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ABSTRACT

An atmospheric general circulation model coupled to a slab ocean is used to study the climate
equilibrium response to changed concentrations of atmospheric CO, and anthropogenic sulfate
aerosol. Itis found that the climate sensitivity of the model does not depend upon the magnitude
or character of the forcing but crucially upon its sign. In an experiment, in which both the
observed greenhouse forcing over the last 100 years is prescribed (approximately 2 W m2) and
an estimate of the present anthropogenic sulfate burden is calculated by an off-line chemical
model, the model predicts a global warming of about 0.5°C, with most of the warming (0.7°C)
in the Southern Hemisphere. A net cooling is found over the highly industrialized regions of the
Northern Hemsiphere, such as the eastern United States and large parts of Eurasia. In these
experiments, a relatively large direct aerosol forcing of globally about 0.7 W m2is prescribed.
On the other hand, indirect aerosol effects through the impact on cloud albedo are not considered,
so that the total forcing applied in this study may not be unrealistically large. The results indicate
that anthropogenic sulfur emissions in the past should be considered as a potentially important
climatic factor.

INTRODUCTION

Since the beginning of industrialization, the levels of atmospheric greenhouse gases
such as carbon dioxide (CO,), methane (CH,), or nitrous oxide (N,O) have been
increasing due to human activities, e.g., as fossil-fuel combustion, deforestation, and
agriculture. Over the last two centuries, fossil-fuel combustion has been the major

Aerosol Forcing of Climate
Edited by R.J. Charlson and J. Heintzenberg © 1995 John Wiley & Sons Ltd.



350 E. Roeckner et al.

source of the observed 25% increase of atmospheric CO, with respect to the preindus-
trial level. The corresponding global and annual mean radiative forcing of the climate
system is about 1.5 W m~for CO,and 1.0 W m for the other greenhouse gases (IPCC
1990, Chap. 2). Fossil-fuel combustion is also believed to have a cooling effect on
climate through the formation of sulfate aerosols (SO,) from sulfur dioxide (SO,)
emissions (Wigley 1989; Kaufmann and Fraser 1991; Enghardt and Rodhe 1993). The
estimates of the present anthropogenic sulfate forcing range from 0.3 W m= (Kiehl
and Briegleb 1993) to —0.6 W m 2 (Charlson et al. 1991) due to the “direct” effect, i.e.,
the additional backscattering of solar radiation. The “indirect” effect resulting from an
increased number concentration of sulfate aerosol particles, more but smaller cloud
droplets and, hence, higher cloud albedo (Twomey et al. 1984; Charlson et al. 1987)
may even be larger than the direct effect (Charlson et al. 1992). These estimates,
however, are much more uncertain than those of the greenhouse-gas forcing because
complex physical and chemical processes are involved which are currently not well
understood.

The final step, namely, the translation of a radiative forcing into a climatic change
is fraught with difficulties as well. Two main problem areas have to be addressed. First,
the climatic response does not only depend upon the magnitude and sign of the forcing
but also on a variety of poorly understood feedback mechanisms that determine the
sensitivity of the climate system to a radiative forcing (IPCC 1990, Chap. 3). Second,
the atmosphere does not respond instantancously to a radiative perturbation. The
response time is determined by the slow components of the climate system (ocean and
ice).

The appropriate tools for addressing these problems are general circulation models
(GCMs) of the atmosphere and ocean (cf. section below on METHODOLOGY). In these
models, the climate sensitivity to a prescribed forcing (mostly CO, doubling so far) is
estimated by means of equilibrium simulations (cf. sections on METHODOLOGY and
MODELS). In this chapter, we define global climate sensitivity as the ratio of the global
mean surface air temperature change to the global mean radiative forcing at the top of
the troposphere. The large variation of the global sensitivity parameter in modern
GCMs (0.39-1.23 K/Wm™) is attributable to the models’ varying depiction of cloud
feedback processes (Cess ct al. 1990).

The other problem area, namely, the delay of the response due to the large thermal
inertia of the ocean, is particularly relevant in climate prediction experiments. In these
experiments, the evolution of climate change caused by a gradual change of the
radiative forcing is the main interest, and the realized climate change, at a given time,
will reflect only part of the equilibrium change for the corresponding instantaneous
value of the forcing. There is agreement among the scientific community that the
response is relatively fast in the tropical oceans, where only a small part of the extra
heat is able to penetrate below the thermocline. On the other hand, the response is slow
in regions where deep convection plays a role, such as the North Atlantic or the
Southern Ocean around Antarctica (Washington and Meehl 1989; Manabe et al. 1991;
Cubasch et al. 1992).



Climatic Response to Anthropogenic Sulfate Forcing 351

Virtually all climate-change experiments performed with GCMs, so far, have been
based on greenhouse-gas scenarios, such as an instantaneous doubling or a gradual
increase of the atmospheric CO, concentration. In this chapter, we analyze the
equilibrium response of a GCM to prescribed changes of the atmospheric CO,content
and the atmospheric sulfate burden that has been estimated from an off-line chemical
model. We summarize the basic features of the model and the design of the experi-
ments, present the results, and summarize the major findings.

METHODOLOGY OF CLIMATE CHANGE EXPERIMENTS

The GCMs are based on physical conservation laws which describe the redistribution
of mass, momentum, heat, and substances like water vapor in the atmosphere or
salinity in the ocean. The governing equations are solved by numerical methods
which subdivide the atmosphere (or ocean) vertically into discrete layers wherein the
variables are computed. The horizontal variations of each variable are determined
either at discrete grid points in finite difference models or by a finite number of
prescribed mathematical functions, as in spectral models. The solution of the equa-
tions proceeds through time as numerical integration, starting from a specified initial
state. The spatial resolution is constrained by the speed and memory of the computer
used to perform the simulations. Typical atmospheric models have a horizontal
resolution between 300 km and 1000 km and between 10 and 20 levels vertically.
Similar resolutions are used in oceanic GCMs. These resolutions only allow the
simulation of large-scale features of climate. The fidelity of the GCMs to represent
regional details is limited at present.

Because of the coarse resolution, many important processes can be described only in
approximate form. These would include the radiative transfer, turbulent and convective
transport, and cloud microphysical processes such as condensation, evaporation, and
precipitation formation. The model solution requires the specification of upper and lower
boundary conditions, for example, the solar constant, orography and land—sea distribution,
albedo of bare land, surface roughness, and vegetation characteristics. The coupling of
atmospheric and oceanic GCMs is based on the exchange of information at the interface
between both models. This information includes state variables, such as sca-surface
temperature (SST) or sea-ice amount, but also fluxes of radiation, sensible and latent heat,
fresh water (precipitation—evaporation), and momentum.

One of the basic problems that arises through a coupling is the so-called climate
drift caused by imperfections of the simulated surface fluxes with the result that the
coupled model gradually drifts into an unrealistic climate state. To obtain a realistic
unperturbed reference climate for climate-change experiments, flux errors are often
neutralized by additive correction terms (flux correction or flux adjustment) derived
from uncoupled experiments, in which the surface boundary conditions for the
atmosphere and ocean model, respectively, are specified according to observed clima-
tology.
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The design of the coupled model as well as the experimental strategy depends upon
the problem to be addressed. Due to the large response time of a comprehensive
atmosphere—ocean GCM, an equilibrium state (where the global and annual mean
absorption of solar radiation is identical to the outgoing longwave radiation at the top
of the atmosphere) cannot be achieved with the currently available computer resources.
Therefore, in all equilibrium studies, atmospheric GCMs are coupled to dynamically
passive ocean models comprising only the upper mixed-layer (typically 50-m thick).
To achieve a realistic simulation of the SST, the oceanic heat flux convergence is
prescribed appropriately (Hansen et al. 1984). With this simplified model, climate
equilibrium is obtained after just a few decades (depending on the magnitude of the
forcing and the sensitivity of the model) while thousands of years would be required
for a fully coupled GCM. To what extent the results are affected by this simplification
is unknown at present. If, on the other hand, the time dependence of the climatic change
is the main interest, as in transient-response experiments (IPCC 1990, Chap. 6), a
realistic result can only be expected from comprehensive atmosphere—ocean GCMs.
Typical simulation times are 100 years (Manabe et al. 1991; Cubasch et al. 1992). In
any case, a reference or control experiment without any external perturbation is
required, with the climate response then defined as the difference between the
perturbed climate state and the control climate. To obtain a reasonably stable estimate
of the internal variability in the unperturbed model, a simulation time of several
decades is required for the occanic mixed layer model and several hundred years for
the coupled atmosphere—ocean GCM.

MODEL AND EXPERIMENTS

The Model

The atmospheric part of the model used in this investigation is the first-generation
model ECHAM1 developed jointly by the Max-Planck-Institute for Meteorology and
the University of Hamburg (Roeckner et al. 1992). The dynamics and part of the model
physics were adopted from the weather forecast model of the European Centre for
Medium-Range Weather Forecasts (ECMWF). Prognostic variables are vorticity,
divergence, temperature, (logarithm of) surface pressure, and the mass-mixing ratios
of water vapor and cloudwater, respectively. The model equations are solved on 19
vertical levels in a hybrid pressure-sigma system by using the spectral transform
method with triangular truncation at wavenumber 21 (T21). Nonlinear terms and
physical processes, however, are evaluated at grid-points of a “Gaussian grid” provid-
ing a nominal resolution of 5.625° in latitude and longitude. A second-order horizontal
diffusion scheme is applied to vorticity, divergence, and temperature. The diffusion is
limited, however, to the high wave-number end of the resolved spectrum. The radiation
scheme is based on a two-stream approximation of the radiative transfer equations,
with six spectral intervals in the terrestrial infrared and four in the solar part of the
spectrum. Gaseous absorption due to water vapor, carbon dioxide, and ozone is taken
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into account as well as scattering and absorption due to prescribed aerosol- and
model-generated clouds. The cloud optical properties are parameterized in terms of
the cloudwater content. The cloudwater content is obtained from the respective budget
equation, including sources and sinks due to condensation, evaporation, and precipi-
tation formation by coalescence of cloud droplets and sedimentation of ice crystals.
Subgrid-scale condensation and cloud formation is taken into account by specifying
appropriate thresholds of relative humidity depending on height and convective
activity. AKuo-type convection scheme is employed for penetrative convection, while
the effect of shallow convection is parameterized as a diffusion process with appro-
priate coefficients. The turbulent transfer of momentum, heat, and water vapor is based
on the Monin-Obukhov similarity theory for the surface layer and the eddy diffusivity
approach above the surface layer. The drag and heat transfer coefficients depend upon
roughness length and Richardson number, while the eddy diffusion coefficients
depend upon wind shear, mixing length, and Richardson number. The soil model
comprises the budgets of heat and water in the soil, the snow pack over land, and the
heat budget of permanent land ice. The heat transfer equation is solved in a five-layer
model, assuming vanishing heat flux at the bottom. Vegetation effects, such as the
interception of rain and snow in the canopy and the stomatal control of evapotranspi-
ration, are parameterized in a highly idealized way. The runoff scheme is based on
catchment considerations and takes into account subgrid-scale variations of field
capacity over inhomogeneous terrain.

The ocean is represented by a simple slab model with a constant depth of 50 m. The
temperature of the slab is calculated from the net heat flux at the surface provided by
the atmospheric GCM. To account for model errors as well as for the missing part of
the thermodynamic heat budget, such as the oceanic heat transport, an appropriate
correction term is calculated from an uncoupled model experiment where the SST is
specified according to the observed climatology. This is a standard procedure (Hansen
et al. 1984) allowing the model to simulate a realistic control climate. A similar
procedure is applied to the thermodynamic sea-ice model, so that the model is able to
reproduce realistically the seasonal variation of the sea-ice extent. Arealistic simula-
tion of the control climate is crucial, since the response of the climate system depends
upon the state of the control climate itself (Hansen et al. 1984; Spelman and Manabe
1984). The model physics remains unaffected by the cotrection technique. The basic
limitation of the model is that the atmosphere—ocean coupling is confined to the
exchange of heat. Any feedbacks that might result from a change of the ocean
circulation in a changing climate cannot be considered.

Sensitivity Experiments

Apart from a control experiment of the present-day climate, three experiments have
been performed with different radiative perturbations. In the first experiment, the
atmospheric CO, concentration is doubled with respect to the present value, as in many
other GCMs before (IPCC 1990, Chap. 3, Table 3.2a). In the second experiment, the
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radiative forcing due to present-day anthropogenic sulfate aerosol burden is pre-
scribed. The anthropogenic sulfate burden is obtained from simulations of the global
sulfur cycle with and without anthropogenic sulfur sources, respectively (Langner and
Rodhe 1991), and the direct radiative forcing is mimicked by a change of the surface
albedo AR, according to the algorithm developed by Charlson et al. (1991);

AR, = Bdsec®, (1 - R,)?, (18.1)

where the aerosol optical thickness 8 is the product of the aerosol burden B(SO,*) and
the mass scattering coefficient R = 8.5 m?g ™, as in the study by Charlson et al. (1991).
B is the backscattered fraction (0.29) of the scattered flux, ®, the solar zenith angle
and R, the surface albedo. In this experiment, an annual mean value of B(SO,*) is
prescribed. Nevertheless, the radiative forcing has a strong seasonal component due
to the seasonal variation of the solar irradiance. It is important to note that the sign of
the forcing is positive in this experiment, i.e., the surface albedo is decreased with
respect to the control experiment. The reason for this assumption is that the anthropo-
genic sulfate cooling is implicitly included already in the present-day control climate.
Hence, in this experiment, a preindustrial climate is simulated without anthropogenic
sulfur but with the present level of atmospheric CO,.

Finally, in the last experiment, both the greenhouse warming and the sulfate cooling
are considered together. Starting from the present-day control climate, the CO, content is
increased instantaneously by 40% and the surface albedo is increased according to the
algorithm 18.1 in contrast to the second experiment, where the surface albedo is decreased.
The CO, increase is consistent with the total anthropogenic greenhouse-gas forcing of
approximately 2 W m? estimated for the last 100 years (IPCC 1990, Chap. 2), and the
surface albedo change is considered as the radiative impact of the present anthropogenic
sulfate in the atmosphere according to the model simulation of Langner and Rodhe (1991).
Hence, in the third experiment, the radiative forcing is an estimate of the anthropogenic
contribution to the total radiative forcing which may have influenced our climate during
the last 100 years. It is important to note, however, that the simulated reference state refers
to the present climate. Alist of the experiments is shown in Table 18.1.

Table 18.1 List of experiments.

Exp. Notation Change of atmospheric Simulation time Averaging
No. concentration (years) period (years)
Control 25 last 20
1 CO, Doubling of current 45 last 20
concentration (345 ppmv)
2 SO, Anthropogenic SO, removal 45 last 20
3 CO; + S0, CO, + 40% and addition of 45 last 20

anthropogenic SO,
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RESULTS

The global and annual mean radiative forcings and the respective changes of surface
air temperature are shown in Table 18.2 together with the climate sensitivity parameter,
defined as the ratio of the global mean temperature response and the global mean
radiative forcing at the top of the troposphere (Cess et al. 1990). The global mean
sulfate forcing of -0.7 W m™in experiment 2 is slightly larger than the 0.6 W m 2
estimated by Charlson et al. (1991) based on a similar input (Langner and Rodhe 1991).
There are two reasons for this discrepancy. First, our estimate is based on a more recent
simulation of the sulfur cycle (J. Langner, pers. comm.) with better estimates of the
anthropogenic emissions, including biomass burning and industrial emissions in the
Southern Hemisphere (Chile and South Africa). Second, the radiative forcing of the
climate system depends not only upon the radiative change in the aerosol layer but
also on the transmissivity of the atmosphere and on cloud cover, which is not
prescribed according to observations, as in the study of Charlson et al., but simulated
by the model.

The temperature change in the 2 x CO, experiment of 2.8°C is on the lower side of
the changes simulated by GCMs so far (1.9°C-5.2°C; see IPCC 1990, Chap. 3, Table
3.2a). It is interesting to note that the sensitivity in the sulfate experiment 2 is identical
to that in the CO, experiment 1. A preliminary conclusion would be that the climate
sensitivity does not depend upon the magnitude and character of the forcing. In the
CO, experiment, forcing is mainly in the longwave part of the spectrum, while in the
sulfate experiment only the solar radiation is affected. There is also a difference in the
regional distribution of the forcing. Due to the relatively short mean residence time of
atmospheric sulfur, the anthropogenic sulfate forcing is concentrated over the main
industrial emission regions (Figure 18.1). The CO, forcing, on the other hand, is more
widespread, and spatial inhomogeneities are related to gradients of atmospheric state
variables, such as temperature, water vapor, and clouds, rather than to the distribution
of industrial emissions (Kiehl and Briegleb 1993). The apparent independence of
global climate sensitivity on the distribution of the radiative forcing has been discussed
in detail by Hansen et al. (1984), who showed that the climatic response caused by
CO, doubling is virtually identical to that caused by a 2% increase of the solar
constant.

Table 18.2 Global and annual averages of the top-of-troposphere radiative forcing, surface
air temperature change, and global sensitivity parameter as analyzed from the experiments.

Exp. Radiative forcing Change of surface air Climate sensitivity parameter
No. (Wm?) temperature (K) (K/W m™)

1 4.0 2.8 0.7

2 0.7 0.5 0.7

3 1.3 0.5 0.4
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In experiment 3, however, where both greenhouse warming and sulfate cooling is
considered, the sensitivity is significantly smaller than in experiments 1 and 2, where
only a positive forcing is prescribed. One possible explanation for the reduced
sensitivity is that the relatively large sulfate forcing over the continents in the Northem
Hemisphere offsets the greenhouse forcing in these areas so that important positive
feedback mechanisms, such as the ice/snow-albedo-temperature feedback, cannot be
activitated in the Northern Hemisphere. Moreover, the strength of the ice-albedo
feedback seems to depend upon the sign of the forcing, as suggested by Spelman and
Manabe (1984) and Manabe ct al. (1991), who explained the substantially larger
climate sensitivity for CO, halving (cooling!), as compared to CO, doubling, with the
progression of the ice and snow lines towards lower latitudes with larger solar
irradiance where the ice/snow-albedo feedback becomes increasingly important.

The geographical distribution of the annual mean temperature changes is shown in
Figure 18.2. For the sake of comparison, in Figure 18.2athe 2 x CO,response is scaled
according to the greenhouse forcing of 2 W m=used in the (CO; + SO,) experiment
(Figure 18.2¢c). The implied assumption of linearity between the forcing and the
response may be justified by the relatively small amount of the forcing. Figure 18.2b
shows the annual mean temperature difference between the control climate and
experiment 2, in which the radiative impact of the anthropogenic sulfate burden is
removed.

The CO, response in Figure 18.2a shows many features familiar from previous
equilibrium studies (IPCC 1990, Chap. 5), such as the poleward amplification of the
surface warming by the ice-albedo feedback and the land—sea contrast with higher
temperatures over the continents in general. In the sulfate experiment (Figure 18.2b),
the marked hemispheric asymmetry of the response is related to the larger radiative
forcing in the Northern Hemisphere (Figure 18.1). Although the response is relatively
large over the main industrial regions, such as the U.S., Europe, and East Asia, there
is also a large remote component with a pronounced cooling over the Arctic and a
peculiar warming pattern over northeastern Canada. The wave train over North
America is caused by a shift in the position of the stationary waves which, in the control
experiment, have larger amplitudes than in the real atmosphere (Roeckner et al. 1992).

A comparison of Figure 18.2a (experiment 1) and Figure 18.2¢ (experiment 3)
suggests that sulfate cooling may offset much of the greenhouse warming in the
Northern Hemisphere with a net cooling over major parts of Eurasia and over the
eastern part of the U.S. As in the sulfate experiment 2, the strong remote response over
northeastern Canada and parts of Greenland may be an artifact of this particular model.
In the Southern Hemisphere, the greenhouse warming is clearly larger than the sulfate
cooling. The hemispheric means are 0.3°C and 0.7°C for the Northern and Southern
Hemispheres, respectively.

Although the simulated global annual mean equilibrium warming of about 0.5°C
is within the range of the warming observed during the past 100 years (0.3° to 0.6°C;
IPCC 1990), it should be noted that the simulated warming refers to a hypothetical
equilibrium state, while the observed realized warming is a result of the transient
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response of the whole climate system to a time-dependent forcing superimposed by
natural variability at various time scales.

Consistent with the asymmetric temperature response in the polar regions, with
hardly any warming in the Arctic but substantial warming around Antarctica (Figure
18.2¢), the Arctic sea-ice area remains virtually unchanged in the (CO, + SO,) experi-
ment (cf. the full and dotted curves in Figure 18.3¢), while the area covered with sca
ice around Antarctica is reduced by roughly 10% (cf. the dashed curves in Figure
18.3¢). In the CO,-doubling experiment, on the other hand (Figure 18.3a), the Arctic
sea-ice loses 30% of its area as compared to the control experiment (ctrl), and the
Antarctic sea-ice loses about 50%. The changes of the mean sea-ice volume, however,
are significant even in the (CO, + SO,) experiment with losses of about 5% in the
Arctic and 25% around Antarctica (not shown).

SUMMARY AND DISCUSSION

The equilibrium response studies, which addressed the relative role of past CO, and
SO, emissions, indicate that both may have influenced our climate over the past 100
years. According to these simulations, the anthropogenic greenhouse effect is domi-
nant in the Southern Hemisphere, where the model predicts an equilibrium warming
of about 0.7°C, while in the Northern Hemisphere the sulfate cooling largely offsets
the greenhouse warming so that the total warming is less than 0.3°C. A net cooling is
simulated over industrialized regions, e.g., the U.S., Europe, and East Asia. The
relatively large remote response over parts of Canada and Greenland may be an artifact
of the model, which tends to overestimate the amplitude of the stationary waves.

A striking aspect of the simulations is that the model sensitivity seems to be
independent of the magnitude and character of the forcing but highly dependent upon
its sign. Sensitivity is relatively large if the sign is negative, while it is considerably
smaller if the sign is positive. The process that seems to determine this asymmetry is
the snow/ice-albedo feedback, which becomes increasingly important if the climate
starts to cool. These results are consistent with those of Manabe et al. (1991), who
obtained a significantly larger sensitivity in a CO,-halving (climate cooling) experi-
ment than in a CO,-doubling experiment.

Figure 18.2 (a) Annual mean surface air temperature change (°C) where 50% of the 2 x CO,
response is shown, equivalent to a forcing of approximately 2 W m™at the top of the tropopause.
(b) The temperature difference (°C) between the control experiment and an experiment is shown
where the SO, is removed from the present climate. Negative values are stippled. (c) Annual
mean temperature change (°C) with respect to the present for the combined (CO, + SO,) forcing
during the last 100 years. Dark shading denotes cooling and light shading warming of more
than 1 K.
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Figure 18.3 Seasonal cycle of the Arctic and Antarctic sea-ice areas. (a) Control experiment
together with the 2 x CO, experiment (1), denoted by “co2.” (b) Control experiment together
with the (CO, + SO,) experiment (3), denoted by “cs.”
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The regionally confined forcing resulting from anthropogenic sulfur emissions is
reflected in the climate response; however, remote effects are evident as well, particu-
larly in the Arctic. The poleward amplification of the warming, which is a characteristic
feature of CO,-forcing experiments but without observational evidence so far, is
significantly reduced in the Southern Hemisphere and totally offset in the Northern
Hemisphere if a modest sulfate acrosol forcing (35%) is added to the greenhouse
forcing. Consequently, the sea-ice area in the Arctic remains practically unchanged
and the mean sea-ice thickness is only slightly reduced.

Changes of climate-state variables, such as cloudiness, precipitation, or wind,
appear to be insignificant. Likewise, changes of the diurnal temperature range, which
might be expected as a result of enhanced backscattering of solar radiation in areas of
strong aerosol forcing, are related to the spatially incoherent changes of cloudiness
rather than to the aerosol forcing patterns.

Although the direct aerosol effect is possibly overestimated in this study (Kiehl and
Briegleb 1993), the indirect effect is not considered, so that the total aerosol forcing
of about 0.7 W m~ prescribed in the experiment may not be excessively high.

A similar investigation has been performed recently by Taylor and Penner (1994),
who coupled the NCAR Community Climate Model CCM1 with the Lawrence
Livermore National Laboratory tropospheric chemistry model. Although the sensitiv-
ity of the CCM1 is significantly larger than that of ECHAMI, and the details of the
remote response are different, the overall structure of the response is similar to that
shown in this study. In both studies, the climate equilibrium response has been
calculated with a simple oceanic mixed-layer model, so that a comparison with the
observational record of this century is problematic. Future work should address the
indirect acrosol effect as well as the coupling of the atmospheric GCM with the deep
ocean for transient response studies, so that a comparison with observed data would
be more meaningful.
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