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ABSTRACT

ECHO is a new global coupled ocean-atmosphere general circulation model (GCM), consisting
of the Hamburg version of the European Centre atmospheric GCM (ECHAM) and the
Hamburg Primitive Equation ocean GCM (HOPE). We performed a 20-year integration with
ECHO. Climate drift is significant, but typical annual mean errors in sea surface temperature
(SST) do not exceed 2° in the open oceans. Near the boundaries, however, SST errors are
considerably larger. The coupled model simulates an irregular ENSO cycle in the tropical
Pacific, with spatial patterns similar to those observed. The variability, however, is somewhat
weaker relative to observations. ECHO also simulates significant interannual variability in
mid-latitudes. Consistent with observations, variability over the North Pacific can be partly
attributed to remote forcing from the tropics. In contrast, the interannual variability over the

North Atlantic appears to be generated locally.

1. Introduction

The development of complex coupled ocean-
atmosphere general circulation models (GCMs)
is a rapidly progressing field. Such sophisticated
models can be categorized roughly into two
classes: global coarse-resolution and limited
domain high-resolution TOGA (Tropical Ocean
Global Atmosphere) models. The term “limited
domain high-resolution” refers generally to the
oceanic component in the latter class of models.
The global coarse-resolution coupled models were
generally designed to address the global change
problem (Washington and Meehl, 1989; Manabe
et al., 1990; Murphy, 1990; Cubasch et al., 1992).
The global coupled models have been also useful in
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gaining some insight into the nature of natural
climate variability (e.g., Meehl, 1990; Lau et al,,
1992; Delworth et al., 1993), and long integrations
were performed with such models to estimate the
natural climate variability spectrum against which
a potential anthropogenic climatic signal can be
detected. However, their ability to simulate natural
climate variability is limited to some extent by the
coarse resolution. The tropical problem of air-sea
interaction, for instance, has shown that higher
resolution is required to simulate a realistic El
Nifio/Southern Oscillation (ENSO) (e.g., Neelin
et al, 1992; Lau et al., 1992; Philander et al., 1992).

The limited domain TOGA models were
developed to investigate specifically the dynamics
and predictability of the ENSO phenomenon (e.g.,
Gordon, 1989; Philander et al., 1992; Nagai et al.,
1992; Latif et al., 1993a, b). They consist of a
high-resolution tropical ocean GCM which is
coupled to a coarse-resolution global atmospheric
GCM. Such models simulate realistically the
ENSO variability and show some skill in predict-
ing ENSO-related climate anomalies. The TOGA
models, however, are inherently limited in their
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applicability to tropical air-sea interactions and
their impact on the global atmospheric circula-
tion. Thus, in order to get more insight into the
nature of natural climate variability on a global
scale, global high-resolution coupled GCMs are
desirable.

Such models are currently developed at several
institutions worldwide. In this paper, we present
such a coupled GCM which was integrated for
twenty years. We like to emphasize, however, that
the most suitable methodology to increase our
present understanding of climate variability
should involve a hierarchy of models, ranging from
simple and intermediate models to complex
- GCMs, and the simultaneous analysis of data.
We are therefore also developing simpler models
to explore more systematically the possible
behaviours in different regions of the parameter
space.

The intention behind the development of a
global high-resolution coupled GCM is threefold.
First, we would like to explore the dynamics of the
annual cycle globally. Second, we would like to use
the model to investigate the dynamics of inter-
annual and decadal-scale variability, and third, we
would like to explore systematically the predic-
tability of these fluctuations. Here, we concentrate
of the first two aspects. The issue of climate predic-
tability will be addressed in a forthcoming paper.
We do not make use of flux correction (Sausen
et al., 1988) in order to faciliate the diagnosis of
problems in the individual model components
which lead to climate drift of the coupled system.
These deficiencies are not always obvious when the
models are run in the uncoupled mode, and we
tried to reduce some of these problems by tuning
the coupled system. At this stage of the model
development, however, we have not included a
sea-ice model. Ocean and atmosphere interact
therefore within the region 60°N to 60°S only
which is in some sense equivalent to the applica-
tion of flux correction, but probably less stringent.

This paper is organized as follows. We describe
the coupled GCM in Section 2. Section 3 deals
with the tuning of the upper ocean mixing param-
eterization running the model in the coupled
mode. The simulation of the tropical climatology
and variability is described in Section 4, while the
coupled model’s performance in mid-latitudes is
presented in Section 5. We conclude the paper in
Section 6.
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2. Coupled model

The atmospheric component of our coupled
GCM “ECHO” is ECHAM, the Hamburg version
of the European Centre operational weather for-
casting model. The formulation of the dynamical
part still resembles the one in the European
Centre version, while the parameterizations of
subgrid scale processes were mainly developed in
Hamburg. The model is described in detail in
two reports (Roeckner et al., 1992; DKRZ, 1992).
ECHAM is a global low-order spectral model with
a triangular truncation at wavenumber 42 (T42).
The nonlinear terms and the parameterized physi-
cal processes are calculated on a 128 x 64 Gaussian
grid which yields a horizontal resolution of about
2.8°x 2.8°. There are 19 levels in the vertical which
are defined on o-surfaces in the lower troposhere
and on p-surfaces in the upper troposphere and
in the stratosphere. The model includes standard
physics (for details the reader is referred to Roeck-
ner et al., 1992). Earlier versions of ECHAM have
been applied in various climate simulations and
response experiments which are summarized in
two reports (Fischer, 1987; Von Storch, 1988). The
low-frequency behaviour of these earlier versions
when forced by observed sea surface temperatures
(SSTs) is described by Latif et al. (1990) and
Barnett etal. (1991). The current version of
ECHAM which we use here was integrated as part
of AMIP (Atmospheric Model Intercomparison
Project). Some preliminary results of this AMIP
run are given in Arpe et al. (1992).

The ocean model is “HOPE” (Hamburg Ocean
Model in Primitive Equations) which is based on
primitive equations simplified by making use of
the hydrostatic and Boussinesq approximations.
The HOPE model is a further development of the
models used by Latif (1987), Barnett et al. (1991),
Luksch and Von Storch (1992), and Latif et al.
(1993a, b). Its domain is global and we use realistic
bottom topography. Active salinity is included
in HOPE. The meridional resolution is variable,
with 0.5° within the region 10°N to 10°S. The
resolution decreases poleward to match the T42-
resolution of the atmosphere model. The zonal
resolution is constant and also matches the atmo-
spheric model resolution. Vertically, there are 20
irregularly spaced levels, with ten levels within the
upper 300 m. Since we have not yet included a
sea-ice model in HOPE, the SSTs and sea surface
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salinities are relaxed to Levitus, 1982 climatology
poleward of 60°, using Newtonian formulations
with time constants of about 2 and 40 days, respec-
tively for the upper layer thickness of 20 m.

The two models were coupled without applying
flux correction. They interact over all 3 oceans
in the region 60°N-60°S. The ocean model is
forced by the surface wind stress, the heat flux, and
the freshwater flux simulated by the atmosphere
model, which in turn is forced by the SST
simulated by the ocean model. The coupling is
synchronous, with an exchange of information
every two hours. The coupled GCM is forced by
seasonally varying insolation. The oceanic initial
conditions are those simulated at the end of a
15-year integration with climatological forcing.
Since we are mainly interested in the variability of
the upper ocean, this relatively short spin up time
is justified. The atmospheric initial conditions are
taken from a control run with climatological SST.
The coupled integration is started at 1 January and
continued for 20 years.

3. Tuning of the ocean surface mixing physics

If a coupled GCM is to be run with no flux
correction or other constraints, perhaps the most
important aspect of model performance is the
ocean surface heat balance. This depends on both
the surface fluxes from the atmosphere model and
the mixing of heat in the surface layers of the
ocean. We consider here the sensitivity of the
ocean surface heat balance to the ocean mixing.
The HOPE ocean model has three main processes
that affect the surface mixing of heat. These are a
Richardson number dependent mixing scheme, a
surface mixed layer parameterization, and the
penetration of solar radiation beneath the ocean
surface.

The Richardson number scheme determines
vertical viscosity v and diffusivity x according to
the formulae:

v=Ao/(1 +(5Ri)}) +v, N
k= Dy/(1+ (5Ri)?) (2)

where typical values are Ad,=4-10">m?%fs,
Dy=2-10"3m?s, v, =1-10"%m?/s, and Ri s the
Richardson number defined by:

Ri= —gp./((1.)* + (v.)?). (3)
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The density and horizontal current components
are given by p, u, and v, respectively. Subscripts
denote derivatives in (3).

The surface mixed layer parameterization is
partially diagnostic and very simple. The depth
of the mixed layer is diagnosed according to the
temperature difference between any given layer
and the surface: if this difference is less than a
specified critical value AT, the layer concerned is
considered to be part of the surface mixed layer.
The turbulent mixing within the mixed layer
is parameterized by adding a fixed vertical
diffusivity/viscosity to the Richardson number
dependent mixing given by (1) and (2). Levels
beneath the diagnosed mixed layer have no tur-
bulent mixing added.

Mathematically,
VML=KML = Wo, for (T“‘ To)SATC 4)
(
=0, for (T—Ty)>AT,,

where T, is the surface temperature, and typical
values of the constants are Wy,=2-10"3m?%/s and
AT.=0.5°C.

Penetration of solar radiation beneath the ocean
surface is included in the model physics, and this
also has an effect on the mixing of the surface
layers. The transmission of sunlight is calculated
using a two-stream approximation, with long and
short wavelengths absorbed rapidly, and inter-
mediate wavelengths being attenuated exponen-
tially with depth. The coefficients used should
ideally be functions of solar elevation, cloud cover
and water type; instead average values are used
that are appropriate for clear mid-ocean water
in typical conditions, using data from Paulson
and Simpson (1977) for guidance. The fraction
absorbed rapidly is 0.6, and it is assumed that all
of this energy is absorbed in the first model layer
(a typical exponential fit would give a length scale
of 1 m, very much smaller than the 20-m surface
layer depth). The penetrating component has an
exponential depth of 20 m. In total about 15% of
the surface solar radiation penetrates beneath the
surface layer of the model.

The initial set of parameter choices was to use
a deep surface mixing (AT.=1.0°C), no solar
penetration, and a shear dependent mixing with
only weak mixing of heat (4,=4-10"3m?/s,
Dy,=2-10"*m?%/s). These values had been found
to give good results in simulating the mean
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seasonal cycle of the ocean when the model was
forced with monthly mean climatological fluxes.
SST errors were typically less than 0.5°C and heat
flux errors less than 25 W/m? in most regions of
the tropical Pacific in this uncoupled ocean model
run, and the thermocline at the bottom of the
western Pacific warm pool was better defined
relative to earlier studies without a mixed layer
parameterization.

Although the behaviour of the coupled model
with these mixing parameters was reasonable,
three issues caused concern. Firstly, the seasonal
cycle of SST in the East Pacific was slightly too
weak in amplitude and showed a warming as early
as September, rather than December/January
as is observed. Secondly, the interannual SST
variability as simulated by the ocean model when
forced by observed wind stresses was much too
small. Probably, this was related to the too deep
thermocline in the East Pacific. Thirdly, the
annual summer warming in the mid-latitudinal
SST of the northern hemisphere was much too
weak. Therefore several other combinations of
mixing parameters were tried (Table 1), partly to
see if the original formulation could be improved
upon, and partly to explore the sensitivity of the
coupled system to changes in surface mixing.

We removed the surface mixing term altogether
in a first sensitivity experiment (experiment 2), and
as a partial compensation increased the shear
dependent diffusivity D, from 2 to 20 cm?/s (sur-
face winds are able to produce considerable surface
mixing in the presence of a large enough shear-
dependent term, and many well-proven tropical
ocean models rely on this process). The solar
penetration was also removed in- this first sen-
sitivity experiment. The impact on the coupled
system of these changes was surprisingly large,

Table 1. Experiments performed to investigate the
sensitivity of the coupled system to the
parameterization of surface mixing processes

Add. mixed D,
No. Duration layer mixing Sol. pen. (cm?/s)

1 40mo yes, Wy=20cm?/s, yes 2
AT.=1.0°C

2 2mo no no 20

3 2mo no yes 20

4  20yrs yes, Wo=20cm?/s, yes 20
AT,=05°C
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with warm SSTs spreading rapidly from the west
Pacific across the whole equatorial basin, causing
the southeast trades to weaken and the whole
coupled ocean-atmosphere system to move to an
unrealistic “warm” state within a relatively short
time. SSTs in the east at 10°S were substantially
warmer than is seen in any El Nifio event, and
were therefore judged as definitely unrealistic. We
terminated this run after 2 months.

A 3rd experiment was made using the same
mixing parameterizations, but reintroducing solar
penetration. This has a similar effect to an increase
in surface mixing, and might be expected to cool
SST, especially in regions where the warm surface
layer is very shallow, as was the case for our “over-
heated” eastern Pacific. Sure enough, the solar
penetration slowed and significantly reduced the
overheating. This, however, was not enough to
prevent the warming and the consequent coupled
effects. We therefore terminated this run also after
two months. '

A 4th experiment kept the solar penetration and
the increased shear dependent mixing, but rein-
troduced the surface mixing term. The value of
AT,, however, was set to 0.5°C, a more realistic
figure in view of the physical motivation of the
scheme. (This parameter setting enhanced the
interannual variability in the uncoupled ocean
model run with observed wind stresses and
improved considerably the thermocline structure
in the east Pacific. The SST and heat flux errors,
however, were about twice as large as in the first
experiment.) The SSTs simulated in the coupled
mode remained under control once more, and a
warm, shallow, highly stratified mixed layer did
not occupy the tropics. The overall simulation was
not in fact very different from the first experiment.
The amplitude of the east Pacific seasonal cycle
in SST was enhanced, but the phase problems
were basically unchanged. The summer warming
in the mid-latitudes of the northern hemisphere
was more pronounced, but still too weak. Overall
(considering both the results of the limited experi-
mentation and theoretical preferences), this fourth
simulation was felt to be an improvement on the
first, and in fact forms the basis for the rest of this
paper.

To summarize these results, it is clear that on the
one hand a coupled GCM can be very sensitive to
relatively small changes in surface mixing (e.g.,
experiments 2, 3), and on the other, significant
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differences in mixing do not always have much
impact on the mean state (experiments 1, 4). The
cause of the sensitivity seen in some of these
experiments seems to be feedbacks between warm
SST, increased surface stratification and reduced
surface mixing, and reduced wind speeds and
evaporation. If the system is in a regime where
these feedbacks are acting strongly, then it is very
sensitive to any changes in the surface heat
balance.

Fortunately, the real ocean-atmosphere system
seems not to be in such a sensitive regime. The
sizeable interannual variability associated with
ENSO does not trigger run-away “surface warm-
ing” events of this sort. It is also gratifying that our
two realistic simulations (experiments 1, 4) also
show little sensitivity to these feedback processes.
The conclusion must be that for a sufficiently
realistic model, the mean state is not hyper-sen-
sitive to the ocean surface mixing. Perhaps we can
hope that this is a general property of the ocean-
atmosphere climate system: coupled interactions
can lead to large errors if the models contain errors
above certain threshholds, but these large coupled
errors can disappear once a model system is
brought into the correct climatic regime.

4. Tropical performance

4.1. Climatology

The coupled model undergoes considerable
climate drift (Fig. 1). The annual mean SST errors
(relative to Reynolds’, 1988 climatology) com-
puted from all 20 years are largest near the eastern
boundaries of the tropical oceans which are
simulated much too warm (Fig. 1). The largest
errors are found in the Southern Hemisphere in the
region 10°S-20°S, attaining maximum values of
about 4°C in the Pacific and 6°C in the Atlantic
Ocean in the immediate vicinity of the coasts. The
tongue of positive SST errors has a zonal extension
of about 30°. The larger part of these errors result
from the first ten years of the integration (Fig. 2a).
A similar error pattern is found in the Northern
Hemisphere, but with considerably smaller SST
errors. The western Pacific and the Indian Ocean
SSTs are simulated at about the correct tem-
peratures within about +1°C.

The SST in the eastern equatorial Pacific,
as expressed by the Nifio-3 index (5°N-5°S,
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150°W-90°W), shows a gradual cooling during
the first 15 years, after a relatively strong initial
rise (Fig.2a). The Nifio-3 SST is rather stable
during the last five years of the integration. It is not
clear after the twenty years of integration, which
fraction of the cooling can be attributed to climate
drift of the coupled system, and which fraction is
related to interdecadal variability. The same is
true for the SST in the western equatorial Pacific
(Fig. 2b) which shows some rise of SST in the
Nifio-4 region (5°N-5°S, 160°E-150°W) at the
end of the integration, after a relatively long
cooling phase.

The reason for the failure of the coupled model
in the eastern tropical oceans is propably related to
the inability of our atmospheric GCM to simulate
sufficient low-level stratus clouds in these regions,
leading to an excess of incoming solar radiation
at the sea surface. Observational estimates of
cloud cover are of the order of 70 to 80 % over the
southeastern tropical oceans (Oberhuber, 1988a).
The cloud cover in the coupled model attains
typical values of 30% only. Thus, the annual
mean incoming solar radiation is much larger
in the coupled run, attaining values of about
250 W/m?, while Oberhuber’s, 1988b climatology
indicates values of about 150 W/m? Additionally,
the coarse zonal resolution of the ocean model
(~2.8°) is not adequate to resolve the narrow
coastal upwelling zones which might enhance the
problem.

The problems with the low-level stratus clouds
influence also the coupled model’s performance
of the annual cycle in the eastern equatorial
Pacific. Consistent with observations, the coupled
model does simulate a pronounced annual cycle,
although there is almost no annual cycle forcing at
the equator. However, as can be seen from the time
series of the Nifio-3 SST (Fig. 2a), the coupled
model’s annual cycle shows significant differences
to the observed one. While the spring warming
and the following drop in SST are simulated
reasonably well, the ocean warms again around
September, in contrast to the observations which
show the warming not before December. Overall,
the coupled model tends to overestimate the semi-
annual cycle. This behaviour suggests that the
errors in the solar radiative flux have a significant
impact on the simulated annual cycle. This view is
also supported by the results of Stockdale et al.
(1994). They coupled an identical version of
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Fig. 1. (a) Annual mean SST derived from the Reynolds, 1988 data set, (b) annual mean SST derived from the
20-year coupled run, and (c) difference between the coupled model and the Reynolds climatology. The contour
interval is 2°C in all 3 panels.
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the HOPE ocean model to the European Centre
atmosphere model, tuned its diagnostic cloud
parameterization to yield an increased cloud
amount over the eastern tropical oceans, and
obtained a more realistic simulation of the annual
cycle in Nifio-3 SST. Such a tuning is not easily
possible in our ECHAM atmosphere model,
because our cloud scheme is formulated prognosti-
cally.

The observations indicate that the SST climatol-
ogy in the western equatorial Pacific is charac-
terized by a substantial semi-annual cycle in
addition to the annual cycle (Fig. 2b). The coupled
model captures this behaviour, but the changes
associated with the annual and semi-annual cycles
are stronger than observed. The reason for this
model failure can be traced back to the warm pool
structure which is simulated too shallow relative to
observations. The model western Pacific warm
pool extends to a depth of about 80 m only (not
shown), while observational estimates indicate a
depth of at least 120 m (Gill, 1982). This leads to
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Fig. 2. (a) Nifio-3 SST (a) and Nifio-4 SST (b) as
simulated by the coupled model (solid lines). The corre-
sponding Reynolds climatologies are given for reference
and repeated year by year (dashed lines).
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a too strong sensitivity to surface forcing. Further
sensitivity studies are needed with our coupled
model to explore the origin of this model failure.

Another rather sensitive parameter in general
circulation models is rainfall. Here we compare the
coupled model’s rainfall climatology (Fig. 3d)
with two observational estimates (Legates and
Willmott, 1990; Jager, 1976) (Figs. 3a, b) and
with that obtained in an uncoupled control
integration with the ECHAM atmosphere model
forced by climatological SST (Fig. 3c). We use
both available climatologies in this comparison
to provide some indication of the uncertainty in
observational rainfall estimates. The coupled
model’s rainfall climatology is generally in
reasonable agreement with the observations.
Over the western equatorial Pacific, however, the
coupled model does not simulate enough rainfall.
This tendency is already seen in the uncoupled
control run with the ECHAM model, but signifi-
cantly enhanced by the coupling. The reason for
the further reduction in rainfall over the western
Pacific is the slightly too cold SST in the coupled
run (Fig. 2b). The tendency of the ECHAM model
to simulate a split ITCZ (Intertropical Con-
vergence Zone) over the Pacific is also enhanced
by the coupling. This deficiency is also related to
errors in SST which is simulated too zonal by the
coupled model (Fig. 1).

In summarizing the results of this section, the
coupled model’s tropical climatology shows con-
siderable deficiencies, especially in the eastern
tropical oceans. Nevertheless, since no flux correc-
tion was applied and errors considerably larger
than 1°C are limited to relatively “small” regions
(Fig. 1), the coupled model did a reasonable job in
reproducing the tropical climatology.

4.2. Interannual variability

The coupled GCM simulates significant inter-
annual variability in the Pacific which is rather
irregular. As expected, the time series of the
anomalous Nifio-3 SST and Southern Oscillation
Index (SOI) fluctuate coherently out phase on
interannual time scales (Fig. 4) which visualizes
the coupled nature of the interannual variability.
The spatial patterns of the anomalies associated
with the simulated interannual variability are
in many respects similar to those observed
during extremes of the ENSO cycle (Fig. 6). The
meridional extent of the SST anomalies, however,
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Fig. 3. (a) Annual mean rainfall derived from the Legates and Willmott (1990) climatology, (b) annual mean rainfall
derived from the Jéger (1976) climatology, (c) annual mean rainfall derived from an uncoupled run with the atmo-
sphere model forced by climatological SSTs, and (d) annual mean rainfall derived from the 20-year coupled model
run. Contours shown are: 0.5 mm/d, 1 mm/d, 2 mm/d, 5 mm/d, and 10 mm/d. Light stippling indicates rainfall of
0.5 mm/d and less, while heavy stippling indicates rainfall of 10 mm/d and more.
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Fig. 4. Time series of the simulated anomalous Niiio-3
SST anomalies (full line) and Southern Oscillation Index
(SOI) (dashed line). The time series were detrended and
normalized by their corresponding standard deviation,
and a 13-months running mean was applied.
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is underestimated by the model (Fig.5). Thus,
maximum SST anomalies averaged over the
Nifio-3 region attain values of about 1°C only,
while observations indicate variations which are at
least twice as large. At the equator, the simulated
SST anomalies are only slightly smaller than the
observed anomalies (Fig. 5). However, we would
like to note that the observed SST anomalies also
exhibit pronounced interdecadal variations. If we
compare the observed variability during the period
1950-1979 (as shown in the atlas of Shea, 1986)
with that observed during the period 1970~1990
(Fig. 5a), considerable differences are apparent,
and the model variability is more consistent with
the results of Shea, 1986. Thus, a longer run with
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Fig. 5. (a) Standard deviation of monthly SST anomalies computed from the period 1970-1990 from the Reynolds
data set, (b) standard deviation of monthly SST anomalies computed from years 2 to 20 of the coupled integration.
The linear trend was removed prior to the analysis. Units are in (°C) in both panels.
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14 and 15. Temperature differences are given in (°C).

(b) Same as in (a) but for sea level pressure. Pressure differences are in (hPa). Band-pass filtering (retaining variations
with periods between 1 and 10 years) was applied prior to the analysis.

our coupled model is needed, in order to estimate
the full spectrum of the model variability.

The mechanism for the ENSO-like variability in
the model is at least partly related to the subsut-
face memory of the coupled system. As in the
earlier version of our coupled model (Latif et al.,
1993a, b) and consistent with the “delayed action
oscillator” scenario (Schopf and Suarez, 1988),
SST and zonal wind anomalies evolve in place,
while upper ocean heat content adjusts slowly to
previous changes in the surface wind stress field
(not shown). If the “delayed action oscillator”
operates in our coupled model, the ENSO-related
variability would exhibit a preferred time scale.
The spectrum of Nifio-3 SST anomalies, however,

shows an only marginally significant peak at a
period of about three years (not shown), which
suggests that stochastic forcing by the atmosphere
is also important in generating oceanic low-fre-
quency variability. Our coupled run, however, is
too short to make precise statements about the
relative roles of deterministic and stochastic
processes. Therefore, we are presently continuing
the coupled integration.

In order to obtain an indication of the spatial
structure of the simulated interannual variability,
we computed the difference in (band-pass filtered)
SST and sea level pressure (SLP) between Novem-
bers of years 14 and 15 (Fig. 6). This time interval
is the most active period, characterized by a fast
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transition from an anomalously warm (year 14) to
an anomalously cold phase (year 15). We chose
this particular period because one can expect
global impacts of tropical Pacific SST anomalies to
be strongest during such extreme phases. The
Pacific is characterized by a strong positive SST
anomaly centered at the equator near 130°W
(Fig. 6a). This “El Nifio” SST anomaly is sur-
rounded by predominantly negative SST anomalies.
The coupled model simulates a strong negative
SST anomaly in the North Pacific, a feature which
is consistent with observations and described pre-
viously in many studies (e.g., Weare et al., 1976).
We return to this point below when discussing the
interannual variability in mid-latitudes.

5. Mid-latitudinal performance

5.1. Climatology

Climate drift is appreciably small, and, in the
case of the North Atlantic, not clearly separable
from interdecadal variability (Fig. 7). The perfor-
mance of ECHO in mid-latitudes is characterized
by too cold SSTs in most regions (Fig. 1). Typical
SST errors are of the order of —2°C, touching
—4°C in very small regions. Too warm SSTs are
simulated in localized regions near the western
boundaries in the Northern Hemisphere. The
phase of the annual cycle is simulated well by the
coupled model, as visualized by three examples,
the North Pacific, North Atlantic, and South
Indian Ocean SST (Fig. 7). The amplitude of
the annual cycle in the northern hemisphere is
significantly understimated by the model. The
reason for the too weak annual cycle is probably
related to an excess of mixing in the ocean,
prohibiting the formation of a shallow mixed layer
in summer, leading to too cold temperatures.
Consistent with this picture, largest SST errors are
found in northern summer.

We would like to note one further interesting
feature. It appears that the coupled model is more
successful in simulating the mean SST in certain
regions than the ocean model alone when run in
the uncoupled mode with prescribed boundary
conditions. This is particularly obvious in mid-
latitudes, especially in the Southern Ocean
(Fig. 7c). The reason for this unexpected result is
that accurate surface heat flux estimates are
necessary to obtain a realistic climatology in mid-
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Fig. 7. (a) North Pacific (40°N-60°N, 160°E-160°W)
SST as simulated by the coupled model. (b) Same as (a)
but for the North Atlantic (40°N-60°N, 40° W-10°W).
(c) Same as (a) but for the Southern Indian Ocean
(40°S-60°S, 20°E-60°E). The solid lines denote the
model SSTs. The corresponding Reynolds climatologies
are given for reference and repeated year by year (dashed
lines).

latitudes in uncoupled ocean model simulations.
Since surface heat flux estimates derived from
observations are due to large uncertainties or
not even available, as over large regions of the
Southern Oceans, it is not surprising that our
uncoupled simulation exhibited relatively large
SST errors in these regions. These errors, however,
can be reduced significantly in a coupled integra-
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tion, provided both individual model components
are sufficiently realistic.

5.2. Interannual variability

We shall not address the question of decadal-
scale fluctuations which are obvious in the area-
averaged time series of north Atlantic SST
(Fig. 7b). These fluctuations will be discussed in a
forthcoming paper describing the results of a
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multi-decadal run with ECHO. The level of inter-
annual variability in mid-latitudes is simulated
correctly in most regions by the coupled GCM.
Standard deviations of SSTs in the North Atlantic
and Pacific are simulated at about 0.5°C (Fig. 5b)
which is in good agreement with observations
(Fig. 5a). Part of the variability in the North
Pacific is forced remotely by the tropics (Fig. 6a).
As described by Alexander (1990) and Luksch

MODE 2
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Fig. 8. First 2 leading CCA modes of North Atlantic SST and SLP as simulated by the coupled model. (a) Canonical
predictor (SST) pattern (°C) of the leading CCA mode, (b) canonical predictand (SLP) pattern (hPa) of the leading
CCA mode, (c) canonical predictor (SST) pattern (°C) of the second CCA mode, (d) canonical predictand (SLP)
pattern (hPa) of the second CCA mode. The values correspond to a one standard deviation change.
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and Von Storch (1992), for instance, positive
equatorial Pacific SST anomalies force an inten-
sified Aleution low which leads to anomalously
strong cold air advection over the western and
central north Pacific forcing the negative SST
anomalies observed. This mechanism operates also
in our coupled model (Fig. 6b). However, the
ENSO-related variability accounts for about only
10% of the total SST variance in the north Pacific,
and the correlations between North Pacific SST
and Nifio-3 SST are only maginally significant. In
Fig. 6a, there are also found SST anomalies in the
other oceans, but correlations of SST anomalies in
these regions with Nifio-3 SST anomalies are well
below the significance limits, suggesting that these
anomalies are of independent origin.

In order to get an impression of the spatial scales
involved in the simulated north Atlantic interan-
nual variability, we performed a canonical correla-
tion analysis (CCA) of north Atlantic SST and
SLP anomalies. We restricted the CCA to the win-
ter months only (December, January, February).
We retained the leading 5 empirical orthogonal
functions (EOFs) only in the CCA, explaining
about 85 % of the variance in each field. The lead-
ing CCA mode from the coupled model attains a
canonical correlation of 0.65 and explains 21 % of
the variance of the SST and 43 % of the variance of
the SLP data. Both the canonical predictor (SST)
and predictand (SLP) patterns show a dipole
structure (Figs. 8a, b) and are very similar to the
patterns of the leading CCA mode derived from
observations (Zorita et al., 1992). The SST pattern
(Fig. 8a) shows mostly negative values between
40°N and 60°N, with a maximum near 45°N and
30°W. Positive anomalies are found south of this
region, with strongest anomalies off the coast of
North America. Local explained variances in SST
amount to about 70 % in the centre of the negative
region and 40 % in the positive region. The corre-
sponding canonical SLP pattern (Fig. 8b) exhibits
extremes near 55°N and 25°W and near 30°N and
40°W. Local explained variances in these centres
of action amount to 90 % and 40° %, respectively.

The next CCA mode has a canonical correlation
of 0.53, explaining 7% in the SST and 18 % in the
SLP data. This mode is similar to the 2nd CCA
mode derived from the SST and SLP observations
(Zorita et al., 1992). The canonical SST and SLP
patterns are also characterized by dipole structures
and shifted northward relative to those of the
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leading CCA mode. The canonical SST pattern
(Fig. 8c) exhibits a negative extreme near 55°N
and 50°W and a positive extreme near 35°N and
55°W. The local explained variances in these
centers of action amount to 50% and 25%,
respectively. The canonical SLP pattern (Fig. 8d)
of the 2nd mode shows a maximum near 45°N and
40°W and negative values north of 55°N which
intensify poleward. Local explained variances in
the high pressure center amount to about 75%,
while those in the low-pressure region attain
values up to about 30%.

The results of our CCA analysis are consistent
with the picture that the atmosphere drives the
ocean. Both shown canonical SLP patterns reflect
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Fig. 9. (a) Autospectra of North Atlantic SST (shown in
Fig. 7b) and net surface heat flux. (b) Phase spectrum
and (c) coherence spectrum between the two time series.

The bandwith used is 72 months which yields 6 degrees
of freedom. -
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internal modes of the atmosphere, as decribed
in many papers (Wallace and Gutzler, 1981;
Barnston and Livezey, 1987). The SLP pattern of
the leading CCA mode (Fig. 8b) is often referred to
as the “east Atlantic” mode and that of the second
CCA mode (Fig. 8d) to as the “North Atlantic
Oscillation”. Our atmosphere model is able to
reproduce these variability modes (Zoriata et al.,
1992), and the ocean model responds passively to
the associated variations in the surface heat and
momentum fluxes, as shown by Luksch (personal
communication). For a more detailed discussion of
this issue, see, for instance, Zorita et al. (1992) and
references herein.

Thus, our results are consistent with the Hassel-
mann (1976) stochastic climate model scenario.
Autospectra of north Atlantic SST indices are red,
while typical atmospheric indices are characterized
by white spectra. A typical example is shown in
Fig. 9a, which shows the spectra of area-averaged
North Atlantic SST (Fig. 7b) and net surface heat
flux. Also shown is a cross spectral analysis of the
two time series (Figs. 9b,c). Both time series
exhibit highly significant peaks at the annual fre-
quency. The cross spectral analysis suggests that
the atmosphere forces the ocean at annual and
interannual time scales. Both time series are
coherent at these time scales, and, consistent with
the observational work by Cayan (1992), the SST
lags the heat flux. Such behaviour is expected
according to the Hasselmann (1976) theory in the
absence of resonant eigenoscillations which would
introduce additional peaks in the autospectra.
Thus, in marked contrast to the situation in the
tropics where the surface heat flux acts as a
negative feedback on the SST to first order, varia-
tions in surface heat flux drive the SST in the north
Atlantic.

6. Conclusions

We have performed a twenty year integration
with our global coupled ocean-atmosphere general
circulation model “ECHO”. Flux correction was
not applied to couple the individual model com-
ponents. Climate drift is appreciably small but still
significant. The coupled model simulates con-
siderable interannual variability in the tropics and
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in mid-latitudes, with spatial patterns similar to
those observed. The variance of the tropical
variability is somewhat underestimated, while the
level of variability in mid-latitudes is simulated
realistically.

ECHO is a coupled model of the latest genera-
tion. Such coupled GCMs are being currently
developed by several groups worldwide. These
models have reached a level of sophistication
which no longer requires the application of flux
correction techniques. Climate ‘“crashes” or
climate “catastrophes” do not occur in these
models, as was often the case in the past (the
reader is referred for a discussion of climate drift in
coupled models to the review article by Neelin
et al. (1992)). Coupled GCMs will be used to study
the nature of air-sea interactions, especially in
regions where not enough data are available, and
they will be applied more and more to the issue of
short-range climate forecasting.

However, despite these encouraging aspects,
coupled GCMs have still serious problems. As
described in this paper, the parameterization of
certain physical processes must be improved
considerably. Examples are, for instance, the
representation of clouds and of oceanic mixing
processes. Coupled GCMs form a useful frame-
work for testing such parameterizations, since they
are less constrained than uncoupled models. In the
next step, we shall couple a sophisticated sea ice
model (Hibler, 1979) to ECHO, in order to be able
to resolve the full variability spectrum on the
short-range climatic time scale up to a decade. The
simulation of sea ice is a delicate issue, as past
experiences with coupled models show (Cubasch
et al.,, 1994).
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