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Abstract. A simple energy balance model is used to investigate the response to
a volcanic-type radiative forcing under different assumptions about the climatic
sensitivity of the system. Volcanic eruptions are used as control experiments to
investigate the role of the ocean-atmosphere coupling and of diffusive heat uptake
by the thermocline. The effect of varying equilibrium climate sensitivity by varying
the coupling of the atmosphere and ocean is examined, high sensitivity being
associated with weak coupling. A model representing a coupled land-ocean system,
with a reasonably realistic representation of the large-scale physics is used. It is
found that systems with large equilibrium sensitivities not only respond somewhat
more strongly to radiative perturbations but also return to equilibrium with much
longer timescales. Based on this behavior pattern, we examine the model response
to a series of volcanic eruptions following Krakatoa in 1883. Comparison between
the model results and past temperature records seems to suggest that use of small
sensitivity parameters is more appropriate. Despite the uncertainties associated
with both the physics and the quantitative characteristics of the radiative forcing
and the temperature anomalies produced by volcanic eruptions, the present study

constitutes a possible test of different assumptions about the sensitivity of the

climate system.

1. Introduction

The modeling of the climatic response to volcanic
eruptions has been sufficiently successful to suggest that
our understanding of the response of the land and sea
temperatures is basically correct. Despite the simplic-
ity of this case, it allows for testing various assumptions
that may prove important for long-term climatic predic-
tions. The initial response of the global mean temper-
ature to a volcanic eruption depends primarily on the
short timescale physics of the system. That is, the be-
havior for the first couple of years is relatively indepen-
dent of the feedback mechanisms that influence the re-
sponse to long-term climatic changes such as those due
to changes in concentration of greenhouse gases. The
point is simply that feedback mechanisms are excited by
changes in surface temperature which are significantly
delayed due to the heat capacity of the oceans. In our
model simulations this is indeed the case, at least within
the uncertainty arising from both the natural variabil-
ity of the climatic system and the observational uncer-
tainty in measuring a global scale quantity. As noted by
Lindzen [1994], the gross changes in temperature follow-
ing a single volcanic eruption, as predicted by models
using equilibrium sensitivities to doubling CO; in the
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range between 0.25°C and 6 °C, are observationally in-
distinguishable, insofar as the differences in the peak
response differ by less than 0.15°C.

However, as noted in the same paper, the long-term
response presents some intriguing qualitative differ-
ences. The physical mechanisms leading to the ad-
justment of the system back to equilibrium after a ra-
diative perturbation involve primarily atmospheric pro-
cesses. But, as noted by Hansen et al. [1985], the cou-
pling of the atmosphere with the surface is inversely
proportional to the climatic sensitivity. Consequently,
in more sensitive climates the oceans play an increas-
ingly important role, and, as they involve much longer
timescales, they keep the system out of equilibrium for
longer time periods. Lindzen [1994] found that models
with significant sensitivity maintained a residual cool-
ing of the order of 1/3 of the peak response for periods
longer than 20 years after the eruption, while less sen-
sitive models had very small residual temperature per-
turbations. This could provide a simple test, based on
past eruptions and temperature records, to differenti-
ate between various assumptions about the sensitivity
of the climate system. However, for the case of isolated
eruptions, the magnitude of the remaining signal is so
small that it is completely masked by climate “noise.”
In fact, as discussed in several papers [Bradley, 1988;
Robock and Mao, 1995; Hansen et al., 1997, even the
depiction of the peak response to large volcanic erup-
tions is no trivial task. In particular, Bradley [1988]
presents his results in terms of a standard deviation
scale which highlights the problems posed by the rela-
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tively small signal-to-noise ratio. Both Bradley [1988]
and Hansen et al. [1997] use composite responses for
several volcanoes to get a clear signal.

It is possible to overcome these problems in the case of
multiple consecutive volcanic eruptions. Beginning near
the end of the 19th century, a series of major eruptions
occurred, starting in 1883 with Krakatoa and continuing
until Katmai in 1912. This series of events could allow
us to check the effect of different assumptions about
the sensitivity of the system on the long-term residual
signal and compare them with the actual temperature
records. In models with strong positive feedbacks (and
hence high sensitivity), the residual signal from each
eruption would add to the perturbation caused from
the new volcano and thus produce not only a higher
maximum response but also a larger long-term effect.
In contrast to that, models representing less sensitive
systems would produce isolated peaks in the temper-
ature response, as the system would quickly return to
equilibrium after each individual eruption.

Lindzen [1994] elaborates on those concepts and pres-
ents calculations based on a model that included only
oceans and no land surfaces. In the present paper we
investigate the behavior of the system using again a
simple energy balance model, but this time including a
representation of a coupled land-sea system in our set
of equations. The presence of the land mass, character-
ized by a much smaller thermal capacity than the ocean,
forces the global mean temperature to respond more
strongly and quickly to the radiative forcing. However,
due to the dynamical coupling of land and sea, the long-
term response is mainly determined by the ocean. Thus,
as our present calculations show, the bulk of the results
of Lindzen [1994] remain valid.

8Q a 6Tlcmd

(Radiative forcing) (Surface cooling)

I P

ocean mixed layer

LINDZEN AND GIANNITSIS: VOLCANIC COOLING AND CLIMATE

2. Model Equations

In examining the system’s response to volcanic forc-
ing, we use globally averaged quantities both for the
forcing function and for the temperature response. We
represent our system by use of three coupled boxes,
one for the land-covered regions that represent a sur-
face area percentage of 30%, one for the ocean mixed
layer, and finally use a third box to represent the ther-
mocline and its role in communicating heat to and from
the ocean surface (see Figure 1). The role of the ther-
mocline in the energy transfer is represented by a sim-
ple diffusive process which serves as a surrogate for all
ocean processes acting to carry heat from the mixed
layer to the deeper layers of the ocean. The diffusive
layer representing the thermocline is assumed to have a
finite depth. We suppose a uniform upwelling pattern
below the thermocline that acts to inhibit diffusion of
heat to further depth.

Clearly, this model is not designed to represent in
detail the physics involved but rather, through parame-
trization, to make clear the physical significance of the
feedback processes involved, so as to allow us to form
a relatively simple qualitative picture of the dynamics
of the phenomenon. We will, in section 3, consider, in
detail, the implications of various model choices. The
equations defining our system are
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Figure 1. Geometry of simple box model for the climate system response to radiative pertur-
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The depth of the thermocline is taken to be Hiperm =
400 m; the coefficient of eddy heat diffusivity is taken to
be k = 1.5107*m?/s. Also the depth of the mixed layer
is taken to be H,,; = 75 m and the thermal capacity per
unit area of the land is about 30 times smaller than the
heat capacity per unit area of the mixed layer. Finally,
A=620W/m°C.

The coupling between land and sea is represented by
a simple linear term, proportional to the difference in
averaged temperatures. The coupling coefficient is de-
termined by tuning the system to the present climate
seasonal temperature cycle. Obviously, to simulate the
seasonal cycle one needs to use a model that includes
a latitudinal dependence in its variables. North and
Coakley [1979] have developed a set of equations that in-
cludes latitudinal variations and meridional heat trans-
port by baroclinic eddies in the form of heat diffusion.
Applying a perturbation to the system and taking a
global average leads to the set of equations presented
above, except for the absence of the thermocline in
North and Coakley’s model. It has been shown by Hof-
fert et al. [1980], for the case of a diffusive-advective
model, that the inclusion of the thermocline does not
influence significantly the response to forcings of peri-
ods smaller than 5-10 years. The same can be shown
for the present model. Following the analysis of North
and Coakley [1979], we calculated the value of v that
seems to best correspond to present atmospheric data.
North and Coakley chose v in order to simulate the zon-
ally averaged seasonal cycle, but their choice leads to a
seasonal cycle in temperature over land surfaces that is
too large and does not reasonably match data. Values
of v about 5-6 times their value produce more realis-
tic simulations (the issues are discussed in detail in the
Appendix). For the present runs we chose a value of
v = 2.83W/m?2°C. Finally, for B we chose a value of
1.5W/m?°C.

As to the forcing function, for the case of a single
eruption, following Hansen et al. [1992] and Oliver
[1976], we assume a volcanic sulfate veil being estab-
lished within a period of 8 months, thus causing a lin-
ear decrease in the incoming solar radiation with time,
and then decaying with an e-folding time of 13 months.
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For runs referring to the Mount Pinatubo eruption, we
have used a maximum forcing of 4.0 W/m? [Hansen et
al., 1992]. For the case of the multiple consecutive
volcanic eruptions, we have used a time series for the
global mean radiative forcing based on Mitchell’s index
of stratospheric aerosol loading, covering the years be-
tween 1880 to 1920 (taken from Robock and Free [1995];
see also Mitchell [1970]). It should be noted that the

uncertainty in the magnitude of the volcanic forcing for
eruptions previous to Pinatubo is significant [Robock,
1978; Robock and Free, 1995; Pollack et al., 1976; Sato
et al., 1993]. In Figure 2 one can compare different es-
timates of the radiative effect of aerosols resulting from
the volcanoes, taken from Mitchell [1970], Sato et al.
[1993], and Robock and Free [1995]. The details of the
three curves are different; however, the agreement on
the magnitude of the main eruptions is relatively good.
Comparisons of results for different choices will be pre-
sented.

The parameter that is of most interest, concerning the
results of the present paper, is the equilibrium climate
sensitivity, given by the ratio ATequil/AQ. For most
general circulation models (GCMs) the value of this pa-
rameter is approximately 1°C/(W/m?); however, un-
certainties about various feedback mechanisms result
in large uncertainty in the sensitivity parameter. In the
context of the present model the equilibrium climate
sensitivity has a slightly different definition since the
radiative forcing refers to radiative perturbations at the
surface rather than the top of the atmosphere. Thus,
for example, while the unbalanced radiative fluxes as-
sociated with a doubling of CO5 at the top of the at-
mosphere take the value of 4.0 W/m?, the surface fluxes
are only 1.8 W/m?. The equilibrium sensitivity for our
model is thus given by AT.quil/AQsurt = gain/B. The
“gain” parameter refers to the magnification of the equi-
librium temperature response of the model to a con-
stant external forcing with respect to the response in
the abserice of internal feedbacks that would change
the radiative characteristics of the present atmosphere.
Thus in the absence of feedback mechanisms the cur-
rent model’s equilibrium sensitivity is approximately
0.67°C/(W/m?) and the surface temperature response
to doubling CO3 is 1.2°C. In order to investigate the
effect of different choices for the equilibrium climate sen-
sitivity on the behavior of the system, we have used val-
ues of the gain ranging from 0.2 to 4.0, corresponding
to equilibrium responses to doubling CO32 in the range
of 0.24°C to 4.8°C.

It should be noted that buried in our definition of
equilibrium climate sensitivity is an imiplicit assumption
about the rigidity of the vertical temperature structure
of the model’s “atmosphere.” In the context of a sur-
face energy balance model the forcing used should not
necessarily be the unbalanced, purely radiative flux at
the surface of the three-dimensional atmosphere. The
forcing at the surface should rather be some “effective”
flux which depends on the dynamics of the atmospheric
column above the surface, where convection and other
mechanisms can act to redistribute energy between dif-
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Figure 2. Comparison of different estimates of volcanic aerosol forcing time series for the period
between 1880 and 1920 [Robock and Free, 1995; Mitchell, 1970; Sato et al., 1993].

ferent layers. In the case of an atmosphere for which
convection is assumed to act so as to keep the lapse
rate fixed, the “effective” surface flux should be the
flux at the tropopause, where radiative balance more
nearly applies. For an atmosphere in which there is
assumed to be no vertical redistribution of energy by
dynamical motions, the appropriate forcing is simply
the observed radiative forcing at the surface level. In
principle, for differing rigidities of the vertical temper-
ature structure, the appropriate values for the surface
forcing should lie somewhere between the value of the
unbalanced radiative flux at the surface and the one
at the tropopause. The dependence of the “effective”
surface forcing on the coupling between the surface and
the interior of the atmosphere can also be shown follow-
ing the methodology of Held and Suarez [1974], where
the correspondence between the surface energy balance
equations and the equations for a system including a
simplified atmosphere, coupled to the surface through
latent and sensible heat fluxes, is shown. Our choice
of 1.8 W/m? for the surface forcing from doubling CO,
implicitly assumes relatively weak atmospheric rigidity.
If the lapse rate were assumed to be completely stiff
and not to be affected by the heating in the interior of
the troposphere due to CO,, then the equivalent sur-
face forcing due to double CO; should have been set
to 4.0 W/m? In most GCMs the rigidity of the verti-
cal temperature structure is greater than observed [Sun
and Held, 1996]. Observations show significant decou-
pling in the vertical [Lee and Mak, 1994; Sun and Held,
1996]. However, it should be kept in mind that the
above ambiguity, concerning the rigidity of the verti-
cal temperature structure, introduces an uncertainty in
our stated sensitivities, as expressed in terms of ATequil,
which may be as high as a factor of 2.

3. Comparison of Deep Ocean
Parameterization With Other Models

Regarding the parameterization of heat uptake by
the deep ocean, two other types of simple models have
also been widely used to examine problems concern-
ing the long-term response to external climatic forcing.
The first one involves a semi-infinite, purely diffusive
layer [Hansen et al., 1985] and the other a finite depth
diffusive-advective ocean [Hoffert et al., 1980; Harvey
and Schneider, 1985a, b; Harvey, 1986]. As discussed by
Lindzen [1994] and Harvey [1986], use of a semi-infinite
diffusive layer leads to very long response timescales for
the system. Models including mechanisms that prohibit
the diffusion of heat to great depth are considered more
appropriate for answering questions related to climatic
problems. In this respect the finite depth box diffusive
model used here exhibits a similar behavior to the box
advective-diffusive models of Hoffert et al. [1980] and
Harvey [1986], for the appropriate choice of parameters.
The steady state temperature structure with depth of
the advective-diffusive model is characterized by a de-
cay scale height which is given by H = k/w and for the
parameters used by Hoffert et al. [1980] is of the order
of 500 m. This scale height represents roughly the depth
of penetration of heat from the mixed layer. Thus, in
the context of the present model, a choice of thermo-
cline depth of the same order leads to similar behavior
for timescales in the range of 10 to 100 years.

To verify the similarity of the two models, we have
performed a series of calculations using various types
of external forcings and have compared the results for
systems of high equilibrium sensitivity, so as to maxi-
mize the importance of the deep ocean layer. The ex-
periments include the response of the system to a step
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function type anomalous forcing, as well as to a linearly
increasing (with time) radiative perturbation and to the
two types of volcanic experiments we have described
above. The results are presented in Figures 3a-3d. For
reasons of simplicity we have limited the calculations
to ocean-only systems. It can be shown that the re-
sults remain similar for systems that include both land
and oceans. As can be seen in the figures, a choice
of thermocline depth of 400 m gives quite good agree-
ment with the advective-diffusive model, for both the
suddenly applied and the linearly increasing radiative
forcing. In the cases of single and multiple volcanic
eruptions, one notices that the semi-infinite purely dif-
fusive model seems to return to equilibrium quicker, rel-
ative to the finite depth thermocline model and to Hof-
fert’s model. This is because the temperature anoma-
lies have penetrated to greater depth during the cooling
phase of the evolution and thus are less capable of in-
fluencing the behavior of the surface after the switch off
of the external forcing. Leaving apart the behavior of
Hansen’s model, one sees again the good agreement be-
tween Hoffert’s model and the model we are presently
using. Therefore it is clear that the choice of the par-
ticular parameterization is not important as long as the
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basic physics involved are to first order correctly repre-
sented.

4. Results

The temperature response to a Pinatubo magnitude
volcanic forcing, for different choices of climate sensi-
tivity, is shown in Figures 4a-4c. The sea surface tem-
perature (SST) signal shows a maximum perturbation
in the range between —0.15° and —0.3 °C for small and
high sensitivities, respectively. The long-term behav-
ior presents more apparent differences for different gain
assumptions. For the case of small climate sensitivity,
the SSTs quickly return to their equilibrium values after
about 5 or 6 years, while for climates with high sensitiv-
ities the imbalance continues for more than two decades,
and the residual signal 20 years after the eruption is as
big as about one third the maximum response. Another
qualitative difference in the pattern of response for dif-
ferent choices of sensitivity parameters is the time at
which the temperature response maximizes. For low-
gain systems the SST anomaly peaks 1 year after the
eruption, while for high-gain systems this occurs 1 year
later.
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Figure 3. Comparison of the response of different models of the “deep” ocean for a system of
equilibrium response to doubling CO of 4.8°C. The diffusive coefficient used is k = 1.5cm?/s.
The vertical velocity in Hoffert’s model [1980] is chosen so as to keep the equilibrium temperature
scale height the same as in the original version of the model. Response to (a) a step function forc-
ing, (b) a linearly increasing forcing, (c) a single volcanic eruption, and (d) multiple consecutive

eruptions.
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Figure 4. Response to the Pinatubo type volcanic eruption for different values of the climatic
sensitivity of the system. (a) Land temperature anomalies, (b) sea temperatures, and (c) globally

averaged temperature anomalies.

For land surface temperatures, the maximum re-
sponse ranges between —0.3° and —0.5°C and follows
the maximum in the forcing with no more delay than a
month. The long-term response follows the sea surface
temperatures, since the two systems are closely linked
through the dynamic coupling term. Thus the long-
term behavior of the land temperature is controlled by
the ocean diffusion mechanism. These characteristics
show up in the curves for the global mean temper-
ature. The maximum temperature perturbations for
the period 1 to 2 years after the eruption lie between
—0.2°C and —0.35°C. This is about the magnitude of
the observed composite response given by Hansen et al.
[1997] to Krakatoa, Santa Maria, Agung, El Chichon,
and Pinatubo. Since at least two of these volcanoes
are thought to have been about 2 times weaker than
Pinatubo, our model probably slightly underestimates
the response to a Pinatubo-like eruption. Thus in the
context of the present model it is unlikely that we have
used exaggerated volcanic forcing. On the other hand,
an anonymous reviewer has suggested that according
to a recent report (G. Stenchikov et al., unpublished
paper, 1997), the veil from Pinatubo reached its maxi-
mum after only 5 months and that the maximum value
of the forcing was —3.2W/m?2. Such forcing leads to

a reduction of about 256% in our calculated response
to Pinatubo and an even greater underestimate of the
temperature response. However, given the present de-
gree of uncertainty, in both the forcing estimates and
observations, it is unclear what the robustness of such
a conclusion might be.

Concerning the results of our model, given the small
separation between the different curves, compared to
natural variability, it is probably not possible to dis-
tinguish between different choices of sensitivity based
on the maximum temperature response. The coupling
between land and sea, together with the large surface
area percentage covered by sea, lead to the fact that
the land surface temperature extremum is restricted
to relatively low values and the global mean tempera-
ture closely follows the sea surface temperature curves.
Contrary to our results, Hansen et al. [1992] found
a maximum response for the mean global temperature
of about —0.5°C. This response magnitude seems too
high. Robock and Mao [1995] have analyzed tempera-
ture data following the Pinatubo eruption and have esti-
mated a globally averaged temperature anomaly max-
imum of about —0.3°C. Even in the northern hemi-
sphere where the land coverage is about 40%, the peak
response they calculate is not larger than —0.4°C. With
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the present model one could attain magnitudes com-
parable to the results of Hansen et al. [1992] only
by choosing a much lower land-sea coupling coefficient.
This, however, would lead to conflicts with observations
of the seasonal temperature signal as noted above. Thus
this suggests a possible inadequacy of the Goddard In-
stitute for Space Studies (GISS) model that Hansen et
al. [1992] are using in producing adequate coupling of
the land and oceans. The difficulty of various GCMs
including that at GISS in reproducing the reduced sea-
sonality of continental interiors in reconstructions of the
warm climates of the Eocene and Cretaceous may be an
indication of such a problem as well [Kerr, 1993; Sloan,
1994; Markwick, 1994].

In this simple example of a single volcanic eruption
one can see the potential for distinguishing between dif-
ferent assumptions for the gain, since highly sensitive
climates have a strong residual signal that lasts more
than two decades. However, in the case of the single vol-
cano, neither the magnitude of the maximum response
nor the magnitude of the residual signal are high enough
to allow us to differentiate those cases using past tem-
perature records, since all those signals are rendered
statistically uncertain by natural variability, which for
interannual or decadal timescale phenomena is typically
taken to be of the order of 0.15°C.
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However, the case of the multiple consecutive erup-
tions allows us to get much clearer results, reflecting on
the physics of the system. The results for the model
runs with the multiple eruption case are presented in
Figures 5a-5c. In this case one can see the large differ-
ence between systems with different climate sensitivities
both in the maximum response and in the magnitude
of the residual signal decades later. This difference in
behavior is due to the fact that with every new erup-
tion the temperature perturbation adds to the preexist-
ing background temperature. Thus, since the volcanic
eruptions are separated by only a few years, the resid-
ual signal has not had enough time, in the “sensitive
climate” runs, to die out and the temperature anoma-
lies keep building up. It is characteristic that in the run
where the gain has been specified to be 0.2 the system
returns so quickly to equilibrium that the eruptions ap-
pear as separate and the perturbation temperature time
series shows only individual blips. In this case the max-
imum perturbation in the whole time series is not larger
than —0.25°C, just as much as an individual eruption,
with a forcing of approximately the same magnitude as
in the Pinatubo case, would produce. As we increase
the value of the gain, the residual signal from each erup-
tion starts becoming more important and lasting longer
so the maximum signal becomes much larger and the
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Figure 5. Response to the series of consecutive eruptions between Krakatoa in 1883 and Katmai
in 1912. The forcing time series has been based on Mitchell’s index [Robock and Free, 1995;
Mitchell, 1970]. (a) Land temperature anomalies, (b) sea temperatures, and (c) globally averaged

temperature anomalies.
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dip in the temperatures is much more prominent. Thus
for values of the gain parameter of the order of 2.0, the
maximum global mean temperature anomaly is about
—0.45°C around 1890 and in 1905. Also in this case the
dip in temperatures, following the eruptions between
Krakatoa and Santa Maria, is of the order of —0.2°C
for the whole 20-year period in between those two erup-
tions. It should be noted that if we had chosen land-sea
coupling to replicate Hansen et al. [1992], we would
have obtained larger temperature perturbations follow-
ing the various volcanos starting with Krakatoa. As far
as the magnitude of the long-term residual signal is con-
cerned, in the high-sensitivity runs it is of the order of
—0.2°C even 50 years after the last eruption. For lower
values of the sensitivity parameter the signal dies out
more quickly.

It is interesting that the separation of the different
response curves is very small for the 2 or 3 years im-
mediately after an eruption, while it increases as time
passes. One can see either in the single volcano runs or
in the multiple eruptions case that for values of the gain
between 0.6 and 4.0 the temperature difference in the
first few years after the initial eruption is not greater
than 0.15°C. Actually, there seems to be a lumping of
the curves for gain greater or equal to 0.6. At the same
time the curve representing a system with gain value
0.2 is separated from the rest. Therefore, if the present
climate sensitivity lies anywhere in the range between
0.6 and 4.0, it is very difficult to validate any specific
choice based on the short-term response of the system.
However, since the separation between the curves in-
creases as time elapses, one might be able to narrow
the range of uncertainty in the magnitude of the climate
sensitivity by examining the long-term behavior. The
multiple eruptions case proves helpful in this respect
as it increases significantly the separation between the
different curves and makes it nontrivial with respect to
natural variability.

Concerning the results presented above, there are
some points requiring clarification. In more complicated
model studies [Robock and Mao, 1992, 1995; Graf et
al., 1993] it has been found that the regional response
patterns can be significantly affected by the inclusion
of atmospheric dynamics. In the above papers, spe-
cial patterns of behavior for high-latitude land surfaces
were observed during the first 2 years after a volcanic
eruption, depending on the timing of the eruption rel-
ative to the seasonal cycle. Taking into account the
distribution of the observational network and the def-
inite underrepresentation of tropical regions and of all
regions in the southern hemisphere, it follows that the
presence of special behaviour patterns in the northern
hemisphere might mar the results when one tries to de-
rive a global average value for the temperature pertur-
bation. However, this does not particularly affect our
results since we are more interested in testing the gross
characteristics of the different responses and the long-
term behavior rather than the detailed pattern of be-
havior of the system in the period immediately follow-
ing the eruptions. Also, in using global averages for our
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set of equations, we have implicitly neglected any snow
albedo feedback and have assumed that the radiative
perturbation is not amplified at any particular latitude

‘zone due to internal factors. In simple energy balance

models that have been used in the past [Robock, 1978,
1984] and have been based on the Sellers and Budyko
models, it was found that the snow/ice albedo feedback
seriously affected the results even in a global average
sense. However, there are major uncertainties in the
estimates of the albedo feedback. In contrast to the
results of the Budyko-Sellers type models, GCMs show
much smaller albedo feedbacks, and this seems to be
supported by satellite observations [Cess et al., 1991].
To avoid unnecessary complexity, we choose to ignore
the action of albedo feedbacks in our calculations.

As the results show, the long-term behavior is follow-
ing the SST pattern due to the large thermal inertia of
the ocean mixed layer and the large surface area per-
centage it represents. However, those results are sen-
sitive to the influence of the thermocline, through the
uptake of heat, here parameterized as a diffusion pro-
cess. Obviously, GCM results including only the mixed
layer cannot fully depict the long-term signal. Though
the box diffusion model probably represents more fully
the involved processes, the exact value of the appropri-
ate diffusion coefficient is open to question. The present
climate temperature time series requires an ocean de-
lay time compatible with the diffusion coefficient we
have used here in order to be broadly consistent with
model predictions of the response to increasing green-
house gases [Houghton et al., 1992]. Use of smaller diffu-
sivities as suggested by Danabasoglu et al. [1994] would
lead to shorter delay times and greater incompatibili-
ties between the past century temperature time series
and model predictions [Lindzen, 1994]. It might be that
Danabasoglu et al.’s values are not appropriate for the
gross coupling averaged over all oceans.

In order to test the sensitivity of our results to uncer-
tainties in both the volcanic forcing and the specific val-
ues of the various parameters, we performed a variety of
calculations. First, to check the effect of the uncertainty
in the forcing time series, we ran the multiple eruptions
experiment using estimates for the aerosol forcing taken
from Sato et al. [1993]. The results for the global mean
temperature anomaly are shown in Figure 6. One can
see that while the differences in the detailed structure
of the temperature time series between 1883 and 1920
are significant (see Figures 5¢ and 6), the strength of
the bulk perturbation in temperature during this whole
period and of the long-term residual cooling, following
the last eruption, are approximately the same as in our
basic experiment. Concerning the sensitivity to changes
in the various internal parameters of the model, we per-
formed calculations using a diffusive coefficient 3 times
smaller than our base case, that is, & = 0.6cm?/s, a
coupling coefficient of 1.41 W/m?°C, and a mixed layer
of depth of 30m. The respective time series for the
global mean temperatures are shown in Figure 7 for a
system with an equilibrium response to doubling CO2
of 4.8 °C. Again we chose a system of high sensitivity in
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Figure 6. Globally averaged temperature response to the volcanic eruptions starting with Kraka-

toa, using the forcing time series of Sato et al.

order to maximize the importance of the deep ocean and
therefore also maximize the sensitivity to any changes
in internal parameters. As can be seen in this figure,
regarding the gross characteristics of the behavior, the

(1993].

sensitivity to the choice of climatic gain is much larger
than that due to the uncertainty in the mixing and cou-
pling parameters; thus the qualitative analysis of our
model results remains valid.
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5. Discussion

In the work by Lindzen [1994] the response of a simple
energy balance model to volcanic radiative forcing was
examined in a system that did not include any land sur-
faces. The consequences of the coupling between land
and sea are straightforward. Due to its large heat ca-
pacity, the ocean surface experiences only a small per-
turbation in temperatures. Thus coupling land and sea
limits the response of the land to the forcing by car-
rying heat from the ocean to the land surfaces at the
initial stages and thus easing the thermal forcing that is
applied to them. This also forces the ocean to respond
more quickly than in the sea-only model. For timescales
long compared to the coupling timescale, the tempera-
ture curves of the land and sea surface follow each other
closely, and it is the ocean system that mainly deter-
mines the overall behavior through the heat diffusion
process. In the ocean-land system the response of the
globally averaged temperature perturbation maximizes
about a year after the eruption, without significant dif-
ferences between systems with different sensitivities. It
is not possible therefore to distinguish between differ-
ent sensitivity assumptions based on the magnitude or
the timing of the short-term response to a single vol-
canic eruption. In general, one can say that since the
response during the first 2 or 3 years after the eruption
is not strongly differentiated in the simple energy bal-
ance model for cases with different sensitivities, natural
variability, data inadequacies and complicated dynami-
cal feedbacks will not allow us to discriminate between
various sensitivity values based on the short-term re-
sponse.
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On the other hand, in the case of multiple consecu-
tive eruptions, the model results suggest that for high
climate sensitivities, because of the buildup of temper-
ature anomalies following each eruption, the dip in the
temperatures is much stronger and much more promi-
nent than in the single eruption case. Moreover, this
leads to stronger long-term signals and larger separation
between the predictions of models with different sensi-
tivities. In the case of high sensitivity systems there
would be a residual signal in the globally averaged tem-
perature of about —0.2 °C for more than 30 years after
the eruptions of Soufriére and Santa Maria in 1902. In
order to compensate for that, one would need an addi-
tional external forcing to the system of at least as large
a magnitude as the volcanic forcing. This is certainly
incompatible with the estimates of the perturbation in
the infrared radiation caused by COs in this period.
This can indeed be seen in Figure 8 where we show
the results of a run that combines volcanic forcing and
background forcing due to CO5 and compare the model
predictions to observed changes in the global mean tem-
perature from 1870 to 1960 [Hansen and Lebedeff, 1987,
1988; Jones et al., 1986]. The results for the models are
normalized so that in 1880, right before the Krakatoa
eruption, the predicted temperatures coincide with the
“observed” global mean temperature, averaged over the
period 1870 to 1880. One sees indeed the strong dips in
temperatures following the eruptions of Krakatoa and
Santa Maria, for the high-sensitivity case. The COq
forcing does not manage to reverse the sign of the tem-
perature perturbation until about 30 years after the ex-
plosion of Santa Maria.

Of course such a comparison does not lead to ex-
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Figure 8. Comparison of observed changes in globally averaged temperature [Hansen and Lebe-
deff, 1988; Jones et al., 1986] and model predictions, using combined CO5 and volcanic radiative

forcing.
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plicit quantitative conclusions about possible limits on
the equilibrium sensitivity of our climate system. In
order to do a quantitative analysis one would have to
conduct a model run that would include not only the
volcanic and CO, forcing but also the forcing from
anthropogenic tropospheric aerosols and the recorded
variations in the solar irradiance, though such forcings
are, themselves, uncertain. We believe that the picture
would probably not change much by the inclusion of
such forcings and that still the volcanic eruptions would
have the largest impact in the temperature variation be-
tween 1880 and 1920. It would be interesting though to
see whether a robust statistical analysis would provide
limits for the equilibrium sensitivity that would allow
us to narrow the range of uncertainty for this parameter
and what those limits might be. Such an analysis would
have to involve curve fitting the model predictions onto
the observed record and would have to take into account
the natural variability of the recorded temperature time
series as well as the uncertainty in the prevolcano condi-
tions, that is, the uncertainty in the “initial conditions”
in 1883 when the Krakatoa eruption occurred. The pa-
rameter uncertainty of our model results and the uncer-
tainty regarding the right choice for the CO5 effective
surface forcing would certainly affect the results of such
an analysis.

In general, it is clear that the uncertainties in our
results are large. For one thing, there is a large uncer-
tainty in the magnitude of the volcanic forcing itself,
although, as we have noted, it is unlikely that the forc-
ing used here is excessive. If the magnitude of the most
intense eruptions is captured correctly by any of the
current estimates, then the estimate of the residual sig-
nal will be roughly correct. Apart from that, there is
significant uncertainty in the estimates of the diffusiv-
ity coefficient and therefore in the timescale associated
with heat uptake by the thermocline. However, as dis-
cussed by Lindzen [1994], in order for the predictions of
high-sensitivity models to be compatible with the over-
all change in temperature during the last century, it
would be necessary that the delay time associated with
the influence of the ocean on the system be long, and
for systems of equilibrium temperature change to dou-
bling CO» of the order of 4°C, the appropriate delay
time would have to be of the order of a century. Dif-
fusivity coefficient values in the range between 1.0 and
2.0cm?/s fit better into this picture than lower diffu-
sivity estimates. Altogether, despite the various stated
uncertainties, the results of our calculations show that
choices of relatively small values for the gain of the sys-
tem are probably more appropriate in describing our
climate system.

Appendix

North and Coakley [1979] explain in detail how it is
possible by use of a simple energy balance model to
simulate the seasonal temperature cycle and estimate
the magnitude of the land-sea coupling coefficient that
we use in our global average model. The equations they
use are the following :
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0T}an 0 5]
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T 0 0
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North and Coakley [1979] express their solutions in
terms of Fourier-Legendre functions which form a natu-
ral basis for the equations above, They only retain the
part of the solution that projects onto the first three
Legendre polynomials and that represents the annual
mean and the seasonal variations of the examined fields.

Ti(z,t) = Tio + T; 1 cos(wt + ¢;) Pi(z) + T; 2 Pa(x)

To evaluate the appropriate value for the land-sea
coupling coefficient, we have used data from the Na-
tional Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) re-
analysis [Kalnay et al., 1996] covering the years 1982-
1994. From the climatological data we have calculated
the magnitude of 7} for the land, the sea, and the zonal
mean surface temperatures and compared to the pre-
diction of the model of North and Coakley [1979] for
a variety of choices of v. In Table Al we display the
model prediction for the land and sea seasonal temper-
ature variation amplitude, for both hemispheres, for a
wide range of choices of the coupling coefficient. North
and Coakley [1979] only compared the model predic-
tions with observations for the zonal mean temperature
and found good agreement for a value of v of about
0.5 W/m?°C. However, this choice leads to a land tem-
perature seasonal variation amplitude of about 40°C
for the northern hemisphere and of about 25°C for
the southern hemisphere, which in both cases are much
higher than the observed values. It also leads to a sea
surface temperature variation of 4°C and 3 °C, respec-
tively, half the observed values.

Therefore North and Coakley [1979] get the zonal
mean temperature right by neglecting the bad agree-

Table A1l. North’s Model Versus Observations

(N. Hemisphere) (S. Hemisphere)

v Tiand,l Tml,l Tiand,l Tml,l
VV/m2 °C °C °C °C °C
0.47 37.8 3.4 27.3 2.8
1.41 25.8 3.9 15.5 3.0
2.82 17.6 4.2 9.6 3.1
4.72 12.6 4.4 6.7 3.2
Observations 18.5 9.5 8.5 6.5

Predictions of North and Coakley’s[1979] model for the
amplitude of the land and sea seasonal temperature varia-
tion coeflicients, for various choices of the coupling coeffi-

cient v. Comparison with observed values calculated from
NCEP/NCAR reanalysis [Kalnay et al., 1996).
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ment they have for both the land and sea temperature
cycle. Given that the most sensitive part of the system
to getting the heat transfer between land and sea right
is the land surface, due to its small thermal inertia, we
have chosen to use the land surface temperature as the
appropriate measure of agreement between the model
and observations. Clearly, to get the land surface tem-
perature cycle right one has to choose a coupling coeffi-
cient about 6 times larger than what North and Coakley
[1979] did.

It should be stressed that in tuning to climatology
one should not seek agreement in the details, given the
simplicity of the model. In that respect it is not impor-
tant that the sea surface temperature variation is not
tuned correctly. In order to get a sea surface tempera-
ture seasonal cycle of magnitude comparable to the ob-
served one, one would have to use a mixed layer of only
30m deep. However, even then the phasing of the sea
surface seasonal cycle with respect to the solar forcing
cycle would be very different from the observed. How-
ever, none of this is crucial in getting the magnitude of
the land-sea heat exchange right, which is what we are
aiming for concerning our model. Due to its parameter-
ization, and due to the small magnitude of the mixed
layer seasonal temperature variation, the heat transfer
is practically only dependent on v and Tjanq,1 and is
very insensitive to variations of Tpy 1.
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