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ABSTRACT

This study analyzes the variability of surface air temperature (SAT) and sea surface temperature (SST)
obtained from a 1000-yr integration of a coupled atmosphere—ocean—land surface model, which consists of
general circulation models of the atmosphere and oceans and a heat and water budget model of land surface.

It also explores the role of oceans in maintaining the variability of SAT by comparing the long-term integration
of the coupled model with those of two simpler models. They are 1) a ‘‘mixed layer model,”’ that is, the general
circulation model of the atmosphere combined with a simple slab model of the mixed layer ocean, and 2) a
““fixed SST model,”’ that is, the same atmosphere model overlying seasonally varying, prescribed SST.

With the exception of the tropical Pacific, both the coupled and mixed layer models are capable of approxi-
mately simulating the standard deviations of observed annual and 5-yr-mean anomalies of local SAT. The
standard deviation tends to be larger over continents than over oceans, in agreement with the observations. Over
most continental regions, the standard deviations of annual, 5-yr- and 25-yr-mean SATs in the fixed SST model
are slightly less than but comparable to the corresponding standard deviations in the coupled model, suggesting
that a major fraction of low-frequency local SAT variability over continents of the coupled model is generated
in situ, .

Over the continents of both the coupled and the mixed layer models, the spectral density of local SAT is
nearly independent of frequency. On the other hand, the spectral density of local SAT over most of the oceans
of both models increases very gradually with decreasing frequency apparently influenced by the thermal inertia
of mixed layer oceans. However, both SST and SAT spectra in the coupled model are substantially different
from those in the mixed layer model near the Denmark Strait and in some regions in the circumpolar ocean of
the Southern Hemisphere where water mixes very deeply. In these regions, both SST and SAT are much more
persistent in the coupled than in the mixed layer models, and their spectral densities are much larger at multi-
decadal and/or centennial timescales.

It appears significant that not only the coupled model but also the mixed layer model without ocean currents -

can approximately simulate the power spectrum of observed, global mean SAT at decadal to interdecadal time-
scales. However, neither model generates a sustained, long-term warming trend of significant magnitude such
as that observed since the end of the last century.

1. Introduction

The time series of observed global mean surface air
temperature (SAT), which have been compiled by var-
ious authors (e.g., Jones and Wigley 1991), exhibit
temporal variability not only on the interannual but also
on the decadal and interdecadal timescales. They also
possess a slow but sustained global warming trend over
the last 100-yr period.

One of the important processes that controls the un-
forced, low-frequency variation of sea surface temper-
ature (SST) is the interaction between the oceans and
the atmosphere. Hasselmann (1976) and Frankignoul
and Hasselmann (1977) suggested that, in the midoce-
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anic regions away from intense current and thermal
fronts, the temporal variation of SST may be similar to
a red noise response to random white noise thermal
forcing from the atmosphere.’It is expected that the
spectrum of SST thus generated should in turn affect
that of SAT. Since SST and SAT have more time for
mutual adjustment at the lower frequency, the two
spectra should become similar to each othier, yielding
a gradual increase of the SAT spectrum toward low
frequency. We also speculate that this mechanism may
be operating also over the continents. However, be-
cause of the small effective thermal inertia of the con-
tinental surface, the power spectra of both land surface
temperature and SAT is almost white except at very
short timescales, as will be shown later.

The temporal variation of ocean circulation could
also be involved in very low frequency fluctuations of
both SST and SAT. For example, Bjerknes (1964)
speculated that interdecadal variations of SST in the
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North Atlantic might result from fluctuations in the in-
tensity of the thermohaline circulation. Recently, Kush-
nir (1994 ) detected a pattern of SST anomalies on the
interdecadal timescale, which, in his speculation, is
generated by temporal variations of the thermohaline
circulation in the Atlantic Ocean. Analyzing a long-
term integration of a coupled ocean—atmosphere
model, Delworth et al. (1993 ) have shown that the cou-
pled model can generate interdecadal variations of the
thermohaline circulation in the North Atlantic Ocean
and associated anomalies of SST that resemble the ob-
served (Kushnir 1994).

Recently, Stouffer et al. (1994) extended the period
of the above-mentioned integration of the coupled
ocean—atmosphere model to 1000 years. They ana-
lyzed the temporal variation of the global mean SAT
obtained from the coupled ocean—atmosphere model
and compared it with the observed variation. Although
the model does not yield a trend similar in magnitude
and duration to the possibly anthropogenic warming
trend of 0.5°C 110~" yr observed since the end of the
last century, it generates climate variability of inter-
annual to interdecadal timescales comparable with ob-
servations.

The main goal of the present study is to acquire a
global perspective on the role of oceans and conti-
nental surface in shaping the variability of climate.
Extending the studies of Delworth et al. and Stouffer
et al. mentioned above, it analyzes the variability and
persistence of local and global mean SATs, which
are obtained from a 1000-yr integration of the cou-
pled atmosphere—ocean—land surface model, and
compares them with available observations. It also
explores how the temporal variation of local SAT is
integrated to yield that of global mean SAT on in-
terannual and longer timescales.

To identify the role of the oceans in the low-fre-
quency fluctuation of climate, long-term integrations
of three different models are performed and com-
pared with each other. The first model, the ‘‘coupled
model’’ described in section 2a, is constructed by
combining a general circulation model of the atmo-
sphere with that of oceans. The second model, the
“‘mixed layer model’’ described in section 3a, is
made by combining the general circulation model of
the atmosphere with a very simple mixed layer ocean
model in which the heat exchange between the mixed
layer and deeper layer ocean is prescribed depending
upon season and geography but does not change from
one year to the next. By comparing long-term inte-
grations of these two models, we hope to explore the
role of the sub—mixed layer ocean and horizontal
oceanic heat transport in determining the variability
of climate. The third model, the ‘‘fixed SST model”’
described in section 3b, is the general circulation
model of the atmosphere with observed SSTs, which
vary with respect to season and geography. By com-
paring the integrations of the fixed SST with the cou-
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pled model, we hope to assess the influence of
oceans, as a whole, upon the variability of climate.

2. Coupled model
a. Model structure

The coupled atmosphere—ocean—land surface model
used in this study was developed for the study of global
warming and is called coupled model for simplicity.
The structure and performance of the model were de-
scribed briefly by Stouffer et al. (1989) and in more
detail by Manabe et al. (1991, 1992) and Manabe and
Stouffer (1994). The model consists of a general cir-
culation model of the global ocean coupled to a general
circulation model of the atmosphere. Heat, water, and
snow budgets at the continental surface are included.
The model has global geography consistent with its
computational resolution and seasonal (but not diurnal )
variation of insolation.

In the atmospheric component of the model, dy-
namic computations are performed using the so-called
spectral element method in which the distribution of a
predicted variable is represented by a set of spherical
harmonics (with 15 zonal waves and 15 associated Le-
gendre functions) and grid values (Orszag 1970; Gor-
don and Stern 1982). There are nine unevenly spaced
levels for the finite differencing in the vertical direc-
tion. The effects of clouds, water vapor, carbon diox-
ide, and ozone are included in the calculation of both
solar and terrestrial radiation. Water vapor and precip-
itation are predicted in the model (Manabe et al. 1965),
but a constant mixing ratio of carbon dioxide and a
zonally uniform, seasonally varying, vertical distribu-
tion of ozone are prescribed. Overcast cloud is assumed
whenever relative humidity exceeds a critical value
(99%). Otherwise, clear sky is predicted.

The ocean model of Bryan and Lewis (1979) has
been modified as described by Manabe et al. (1991).
The finite-difference mesh used for the time integration
of the primitive equations of motion has a spacing be-
tween grid points of 4.5° latitude and 3.7° longitude. It
has 12 unevenly spaced levels in the vertical direction.
In addition to the horizontal and vertical background
subgrid-scale mixing and convective overturning, the
model has isopycnal mixing as described by Redi
(1982) and Tziperman and Bryan (1993). The model
predicts sea ice using a simple model developed by
Bryan (1969).

The atmospheric and oceanic components interact
with each other through the exchanges of heat, water
(including ice), and momentum at their interface. The
water/ice flux includes runoff from the continents to
the oceans. The runoff of meltwater from continental
ice sheets, however, is not taken into consideration, as-
suming that the shapes of ice sheets are unchanged dur-
ing the time integration of the coupled model.
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b. Time integration

The initial conditions for the time integration of the
coupled model have realistic seasonal and geographical
distributions of surface temperature, surface salinity,
and sea ice with which both the atmospheric and oce-
anic model states are nearly in equilibrium. When the
time integration of the model starts from this initial
condition, the model climate drifts toward its own equi-
librium state, which differs from the initial condition
described above. To reduce this drift, the fluxes of heat
and water imposed at the oceanic surface of the coupled
model are modified by the amounts that vary geograph-
ically and seasonally but do not change from one year
to the next [ see Manabe et al. (1991) and Manabe and
Stouffer (1994) for details]. Since the adjustments are
determined prior to the time integration of the coupled
model and are not correlated to the transient anomalies
of SST and SSS (i.e., sea surface salinity), which can
develop during its integration, they are unlikely to ei-
ther systematically amplify or dampen the anomalies.
Owing to the flux adjustment technique described
above, the model fluctuates around a realistic equilib-
rium state. One should also note, however, that this
technique is quite different from the ‘‘restoring’’ that
has been applied to SST and SSS during the time in-
tegration of an ocean-only model (e.g., Bryan and Cox
1967), which strongly damps surface anomalies.

Starting from the initial condition that was obtained
and described above, the coupled model with the flux
adjustraents is integrated over a period of 1000 years.
The mean trend in global mean surface air temperature
during this period is very small and is —0.023°C cen-
tury ~'. The trend of global mean temperature in the
deeper layers of the model oceans is somewhat larger
and is —0.07°C century ~'. This trend appears to result
from the imperfection of the procedures that we devel-
oped for the determination of the initial condition and
the time integration of the coupled model. The specific
reasons for this trend, however, have not been identi-
fied and are under investigation.

3. Simpler models
a. Mixed layer model

Although the atmospheric and land surface compo-
nents of this mixed layer model are identical to those
of the coupled model described in section 2, its oceanic
component is a simple mixed layer ocean model, which
is a 50-m-thick slab of vertically well-mixed (but hor-
izontally insulated) water. It contains a highly idealized
scheme for sea ice prediction, which is identical to the
thermodynamical part of the sea ice scheme used in the
coupled model. With the exception of the prescribed
heat flux described below, the model is similar to what
was used by Manabe and Broccoli (1985) for their
study of the climate of the last glacial maximum. The
rate of heat exchange between the mixed layer and the
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deep ocean layers is prescribed such that the seasonal
and geographical distributions of SST and sea ice thick-
ness are realistic (Hansen et al. 1984). Again, one
should note here that this prescribed heat flux is deter-
mined prior to the integration of the mixed layer model
and is uncorrelated to the transient SST anomalies that
develop during the course of the time integration of the
mixed layer model. Therefore, it is not expected that
the prescribed heat flux either amplifys or dampens the
anomalies.

To determine the heat flux to be prescribed, a prelim-
inary integration of the mixed layer model was per-
formed over a period of 30 years starting from the ini-
tial condition of an isothermal atmosphere at rest.
Throughout the course of this preliminary integration,
SST and sea ice thickness are set to the observed cli-
matological values. The heat required to maintain the
observed values is averaged over 10 annual cycles be-
tween the twentieth and thirtieth years of this integra-
tion when the global mean surface air temperature of
the model no longer changes systematically with time.
In the integration of the mixed layer model described
below, a seasonally and geographically varying heat
flux is prescribed at the bottom of the mixed layer
ocean such that it is equal to the heat source (or sink)
computed here.

Starting from the state reached at the end of the pre-
liminary integration, the mixed layer model was inte-
grated over the period of 1000 years, allowing both the
temperature and ice thickness of the mixed layer ocean
to change thermodynamically. The heat flux, which
was determined from the preliminary integration, was
prescribed at the bottom of the mixed layer as a func-
tion of season and geography. Owing to this heat flux,
no systematic drift of the model climate was indicated,
and the geographical distributions of SST and sea ice
thickness did not deviate significantly from the ob-
served climatology.

b. Fixed SST model

This model also has the atmospheric and land surface
components that are identical to those of the coupled
model described in section 2. However, it has no oce-
anic component. Instead, SST is prescribed at observed
climatological values that vary both geographically and
seasonally. This model, called the fixed SST model, is
integrated over a period of 500 years with very little
trend.

c. Comparative analysis

As noted in the introduction, the climate variation
obtained from the long-term integration of the coupled
model described in section 2a is compared with the
corresponding variations from the mixed layer and the
fixed SST models to explore the role of the oceans in
climate variability. Owing to the flux adjustments de-
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scribed in section 2b, SST of the coupled model fluc-
tuates around a realistic, seasonally varying tempera-
ture as noted already. Because of the heat flux pre-
scribed at the bottom of the mixed layer ocean, the local
SSTs of the mixed layer model do not drift systemati-
cally with time, again fluctuating around the realistic
normals. The similarity of the time mean SSTs among
the time integrations of the three models facilitates the
comparable assessment of climate variabilities in these
models.

To analyze, in the simplest possible way, the tem-
poral variations of SAT at various timescales and their
geographical distributions, the time series of local SST
obtained from the three models are averaged over non-
overlapping but consecutive time intervals of 1, 5, and
25 years, removing most of the variations shorter than
2, 10, and 50 years, respectively. Three time series thus
obtained are used to evaluate interannual and longer,
decadal and longer, and one-half century and longer
timescales, respectively. Obviously, it is desirable to
select a sharply defined bandpass filter for the reliable
analysis of SAT variability at different timescales.
However, such a filter is not used in the present study
in order to compare the simulated with the observed
SAT variabilities. An observed SAT time series is usu-
ally too short to apply a spectrally well-defined filter,
which requires many extra data points at both ends of
the time series.

4. Surface air temperature

To examine geographically the natural variability of
local SAT at various timescales, the standard deviations
of annual, 5-, and 25-yr-mean SATs are illustrated
(Figs. 1, 2, and 3) for the three models and are com-
pared with the observations (Figs. 1a and 2a). Over the
subtropical regions of the continents, both the coupled
and mixed layer models overestimate the standard de-
viation of annual mean SAT anomalies, whereas they
underestimate the anomalies in the eastern tropical Pa-
cific Ocean (Fig. 1). With regard to the 5-yr-mean SAT
anomalies, both models appear to overestimate it in the
oceanic regions of low latitudes, particularly over the
tropical Atlantic (Fig. 2). Except over these regions,
both models simulate reasonably well the standard de-
viations of annual and 5-yr-mean SATs and their geo-
graphical distributions, with larger values over conti-
nents than over oceans. In all three models, the standard
deviations of 5- and 25-yr-mean SATs are slightly less
than one-half and one-quarter that of annual mean
SAT, respectively. Exception to this occurs in some
oceanic regions near the Antarctic Continent, in the
Denmark Strait, and near the Sea of Okhotsk, where
the standard deviation of time mean SAT of the coupled
model decreases more gradually than other models as
the period of averaging lengthens from 1 year to 25
years. It is also notable that the standard deviations over
the continents of the fixed SST model for all three time
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FiG. 1. Geographical distributions of the standard deviation of an-
nual mean SAT anomaly (°C): (a) observed (Jones and Wigley 1991),
(b) coupled model, (c) mixed layer model, (d) fixed SST model.

means are comparable to those from the other two mod-
els despite the absence of SST anomalies in the model.

To examine relative magnitudes of the standard de-
viations of the 5-yr-mean SAT from the three models,
the geographical distributions of the ratios of standard
deviation between the mixed layer model and the cou-
pled model and between the fixed SST model and the
coupled model are illustrated in Fig. 4. This figure in-
dicates that the mixed layer model/coupled model ratio
of the standard deviation of 5-yr-mean SAT is signifi-
cantly less than one over the eastern tropical Pacific
and immediate vicinities of the Antarctic Continent
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FIG. 2. Geographical distribution of the standard deviation of 5-yr-
mean SAT anomaly (°C): (a) observed (Jones and Wigley 1991), (b)
coupled model, (c) mixed layer model, (d) fixed SST model.

where the fluctuation of SST is enhanced due to the
temporal variation of the thermal advection by ocean
currents in the coupled model. On the other hand, the
ratio is substantially larger than 1 over the belt stretch-
ing between the Davis Strait and Barents Sea, where
the SAT variability is enhanced due to the fluctuation
of sea ice coverage in winter, particularly in the mixed
layer model. With the exception of these regions, the
ratio is slightly larger than one, indicating that the SAT
variability of the coupled model is slightly less than
that of the mixed layer model over the continents and
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most of the oceans. This slight difference in the SAT
variability is probably because the effective thermal in-
ertia of oceans of the coupled model is slightly larger
than that of the mixed layer model due to the heat
exchange between the mixed layer and deeper layer of
oceans. _

The fixed SST model/coupled model ratio is less
than 0.9 over Greenland, the northern boundary of Eur-
asia, and the Antarctic Continent. As discussed in sec-
tion 5b, these regions are located near the oceanic
regions of high latitudes where SST anomalies are rel-
atively large and very persistent in the coupled model.
However, over most of continental regions, the ratio is
close to one.

The present analysis suggests that the coupled model
generates in situ most of the decadal variability of SAT
over continents with the exception of coastal regions
located near the oceanic areas of persistent SST anom-
alies. The fixed SST model/coupled model ratio is also
computed for the annual mean SAT (not shown). The
regions where the ratio is less than 0.9 are even nar-
rower, suggesting that the coupled model generates in
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FiG. 3. Geographical distribution of the standard deviation of 25-
yr-mean SAT anomaly (°C): (a) coupled model, (b) mixed layer

model, (c) fixed SST model.
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FiG. 4. Geographical distribution of the ratio of standard deviation
of 5-yr-mean SAT anomaly: (a) mixed layer model/coupled model
and (b) fixed SST model/coupled model. Contour interval is 0.2 with
the exception of dashed line indicating 0.9 contour.

situ most of the interannual variability over the conti-
nents. Obviously, the present result does not exclude
the possibility in which SST anomalies alter the spatial
pattern of the principal modes over continents (e.g.,
Lau 1992) without significantly enhancing the magni-
tude of the atmospheric variability.

The interaction between the SAT anomalies over
oceans and continents becomes more evident in Fig. 5,
which compares two time series of annual mean SAT
anomalies of the coupled model averaged over the en-
tire continental and oceanic regions, respectively. This
figure shows that, in contrast to local SAT, the globally
averaged, continental and oceanic anomalies of annual
mean SAT from the coupled model correlate well with
each other. The correlation coefficient between the con-
tinental and oceanic SAT anomalies is 0.62, 0.74, and
0.82 for the 1-, 5-, and 25-yr-mean SAT, respectively,
becoming larger with increasing period of averaging.
In short, the interaction between the SAT anomalies
over continents and oceans becomes more evident as
the spacial and temporal scales of the anomalies in-
crease. Although this statement appears to be contra-
dictory to the suggestion that most of the SAT vari-
ability over continents are generated in situ, it is not so.
As a matter of fact, the variance of continentally av-
eraged SAT anomaly is much less than the continen-
tally averaged variance of local SAT anomaly. The ra-
tio between these two quantities turned out to be 0.047,
0.067, and 0.083 for the 1-, 5-, and 25-yr-mean SAT,
respectively. This result implies that, over continents,
there exist ample low-frequency variabilities of local
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FiG. 5. Time series of SAT anomalies averaged over the entire
continental and oceanic regions. Upper and lower lines represent con-
tinental and oceanic time series, respectively.

SAT that are not correlated to either continental- or
oceanic-scale anomalies.

Figure 6 illustrates, for the coupled model, the area-
averaged spectra of local SAT anomalies over the wide
continental and oceanic zonal belt located between 30°
and 60°N. It shows that, over the continental belt, the
spectra of local SAT anomalies are essentially white,
resulting in the approximate halving of SAT standard
deviation as the averaging period increases from 1 to 5
years or 5 to 25 years. The spectral density, however,
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FiG. 6. Power spectra of monthly mean SAT anomaly of the cou-
pled model. Continental and oceanic spectra are obtained by aver-
aging the spectra of all grid points, which are located inside the 30°~
60° latitude belt in the Northern Hemisphere, respectively. The spec-
tra are the smoothed Fourier transform of the autocovariance function
using a Tukey window with a maximum of 2400 (200 years) lags.
They are smoothed by the equally weighted averaging over the log-
arithmic (base 10) interval of 0.04 in frequency.
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decreases very slightly with increasing frequency be-
yond 1 cycle per year. Over oceans, it decreases grad-
ually with increasing frequency as influenced by the
thermal inertia of the underlying oceans. Thus, the
spectral density over continents is larger than over
oceans, particularly at high frequencies, where the ther-
mal inertia of oceans effectively reduces the magnitude
of anomalies.

To examine the persistence of local SAT anomalies,
lag-one autocorrelations are computed for the time se-
ries of 1- and 5-yr-mean SAT obtained from the 1000-
yr integration of the coupled model (Fig. 7). This fig-
ure indicates that the lag-one autocorrelation is rela-
tively large over certain oceanic regions in high
latitudes. Of special interest are the regions of persis-
tence in the Pacific and Indian Ocean sectors of the
circumpolar ocean of the Southern Hemisphere, where
the lag-one autocorrelation is hardly reduced as the pe-
riod of SAT averaging increases from 1 to 5 years and
to 25 years (not shown). As described in the following
section, SST anomalies in these regions of the coupled
model exhibit centennial timescale variations, account-
ing for the persistence of the time mean SATSs described
above. In the Northern Hemisphere, the SAT anomalies
of the coupled model are particularly persistent around
the Denmark Strait and near the Sea of Okhotsk, again
being influenced by the persistent SST anomalies. In
middle and low latitudes, the lag-one autocorrelation
coefficient has small positive values for annual mean
SAT anomalies, but area mean coefficients approach
zero as the period of averaging increases from 1 to 5
years and 25 years (not shown).

120E 150E 180 150W 120 90 60 30 [+]

30E 60 80 120E

FiG. 7. Geographical distribution of lag-one autocorrelation coef-
ficient of (a) annual mean SAT and (b) 5-yr-mean SAT anomalies of
the coupled model.
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FiG. 8. Geographical distribution of lag-one autocorrelation coef-
ficient of (a) annual mean SAT and (b) 5-yr-mean SAT anomalies of
the mixed layer model.

The geographical distributions of the lag-one auto-
correlation coefficients are also computed for the mixed
layer model and are illustrated in Fig. 8. The autocor-
relation pattern of 1-yr-mean SAT anomaly (Fig. 8a)
resembles the corresponding pattern of the coupled
model (Fig. 7a). For example, due to the positive feed-
back effect involving sea ice in the mixed layer model,
the autocorrelation coefficient is relatively large in the
northern North Atlantic and over the circumpolar ocean
of the Southern Hemisphere. In certain regions of these
oceans, the coefficients are, however, smaller in mag-
nitude than in the coupled model. As discussed in the
following section, deep oceanic circulation and asso-
ciated convection make SSTs very persistent in these
regions of the coupled model. As the averaging period
of SAT increases from 1 to 5 years (Fig. 8b), the au-
tocorrelation coefficient decreases markedly in these
regions of the mixed layer model in sharp contrast to
the situation of the coupled model. Although the au-
tocorrelation coefficients of the annual mean SAT
anomalies are relatively large in the eastern tropical
Pacific of both mixed layer and coupled models, they
become small as the averaging period of SAT increases
from 1 year to 5 years. Further analysis of the inter-
annual variations of SAT anomalies in the eastern trop-
ical Pacific of both models is in progress.

5. Sea surface temperature

a. Variability and persistence

As discussed in the introduction, the mutual adjust-
ment between SAT and SST anomalies are more com-
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FiG. 9. Geographical distribution of the standard deviation of an-
nual mean SST anomaly: (a) observed (Bottomley et al. 1990), (b)
coupled model, (c) mixed layer model.

plete at low frequencies (i.e., decadal and longer time-
scales). This section describes and discusses the tem-
poral variation of SST and its effect on SAT in the
coupled and mixed layer models.

The standard deviations of annual mean SST anom-
alies in the coupled and mixed layer models are com-
puted and their geographical distributions are com-
pared with the values derived from observed SSTs
compiled by Bottomley et al. (1990) (Fig. 9). In qual-
itative agreement with observations, the variability of
annual mean SST of the coupled model is relatively
large in the northwestern portion of the North Atlantic.
The standard deviation of SST anomaly from the cou-
pled model is also large in the Pacific sector of the
circumpolar ocean of the Southern Hemisphere where
the SST observations are very sparse. It is encouraging,
however, that the standard deviation of observed SST
anomaly tends to increase toward the circumpolar
ocean. Although one notes a belt of weak local maxi-
mum of SST standard deviation in the central equato-
rial Pacific, it is much less pronounced than the wide
belt of large standard deviation that stretches over the
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eastern half of the tropical Pacific in the observed dis-
tribution. As noted by Lau et al. (1992) and Knutson
and Manabe (1994), the coupled model generates a
phenomenon that resembles the Southern Oscillation.
However, because of the coarse computational resolu-
tion of the model, the amplitude of the oscillation is
much less than the observed, accounting for the failure
of the model to generate a realistic magnitude of stan-
dard deviation in the eastern tropical Pacific.

With the exception of certain regions in the circum-
polar ocean of the Southern Hemisphere and the north-
ern North Atlantic and northwestern North Pacific, the
standard deviation of annual mean SST in the mixed
layer model is slightly larger than the coupled model.
The damping of SST anomalies by oceanic advection
and subgrid-scale mixing is missing in the mixed layer
model, accounting for the slight difference in the stan-
dard deviation of SST anomalies between the two
models.

To evaluate the persistence of SST anomaly, lag-one
autocorrelations of annual mean SST time series are
computed for both coupled and mixed layer models and

120E 150E 180 150W 120 90 60 30W O 60 90 1206
FiG. 10. Geographical distribution of lag-one autocorrelation co-
efficient of annual mean SST anomaly: (a) observed (Bottomley et

al. 1990), (b) coupled model, (c) mixed layer model.
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their geographical distributions are compared with the
observations (Fig. 10). In general, the persistence of
SST anomalies of the coupled model is relatively small
in low latitudes where the evaporative damping of the
anomalies predominates. It increases with increasing
latitudes in qualitative agreement with observations.
The persistence is pronounced in the circumpolar ocean
of the Southern Hemisphere, around the Denmark
Strait, and near the Sea of Okhotsk where the anomalies
of 5- and 25-yr-mean SAT are also very persistent (sec-
tion 4). As the static stability of ocean decreases from
the low to the high latitudes of the coupled model, oce-
anic circulation and associated convection deepen, con-
tributing to the latitudinal dependence of persistence
described above. In the mixed layer model in which the
effect of thermal advection by ocean currents is absent,
the latitudinal increase of the persistence is much less
evident than the coupled model. It is of interest, how-
ever, that the SST anomalies are also persistent near
the Antarctic Continent and the Denmark Strait of the
mixed layer model as influenced by the positive sea ice
albedo feedback.

With the exception of the region near the Sea of
Okhotsk, the regions of large persistence of SST anom-
aly in the coupled model are situated in the neighbor-
hood of those oceanic regions where the greenhouse
warming penetrates very deeply in a numerical exper-
iment conducted by Manabe et al. (1991). Figure 17a
of their paper illustrates geographically the effective
penetration depth of temperature anomaly when the
concentration of atmospheric CO,, increasing at the
compounded rate of 1% per year, doubles. It indicates
that the downward penetration of temperature anomaly
is particularly deep in the circumpolar ocean of the
Southern Hemisphere and in the region to the south of
Greenland. As noted earlier, annual mean SST anom-
alies in the 1000-yr integration of the coupled model
are also very persistent in those regions, where oceanic
circulation and associated convection penetrate very
deeply. Thus, the thermal advection by slowly varying,
deep circulation is responsible for the persistence of
SST anomalies of the coupled model as discussed in
the following section 5b.

b. Power spectra

As noted in the introduction, Hasselmann (1976)
proposed his theory of the mixed layer ocean to explain
the observed SST spectrum. He expressed the prog-
nostic equation of SST anomaly T by

ar
C— =f — T, 1
it (D
where C is the effective heat capacity of mixed layer
ocean, f,, is the thermal forcing of oceans by the at-
mosphere, which he characterized as white noise, and

v is the rate of thermal damping. Based upon Eq. (1),
he suggested that the observed SST variation may be
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characterized as a red noise response of the mixed layer
ocean to white noise forcing from above as represented
by

(Fo/C)?

Gl = ey v w

) = (2)
where G(w) is the spectral density of SST response, w
is angular frequency, and F,, is power of the white noise
forcing. As noted by Hasselmann, the spectrum of the
atmospheric forcing may be regarded as almost white
at the timescales that are much longer-than the duration
of a typical atmospheric disturbance.

To examine whether the variabilities of local SST
anomalies of the coupled and mixed layer models are
consistent with the stochastic theory of Hasselmann’s,
power spectra of monthly mean SST anomalies ob-
tained from the two models are averaged over both the
central North Pacific and central North Atlantic and are
illustrated in Fig. 11. For reference, the least square fit
of Eq. (2) to the SST spectrum of the coupled model

" is also indicated by a thin line. This figure clearly in-

dicates that, in the midoceanic regions, the SST spectra
of both models may be characterized as red noise spec-
tra represented by Eq. 2. It also indicates that, despite
the absence of large-scale circulation, the midoceanic
spectrum of the mixed layer model is similar in mag-
nitude to that of the coupled model.
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FiG. 11. Power spectra of monthly mean SST anomaly of the cou-
pled (thick solid line) and the mixed layer (dashed line) models. Both
spectra are obtained by averaging the spectra of all grid points, which
are located in the midoceanic boxes of the North Pacific (42.2°—
28.9°N, 155.6°E—140.1°W) and North Atlantic (42.2°-28.9°N,
61.9°E-28.1°W). The spectra are the smoothed Fourier transform of
the autocovariance function using a Tukey window with a maximum
of 2400 (200 years) lags. They are smoothed by the equally weighted
averaging over the logarithmic (base 10) interval of 0.04 in fre-
quency. The red noise spectrum represented by a thin line is the least
square fit of Eq. (2) to the spectrum of SST from the coupled model.
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FiG. 12. Power spectra of monthly mean SST (dashed line) and
SAT (solid line) anomalies of the coupled model. Both spectra are
obtained by averaging the spectra of all grid points, which are located
in the midoceanic boxes of the North Pacific (42.2°-28.9°N,
155.6°E—140°W) and North Atlantic (42.2°-28.9°N, 61.9°E—
28.1°W). The spectra are the smoothed Fourier transform of the au-
tocovariance function using a Tukey window with a maximum of
2400 (200 years) lags. They are smoothed by the equally weighted
averaging over the logarithmic (base 10) interval of 0.04 in fre-
quency.

In Fig. 12, the area-mean spectrum of monthly mean
SST anomalies, computed for the midoceanic box of
the coupled model, is compared with the corresponding
spectrum of monthly mean SAT anomalies. This com-
parison reveals that these two spectra are very similar
at low frequencies beyond 1 cycle for every few years.
However, the power of the SST spectrum is much
smaller than that of the SAT spectrum at high frequen-
cies. This is because the thermal inertia of oceans sup-
presses significantly the high-frequency fluctuation of
SAT generated by the cyclone wave activities in the
atmosphere. On the other hand, at low frequencies,
SAT anomalies over the oceans have enough time to
fully adjust to large SST anomalies through boundary
layer heat exchange, accounting for the similarity be-
tween SST and SAT spectra at these frequencies.

The stochastic theory of Hasselmann could also be
used to evaluate the area-mean spectrum of local SAT
anomalies over continents shown in Fig. 6. However,
the effective heat capacity of continental surface, as
determined by the penetration depth of temperature
anomalies in soil, is much less than that of oceans.
When heat capacity C in Eq. (2) is small, the response
spectrum of SST G (w) may be approximated by

G(w) =~ (Foly)*. (3)

Thus, at most frequencies, the continental surface tem-
perature is in equilibrium with the white noise thermal
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forcing from the atmosphere, yielding a white noise
power spectrum. Since the effective thermal inertias of
both continental surface and atmospheric boundary
layer are small, SAT and surface temperature have
enough time to adjust to each other, yielding almost
white noise spectra of similar magnitudes at timescales
longer than a few months (Fig. 6).

As noted already, the mean power spectrum of local
SAT anomalies over continents, however, decreases
slightly with increasing frequency beyond 1 cy-
cle yr~'. Delworth and Manabe (1989, 1993) have
shown that the temporal variation of soil moisture may
also be characterized as the red noise response to the
white noise forcing of the difference between precipi-
tation and evaporation. The soil moisture variation, in
turn, affects the relative magnitudes of sensible and la-
tent heat fluxes, which remove the radiative energy ab-
sorbed by the continental surface. Thus, the temporal
variation of sensible heat flux, and accordingly that of
the thermal forcing of continental surface, are enhanced
at seasonal and longer timescales, contributing to the
slight bending of the SAT spectrum at the high fre-
quencies.

In contrast to the situation over the midoceanic
regions described earlier, the spectrum of SST anomaly
near the Denmark Strait, which are obtained from both
coupled and mixed layer models, deviate significantly
from the red noise spectrum and have a very distinct
peak at 1 cycle yr~' (Fig. 13), reflecting the large year-
to-year fluctuations of winter sea ice coverage and SAT
anomaly in the region. One also notes that the spectral
density of SST anomaly from the coupled model is
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FiG. 13. Power spectra of monthly mean SST anomaly at 69.75°N,
22.5°W of the coupled (solid line) and the mixed layer (dashed line)
models. The spectra are the smoothed Fourier transforms of autoco-
variance function using a Tukey window with a maximum of 2400
(200 years) lags. They are smoothed by the equaily weighted aver-
aging over the logarithmic (base 10) interval of 0.04 in frequency.
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FiG. 14. Power spectra of monthly mean SST anomaly at 60.75°S,
142.5°W of the coupled (solid line) and the mixed layer (dashed line)
models. The spectra are the smoothed Fourier transforms of autoco-
variance function using a Tukey window with a maximum of 2400
(200 years) lags. They are smoothed by the equally weighted aver-
aging over the logarithmic (base 10) interval of 0.04 in frequency.

much larger than the mixed layer model at the fre-
quencies lower than 1 cycle (30 yr) ™' and has a mod-
erate peak at around 1 cycle (50 yr) ! (Fig. 13). Such
a peak is missing in the corresponding power spectrum
obtained from the mixed layer model (Fig. 13), sug-
gesting that the SST fluctuation associated with the
spectral peak mentioned above is induced by the tem-
poral variation of ocean circulation in the coupled
model. A preliminary analysis indicates that this SST
fluctuation near the Denmark Strait results from the
temporal variation in the southward advection of SST
by the East Greenland Currents as a part of a meridi-
onally overturning cell. The fluctuation of this cell, in
turn, appears to be associated with the irregular oscil-
lation of the North Atlantic thermohaline circulation,
which also has the timescale of about 50 years and was
identified by Delworth et al. (1993) in the 1000-yr in-
tegration of the coupled model. The pattern of the SST
anomaly generated by the oscillation resembles what
Kushnir (1994) obtained from the observations.

The *‘teleconnection’” between the temporal varia-
tion of SST in the Denmark Strait and that of SAT in
the surrounding regions is examined by computing the
correlation coefficient between the two. The telecon-
nection pattern thus obtained (not shown) indicates
that the low-frequency fluctuation of SST near the Den-
mark Strait influences SATs not only in the northern
North Atlantic but also in the Scandinavian Peninsula
and western Europe.

In the Pacific sector of circumpolar ocean of the
Southern Hemisphere, the SST anomaly of the coupled
model is large and persistent as noted already. The
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power spectrum representing its temporal variation is
significantly different from the red noise spectrum rep-
resented by Eq. (2), with largest spectral density at
lowest frequency. Figure 14 compares the power spec-
tra of SST between the coupled and mixed layer models
at 60.75°S and 142.5°W of the circumpolar ocean,
where the standard deviation of SST anomaly is at a
maximum in the coupled model. This comparison in-
dicates that, at this location, the spectral density of SST
is larger in the coupled than the mixed layer model.
The difference between the two spectra is small at high
frequencies, increases with decreasing frequency, and
becomes large at centennial timescales. To inspect
more directly the SST variation of the coupled model,
the time series of the annual mean SST at this location
is obtained from the 1000-yr integration of the coupled
model and is illustrated in Fig. 15 together with its 25-
yr running mean. This figure shows that the SST of the
coupled model exhibits large variations over multicen-
tury timescales. This centennial fluctuation is super-
posed by an equally large fluctuation of decadal time-
scales with the exception of the period between the
~70th and ~230th year when the sea surface is rela-
tively warm and almost free of winter sea ice. Although
it is not shown here, sea surface salinity (SSS) also
fluctuates in phase with temperature at both multicen-
tennial and decadal timescales. The decadal fluctua-
tions of both SST and SSS described above appear to
result from intermittent convection induced by the
freezing of sea ice and associated brine formation. On
the other hand, the longer multicentennial fluctuations
of both SST and SSS appear to be associated with the
very gradual change of deep circulation which, in turn,
induces the centennial excursions of both SST and SAT
by affecting the northward advection of cold and fresh
surface layer in the circumpolar ocean of the Southern
Hemisphere. An in-depth analysis of the low-frequency
variability in the circumpolar ocean is in progress.
We have shown that the coupled model generates
very persistent SST anomalies in certain regions of sub-
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polar oceans. In certain selected regions of the circum-
polar ocean of the Southern Hemisphere, the state of
oceanic surface alternates on centennial timescales be-
tween the warm and cold periods associated with
changes in deep circulation. In the North Atlantic, the
temporal variation of thermohaline circulation induces
SST anomalies with the timescale of about one-half
century (Delworth et al. 1993). However, large abrupt
changes of the North Atlantic climate and associated
fluctuations of the thermohaline circulation such as Al-
lerod—Younger Dryas transition and Dansgaad—Oes-
chger events (e.g., Broecker 1990) did not occur in the
1000-yr integration of the coupled ocean—atmosphere
model. This model behavior appears to be consistent
with the absence of large, abrupt climate changes as
shown by the time series of isotopic temperature ob-
tained from the Greenland Ice Cores during the Holo-
cene (GRIP 1993). It is important to note, however, a
major fluctuation of the thermohaline circulation did
occur in the North Atlantic of the coupled model in
response to the doubling of the atmospheric concentra-
tion of CO, (Manabe and Stouffer 1994). Because of
the capping of oceanic surface by relatively fresh water
resulting from the large CO,-induced increase of pre-
cipitation in high latitudes, the thermohaline circulation
in the North Atlantic of the coupled model weakened
by a factor of 2 or more and became shallower, thereby
reducing the rate of deep water formation. However, it
regains the original intensity by the end of the 500-yr
experiment. The weakening and reintensification of the
thermohaline circulation and the pattern of the associ-
ated change in-SST resemble the paleoceanographic
signature of Younger Dryas events as described, for
example, by Keigwin and Lehman (1994 ). Despite the
absence of massive ice sheets, which could yield large
amount of meltwater, the supply of fresh water into the
Arctic and North Atlantic Oceans could increase mark-
edly resulting from the global warming. Therefore, one
should not eliminate the possibility that a major fluc-
tuation of the thermohaline circulation could occur in
the North Atlantic in response to the future increase of
greenhouse gases in the atmosphere.

6. Global mean temperature

The detection of global warming has been an im-
portant goal of climate research. It is, therefore, useful
to assess whether the observed warming of about 0.5°C
over the last 110 years is attributable to the increase of
thermal forcing such as the increase of greenhouse
gases or the natural variation of climate resulting from
the interaction among the atmosphere, oceans, and land
surface. For this purpose, the time series of global mean
SAT anomalies from the 1000-yr integrations of the
coupled and mixed layer models are compared with the
time series of observed SAT in Fig. 16. This figure
shows that both model time series have very small
trends that are —0.023°C and 0.011°C per century, re-
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FiG. 16. Time series of globally averaged, annual mean SAT (°C)
anomaly from the long-term mean: (a) 1000-yr time series from the
coupled model, (b) 1000-yr time series from the mixed layer model,
(¢) 110-yr (1881-1990) time series of observed globally averaged
SAT compiled by Jones and Wigley (1991). Note that 10-yr running
mean curves are added to all time series.

spectively, and are much less than the observed trend,
which is about 0.52°C century ~'. It also indicates the
standard deviations of global mean SAT anomalies
from both models are similar at annual to interdecadal
timescales. Although there are periods during which
the rate of warming is as large as 0.5°C century ~' in
both model time series, these periods appear to last only
a few decades.

To assess the probability of finding a century-scale
warming trend such as that observed between 1881 and
1990 in the 1000-yr time series of global mean SAT
from the coupled model, Stouffer et al. (1994) calcu-
lated the probability for linear trends exceeding 0.5°C
century ~'. They found that, for intervals longer than
~60 yr, there are no trends as large as 0.5°C century .
In other words, the observed warming trend of 0.52°C
century "' is not found in the coupled model time series
for any intervals longer than ~60 yr. Essentially similar
results are obtained for the time series from the mixed
layer model. In short, it is not very likely that the
ocean—atmosphere interaction in either the coupled or
the mixed layer model could randomly generate a sub-
stantial long-term warming trend, such as that observed
since the end of the last century.

To examine spectrally the temporal variation of
global mean SAT anomaly shown in Fig. 16, the power
spectra of detrended and globally averaged monthly
mean SAT anomalies from the 1000-yr integrations of
both coupled and mixed layer models are compared in
Fig. 17 with the spectrum of detrended, observed SAT
compiled by Jones and Wigley (1991). The detrending
of the observed time series removes most of the con-
tributions from the fluctuation on a timescale longer
than 100 years. At interdecadal or shorter timescales,
the spectra from both models are not very different
from the observed spectrum, although the estimates of
both models are lower than observed over the interval



388

PERIOD
YEARS MONTHS

500 200 100 50 20 10 5 2 1 5 2
10! e

. /r—MIXED LAYER MODEL i

- - ‘\;/ 4
10°

COUPLED MODEL

SPECTRAL DENSITY ( (°C)2yr)
O ‘H‘

Lolgiess i

It

I NI
10

1 1 ILllll‘ 1 1 Illllll I 1 llllll‘ i
1074 107 1072 107

FREQUENCY (cyc/month)
FiG. 17. Power spectra of detrended globally averaged, monthly

mean SAT anomaly. The solid line represents the coupled model; the .

dashed line represents the mixed layer model (to detrend the time
series, the least square method is used); the thin solid line represents
observed [obtained by use of the data compiled by Jones and Wigley
(1991)]). The spectra are the smoothed Fourier transforms of auto-
covariance function using a Tukey window with a maximum of 2400
(200 years) lags for the models and 480 (40 years) lags for the ob-
served. They are smoothed by the equally weighted averaging over
the logarithmic (base 10) interval of 0.04 in frequency.

from 1 to 10 years. As noted by Lau et al. (1992) and
Knutson and Manabe (1994), a low-resolution coupled
ocean-—atmosphere model underestimates substantially
the magnitude of the Southern Oscillation, resulting in
the underestimation of spectral power at interannual
timescales.

Figure 17 also indicates that the power spectrum of
global mean SAT anomaly from the mixed layer model
is similar to the coupled model spectrum. Despite the
existence of interdecadal to centennial oscillation in
certain high latitude regions of the coupled model, the
spectral resemblance suggests that similar physical
mechanisms may be playing a dominating role in shap-

ing the global mean SAT spectra of the two models. In.

short, the mixed layer model appears to mimic more or
less the low-frequency variability of global mean SAT
in the coupled model despite the absence of ocean cir-
culation.

To distinguish the global warming due to greenhouse
gases from the internally generated variation of climate,
it is desirable to know the pattern of internal variation
of SAT associated with a given change of global mean
SAT. Figures 18b and 18c illustrate the geographical
distribution of the regression coefficient of 5-yr-mean
SAT on its global mean value obtained from the 1000-
yr integrations of the coupled and the mixed layer mod-
els. (Here, the regression coefficient indicates the
change of local SAT which accompanies a 1°C increase
in the global mean SAT.) The regression pattern of the
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observed 5-yr-mean SAT is also added for comparison.
These figures indicate that, in both coupled and mixed
layer models, the regression coefficients are relatively
large over the Eurasian and North American continents.
The coefficients have smaller positive values over most
of the oceanic regions. Qualitatively similar features
are indicated in the regression pattern of the observed
SAT, though the Eurasian maximum is not as pro-
nounced. In view of the fact that the standard deviation
of 5-yr-mean SAT anomalies of both coupled and
mixed layer models are larger over continents than over
oceans in Fig. 2, it is reasonable that the SAT anomalies
over both Eurasian and North American continents tend
to be large when the global mean SAT is high. It is
notable that not only the regression pattern but also the
power spectrum of global mean SAT is similar between
the two models as noted earlier. The similarity appears
to imply that the thermal advection by ocean circulation
plays a secondary role in determining the variability of
global mean SAT.

30w 4] 30E 60 80 120 150E 180
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FiG. 18. Geographical distributions of regression coefficient of lo-
cal, 5-yr-mean SAT anomaly on the globally averaged, 5-yr-mean
SAT: (a) observed (Jones and Wigley 1991), (b) the coupled model,
(c) the mixed layer model. The regression coefficient obtained here
indicates the slope of a line which least square fits the plots of local
vs globally averaged, 5-yr-mean SAT anomalies at each grid point.
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FiG. 19. Geographical distributions of (a) the coefficient of regres-
sion of local, annual mean SAT on globally averaged annual mean
SAT anomalies, (b) the coefficient of regression of local, 25-yr-mean
SAT on globally averaged, 25-yr-mean SAT anomalies, and (c) the
normalized change in SAT of the coupled model in response to the
gradual increase of the atmospheric CO,. The normalized SAT
change is constructed by averaging the SAT change over the 61st—
80th-year period of the experiment when the CO, concentration is
approximately doubled and dividing it by its global mean value. This
figure (c) is almost identical to Fig. 13b of the paper by Manabe et
al. (1991) except that the experiment started from slightly different
initial conditions.

The regression patterns are computed not only for 5-
yr-mean SAT but also for 1- and 25-yr-mean SATs of
the coupled model (Figs. 19a and 19b). These patterns
may be compared with the pattern of the CO,-induced
change of the coupled model SAT, which is normalized
by its global mean value (Fig. 19c). [ The CO,-induced
change of SAT shown here was obtained by Manabe
et al. (1991) as the transient response of the coupled
model to a gradual increase, that is, 1% per year com-
pounded, of the atmospheric CO,.] By comparing Fig.
19¢ with Figs. 19a and 19b, one can evaluate whether
the fingerprint of the CO,-induced warming is different
from the warming associated with the internally gen-
erated variation of climate. For example, the CO,-in-
duced warming is larger over continents than over

MANABE AND STOUFFER

389

oceans where the effective thermal inertia is larger and
evaporative damping of SST anomalies is stronger as
discussed by Manabe et al. (1991). The land—sea con-
trast in the warming, however, is even more pro-
nounced in the pattern of the internally generated
warming with small regions of slight cooling in the
northern North Atlantic and North Pacific Oceans. The
slight cooling in these regions appear to result from the
enhanced southward advection of cold air in the cou-
pled model’s atmosphere. On the other hand, the rela-
tively small CO,-induced SAT increase in the northern
North Atlantic is attributable to not only the deep ver-
tical mixing of water but also the reduction in the north-
ward advection of warm surface water by the thermo-
haline circulation (Manabe et al. 1991). It is also no-
table that the CO,-induced warming has significant
polar amplification due to the enhanced heat conduc-
tion through thinner sea ice (Manabe and Stouffer
1979, 1980), whereas the regression pattern of annual
mean SAT indicates a local minimum over the Arctic
Ocean.

We have noted, however, that the pattern of regres-
sion coefficient (of local on global mean SAT anom-
alies) changes as the averaging period of SAT increases
from 1 year (Fig. 19a) to 5 years (Fig. 18b) and 25
years (Fig. 19b). For example, the regression pattern
of local on global 25-yr-mean SAT anomalies have the
smallest land—sea contrast with some tendency toward
polar amplification with local maximums around the
Denmark Strait and Taymyr Peninsula. This may be
consistent with the studies of Vinnikov et al. (1979,
1982) and Kelly et al. (1982), which detected a polar
amplification in the temporal variation of observed,
zonal mean SAT with interdecadal and longer time-
scales. In view of the fact that the similar feature is
missing in the regression pattern of 25-yr-mean SAT
from the mixed layer model (not shown), this polar
amplification may not result from the thinning of sea
ice, but from the low-frequency oscillation of thermo-
haline circulation in the North Atlantic discussed ear-
lier. Despite some notable differences, there is the
broad-scale similarity between the pattern of the CO,-
induced and the internally generated warming at
multidecadal timescales, making it difficult to distin-
guish between the two types of warming.

7. Summary and ¢oncluding remarks

It has been shown that, with the exception of the
tropical Pacific, both coupled and mixed layer models
simulate reasonably well the observed variability of lo-
cal SAT at interannual and decadal timescales. The
simulated variability is usually larger over continents
than over oceans in agreement with observations. This
land—sea contrast in variability holds not only for the
annual but also for the decadal and multidecadal time-
scales.

The spectrum of monthly mean SAT over continents
is almost white with slight downward bend at the fre-
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quencies higher than 1 cycle yr~'. The power of the

SAT spectrum over most of oceans, however, increases
very gradually with decreasing frequency as influenced
by the thermal inertia of underlying oceans, and ap-
proaches the power of the continental spectrum at de-
cadal and longer timescales. In other words, local vari-
abilities of SAT over continents are larger than those
over oceans not only at interannual but also at decadal

_and longer timescales. We believe that this difference
results mainly from the smaller evaporative damping
of surface temperature anomaly over continents as
compared with oceans.

It is found that, in the midoceanic regions of the mid-
dle latitudes, the spectrum of SST anomalies of both
coupled and mixed layer models may be characterized
as a red noise spectrum indicative of a first-order
Markov process. This result appears to be consistent
with the stochastic theory of Hasselmann, which re-
gards the observed variation of SST anomaly as the red
noise response to the random white noise forcing from
the atmosphere. (At timescales that are sufficiently
longer than the decay timescale of an atmospheric dis-
turbance, the spectrum of atmospheric forcing may be
regarded as white.) The red noise SST anomalies, in
turn, affect SAT anomalies, resulting in the aforemen-
tioned, gradual increase of spectral power with decreas-
ing frequencies.

Hasselmann’s theory can also be applied to evaluate
the temporal variation of continental surface tempera-
ture. Since the effective thermal inertia of continental
surface is small, the surface temperature is in equilib-
rium with the almost—white noise thermal forcing from
the atmosphere, yielding a2 white noise power spectrum
with the exception of very short timescales. The white
noise fluctuation of surface temperature, in turn, closely
interacts with the atmosphere mainly through boundary
layer heat exchange, maintaining the almost—white
noise spectrum of SAT as described above. It is notable
that, over most of the continental regions, the standard
deviation of SAT anomalies of the fixed SST model is
comparable to that of the coupled model not only at
interannual but also decadal timescales. This result sug-
gests that the coupled model generates in situ a major
fraction of low-frequency SAT variation over conti-
nents. However, it does not exclude the possibility that
the SST anomalies over oceans alter the low-frequency
variation of SAT over continents. As a matter of fact,
the decadal SAT variability of the coupled model ap-
pears to be enhanced in some continental areas located
near the subpolar regions of oceans where SST anom-
alies are relatively large and persistent. If the Southern
Oscillation of the coupled model were larger and more
realistic, SST anomalies in the Tropics could also have
enhanced SAT variability over continents.

The interaction between the SAT anomalies over
continents and oceans becomes more evident as the
spacial as well as temporal scales of anomalies in-
crease. For example, the low-frequency variabilities of
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SAT averaged over the entire continental regions and
over the entire oceanic regions are well correlated with
each other. The low-frequency variability of the local
SAT, however, is much larger than the variability of
SAT anomaly averaged over the entire continental
regions.

The applicability of the stochastic theory is reduced
in certain subpolar regions of oceans where oceanic
circulation and associated convection often penetrate
very deeply. These regions include the Greenland —Ice-
land—Norwegian (GIN) sea and the circumpolar ocean
of the Southern Hemisphere. In these regions, both SST
and SAT are very persistent and their spectral densities
at decadal and longer timescales are much larger in the
coupled than the mixed layer model, as influenced by

the advection by low-frequency ocean circulation and

associated convective activity. For example, the mul-
tidecadal fluctuation of SST near the Denmark Strait
results from the fluctuation of the East Greenland Cur-
rent, which may, in turn, be associated with the mul-
tidecadal oscillation of thermohaline circulation in the
North Atlantic recently analyzed by Delworth et al.
(1993). In certain regions of the circumpolar ocean of
the Southern Hemisphere, the state of oceanic surface
alternates on centennial timescales between warm and
cold periods, associated with the fluctuation of deep
circulation. This centennial fluctuation is superposed
by equally large SST fluctuations on decadal time-
scales, which tend to be pronounced during the cold
period because of brine formation resulting from the
freezing of sea ice. The very low-frequency variations
of SST in the GIN sea and circumpolar ocean of the
coupled model are described in section 5b and are the
subjects of in-depth analysis in the near future.

In a global warming experiment, which was con-
ducted recently with the coupled model (Manabe et al.
1991), it was found that the response of SST to the
increase of atmospheric CO, is very small in those sub-
polar regions where the timescale of natural variability
is very long. Because of deep vertical mixing of water,
the effective thermal inertia of ocean is very large in
the northern North Atlantic and circumpolar ocean of
the Southern Hemisphere and is responsible for the
large delay in the global warming mentioned above.

Since the late nineteenth century, the global mean
surface air temperature has increased at the rate of
about 0.5°C century ~! (IPCC 1990). Stouffer et al.
(1994) tried to find such a long-term trend in the 1000-
yr time series of the global mean SAT obtained from
the integration of the coupled model. They found that,
during the entire time series, a temperature trend as
large as 0.5°C century ~' was never sustained over the
period longer than 60 years. A similar statement is also
valid for the 1000-yr time series obtained from the
mixed layer model (see also Davies and Hunt 1994).
Assuming that the low-frequency variability of the cou-
pled model is realistic, these results suggest that the
observed trend is not caused by the interaction among
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the atmosphere, ocean, and continental surface. In-
stead, it may have been induced by a sustained trend
in thermal forcing such as solar irradiance, atmospheric
greenhouse gas, and aerosol loading.

Wigley and Raper (1990) discussed the response of
global mean surface temperature to the atmospheric
forcing using a simple ‘‘zero dimensional’’ atmo-
spheric model coupled with an ‘‘upwelling diffusion”’
oceanic model. They noted that the amplitude of global
mean temperature fluctuation is inversely proportional
to the coefficient of effective radiative damping (i.e.,
the feedback parameter), which determines the sensi-
tivity of global temperature to a thermal forcing. The
equilibrium response of the global mean surface air
temperature of the coupled model to the doubling of
atmospheric CO, has been estimated to be 3.5°C (Man-
abe and Stouffer 1994), which is in the upper half of
the 1.5°-4.5°C range obtained by the Intergovernmen-
tal Panel on Climate Change. A model with smaller
sensitivity would have smaller variability than this cou-
pled model, making it less likely to yield an internally
generated long-term trend similar to the observed
warming of the past 100 years.

Despite the failure of both coupled and mixed layer
models to generate trends on centennial timescales sim-
ilar to that observed since the end of the last century,
they approximately reproduce the power spectrum of
observed global mean SAT at decadal and interdecadal
timescales. It is also notable that the global mean SAT
spectra from the coupled and mixed layer models are
similar to each other: the powers of both spectra in-
crease almost monotonically with decreasing fre-
quency. However, the spectral density of local SAT is
almost white over continents and decreases very grad-
ually with increasing frequency over oceans, and is
quite different from global mean SAT spectrum de-
scribed above. The difference between the spectra of
local and global mean SAT suggests that, at high fre-
quencies, SAT anomalies tend to have relatively small
scales and hardly contribute to the variability of the
global mean SAT. On the other hand, SAT anomalies
with very low frequency tend to have almost global
scale, which includes both oceans and continents, and
contribute more effectively to the variability of the
global mean SAT. Thus, the spectral densities of global
mean SAT of both coupled and mixed layer models
decreases substantially with increasing frequency at in-
terdecadal and shorter timescales despite almost white
noise—like behavior of local SAT anomalies. Although
there are large and persistent anomalies of both SST
and SAT near the Denmark Strait and the circumpolar
ocean of the Southern Hemisphere, their contributions
are not large enough to make the power spectrum of
global mean SAT of the coupled model significantly
different from that of the mixed layer model.

Since both models approximately simulate the ob-
served power spectrum of global mean SAT at decadal
and interdecadal timescales as noted above, one is
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tempted to speculate that the observed variation of SAT
at these timescales is attributable solely to the interac-
tion among the atmosphere, oceans, and land surface.
However, the spectral similarity does not necessarily
exclude the possibility that the temporal variation of
various thermal forcings such as solar irradiance and
volcanic aerosols in the stratosphere (Hansen et al.
1984) could also contribute in comparable magnitude
to the fluctuation of observed global mean SAT at these
timescales.

To distinguish the climate change resulting from the
increase of greenhouse gases and other thermal forc-
ings from the internally generated climate variability
due to the interaction among the atmosphere, ocean,
and land surface, it is desirable to know whether the
pattern of the former differs significantly from the pat-
tern of the latter. To explore this issue, we compared
the horizontal distribution of the normalized, CO,-in-
duced SAT change with the coefficient of regression
between the global mean and local SAT anomalies in
the 1000-yr integration of the coupled model. Despite
some notable differences, broad scale similarity is in-
dicated between the two patterns with larger warming
over the continents as compared with the oceans.
Therefore, it may be difficult to detect the greenhouse
warming by use of a pattern recognition technique,
which involves SAT as noted, for example, by Wigley
and Jones (1981). One should note, however, that the
pattern of the anthropogenic change of climate would
be different from what is shown in Fig. 19c¢ if the neg-
ative thermal forcing of sulphate aerosols were taken
into consideration in addition to the positive CO, forc-
ing (e.g., Charlson et al. 1992; Taylor and Penner
1994). Because of the increased reflection of the in-
solation by the anthropogenic sulphate particles over
continents and their immediate vicinities, the land—sea
contrast in the anthropogenic warming may have been
reduced (Mitchell et al. 1995), thereby making it more
distinguishable from the internally generated warming
with larger land—sea contrast (for further discussion of
this topic, see, for example, Santer et al. 1995).
Obviously, it is very urgent to monitor the thermal forc-
ing of both natural and man-made aerosols to distin-
guish the anthropogenic from the internally generated
warming.

In addition to the experiments discussed in this
study, several multiple century integrations of the mod-
els similar to the coupled and mixed layer models used
here have been performed recently at the Max Planck
Institute of Germany, the Hadléy Center of England,
the CSIRO of Australia (Davies and Hunt 1994), and
the Center for Ocean—Land—Atmosphere Studies of
the United States (Schneider and Kinter 1994). The
comparative assessment of the SAT variability in some
of these models is being conducted by the 1995 Inter-
governmental Panel of Climate Change.

In assessing the results from the present study, one
should recognize that the coupled model used here has
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relatively low computational resolution and fails to re-
solve explicitly mesoscale eddies in oceans (see section
2a). Thus, it fails to generate SST fluctuations of re-
alistic magnitude with a seasonal timescale. Although
the ccupled model can simulate a phenomenon that re-
sembles the Southern Oscillation (Knutson and Man-
abe 1994), the amplitude of the oscillation is only one-
third as large as the observed, grossly underestimating
the SST variability of interannual timescale in the trop-
ical oceans. As noted by Philander et al. (1992), higher
computational resolution may be required in order to
generate a realistic Southern Oscillation. It is also likely
that the relatively large subgrid-scale mixing coeffi-
cient associated with the poor computational resolution
of the present coupled model may damp too strongly
the SST anomalies. We are encouraged, however, that
the coupled model approximately reproduces the stan-
dard deviations of annual and 5-yr-mean SAT anoma-
lies and their geographical distributions with the im-
portant exception of the eastern tropical Pacific. Cur-
rently, a long-term integration of a coupled model with
higher computational resolution and smaller coeffi-
cients of subgrid-scale mixing is in progress, yielding
a more realistic amplitude of the Southern Oscillation.
The analysis of the difference between the low- and
high-resolution model experiments should be useful for
reassessing the results obtained from the present study.
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