probably overestimates the sea ice
response, especially for short time scale changes (i.e.,
changes that occur faster than the time in which North
Atlantic Deep Water changes). Furthermore, in the
volcano experiment the GISS model did not take ac-
count of changes in ocean circulation, which could im-
pact the extent of sea ice. It seems highly likely that
changes in ocean circulation affected the extent of sea
ice at the peak of the last glaciation. However, such
circulation changes would have had far less time to
develop in the shorter time scale volcano run. In sum-
mary, differences in the changes in sea ice distribution
between the two experiments are definitely suspect. The
CLIMAP data may also have problems with temper-
atures at low latitudes (paper 2). In reality, they may
have been a bit colder (by 1 to 2 K). None of the
conclusions of the last paragraph or the rest of the paper
would be modified in a significant way if plausible al-
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ternative sea ice distributions and low-latitude tem-
peratures were incorporated into the 18 K simulation.

The above differences in the volcano and 18 K runs
reflect their most fundamental difference. The volcano
run is relevant to the response of the climate system
to a sustained radiative cooling over time scales of cen-
turies, long enough for changes of temperature in the
upper levels of the ocean to reach steady-state values
and long enough for short time scale feedbacks, such
as water vapor, albedo, clouds, and atmospheric dy-
namics to be fully effective. The 18 K run simulates a
climate state in which longer time scale changes have
occurred. These include the emplacement of extensive
ice sheets on the North American and Eurasian land-
masses, a reduction in the mixing ratios of CO, and
other greenhouse gases, and changes in the spatial dis-
tribution of vegetation.

Given the above differences between the 18 K and
volcano runs, it is perhaps not surprising that their
climatologies differ in some important ways. In this
regard, it is interesting to compare the similarities and
differences between the volcano and 2X CO; runs. In
both cases, radiative drives act as the primary forcing
mechanism for climate change and the steady-state re-
sponse of the climate system for time scales of centuries
was determined. The two cases differ in that cooling
occurred in the volcano run and warming occurred in
the 2X CO, run and in that the volcanic particles were
most effective in the solar part of the spectrum, whereas
CO, affected almost solely the thermal portion of the
spectrum.

In certain ways, the results of the volcano and 2X
CO;, runs are quite similar to one another. The fraction
of the total globally averaged surface temperature
change due to direct radiative forcing was quite similar:
25% for the 2X CO, run versus 30% for the volcano
run. In both cases, changes in water vapor constituted
the most important feedback mechanism, with it ac-
counting for about 45% of the total globally averaged
change in surface temperature. At high latitudes,
changes in surface albedo, due primarily to changes in
the spatial extent of sea ice, produced a large positive
feedback effect. Finally, in both cases, the cloud and
advective heat transport feedbacks had a strong ten-
dency to have opposite signs at a given latitude, so that
their combined effect was relatively weak.

Despite the above similarities between the climate
changes occurring in the volcano and 2X CO, runs,
there were some important differences. The latitudinal
profiles of the change in surface air temperature, AT,
were different in the two runs, especially at low and
midlatitudes of the Northern Hemisphere (Figs. 3a and
10a). This difference and the implied difference in the
latitudinal variation of atmospheric temperature aloft
are, in part, responsible for significant differences in
the dynamical changes that occurred in the two runs.
Changes in heat transported by eddies, heat transported
by the total circulation, the strength of the Hadley cir-
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culation, eddy energy, and eddy wavenumber spectrum
in the volcano and 2X CO; runs are far from being
mirror images of one another (cf. Figs. 11-13).

There are also other aspects of the volcano and 2X
CO; runs that indicate that they are not mirror images
of one another. The volcano run takes almost twice as
long to reach a steady-state climate due to a combi-
nation of the low thermal inertia of sea ice and the 73
dependence of the radiative time constant (cf. Figs. la
and 1b). The increase in sea ice in the volcano run is
much larger than the decrease in sea ice in the 2X CO,
run; that is, the ice albedo feedback is stronger when
the climate cools than when the climate warms. The
AT, associated with the direct radiative forcing by vol-
canic particles shows a much stronger variation with
latitude than that occurring in the 2X CO, run (cf.
Figs. 8a and 8b), reflecting important differences (cited
above) in the nature of the two radiative forcings. This
difference in primary radiative forcing, as well as that
for the 18 K run (as expressed by AA,), engenders
radiative and dynamical feedbacks with differing lati-
tudinal profiles, resulting in net AT profiles that differ
considerably. Thus, although there are important
asymmetries in the response of the climate system to
warming versus cooling climate change agents, as cited
above, what matters the most is the latitudinal profile
of the primary radiative forcing.

All the above differences among the three climate
perturbation experiments suggest that it is difficult to
arrive at simple prescriptions for key climate processes
to be used in energy balance climate models. Specifi-
cally, there does not seem to be an obvious relationship
between the magnitude of the globally averaged change
in surface temperature and the changes in advective
heat transport and properties of key dynamical com-
ponents (cf. Figs. 11-13).

One could imagine a more sophisticated type of en-
ergy balance model for which there are temperature-
dependent mechanisms (e.g., transport of latent heat)
in addition to diffusive mechanisms. It will be an ex-
treme challenge, however, to devise such a parameter-
ization, for two reasons. First, as illustrated in Fig. 9,
the water vapor feedback is not simply due to a change
in the column abundance of water vapor resulting from
a modified surface temperature. Rather, several dy-
namical processes also influence the total water vapor
feedback. Their latitudinal dependencies are both
complicated and significantly varied among the three
types of climate changes considered. Second, even the
column component of the water vapor feedback de-
pends on the net AT due to all processes, which is the
quantity that the energy balance model is trying to de-
termine, as opposed to knowing it in advance. Nev-
ertheless, the results of this paper may offer some useful
constraints for developing improved energy balance
models and the authors of this paper will be glad to
provide more detailed information to those interested
in pursuing this course.
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5. Conclusions

Perhaps the largest surprise to come from our anal-
yses of the steady-state climate responses to three dif-
ferent forcings is the obvious presence of asymmetries
of several types. The climate response to a warm forc-
ing, as exemplified by 2X CO,, and that to a cold forc-
ing, as exemplified by volcanic particles, are not mirror
images of one another. Similarly, there are important
differences in the climate response to two different cold
forcings—volcanic particles and ice age—and there are
important differences in the responses in the Southern
and Northern hemispheres. The sources of these asym-
metries include differences in the latitudinal depen-
dence of the primary radiative forcings, differences in
the amount of land and ocean in the two hemispheres,
the much greater expansion of sea ice for cold forcings
than for warm forcings, the nonlinear dependence of
the strength of turbulent mixing on the sign of the tem-
perature stratification, and the obviously important
impact that extensive land ice sheets have on the 18 K
simulations.

The GISS climate model II provides a reasonable
representation of the earth’s current climate and, in
this sense, it is an appropriate model to use for ex-
amining climate changes, both past and future. How-
ever, like essentially all other current GCM climate
models, it has a number of important limitations. These
include a crude parameterization of cloud feedbacks
that does not allow for changes in the radiative prop-
erties of clouds, an overly simplified scheme for deter-
mining when and where sea ice occurs, and, of course,
the lack of a coupled ocean GCM to define ocean heat
transport feedbacks. Nevertheless, we suspect that
many of the qualitative aspects of our calculations, in-
cluding the climate asymmetries, are robust features
that will be present when more sophisticated climate
models are applied to the problems considered here.

General circulation climate models, including the
GISS model, will continue to evolve by adding better
and more complete physics. But, it is essential that
they be subjected to thorough validation through com-
parisons with relevant observations. There has been a
tendency to “tune” GCMs to agree with the basic
properties of the earth’s current climate. To this degree,
they are vehicles of questionable validity when applied
to climate change problems. Spacecraft data are begin-
ning to provide the type of information that is needed
to subject climate models to serious and meaningful
tests. Examples of this type of observational data were
given in the discussion of the water vapor and cloud
feedbacks. More generally, it will be important to devise
ways of determining observationally the key climate
feedbacks over a wide range of latitudes for comparison
with the predictions of climate models. A major step
forward in this regard will take place when the next
generation of spacecraft are deployed (e.g., NASA’s
EOS spacecraft). Airborne and ground-based platforms
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can also play a role here by providing essential data
that constrains the nature of key subgrid-scale processes
(e.g., those involving clouds).

The El Chichén and Mount Pinatubo volcanic
clouds offer important opportunities for gaining an
improved understanding of climate changes through
observation and for testing the ability of climate models
to predict the temporal response of the climate system
to large amplitude but transient forcings. Such op-
portunities exist because both the forcing and the re-
sponse are well characterized through a combination
of satellite, airborne, and ground-based observations.
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