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ABSTRACT

A coupled air–sea mode in the Northern Hemisphere with a period of about 35 years is described. The mode
was derived from a multicentury integration with a coupled ocean–atmosphere general circulation model and
involves interactions of the thermohaline circulation with the atmosphere in the North Atlantic and interactions
between the ocean and the atmosphere in the North Pacific.

The authors focus on the physics of the North Atlantic interdecadal variability. If, for instance, the North
Atlantic thermohaline circulation is anomalously strong, the ocean is covered by positive sea surface temperature
(SST) anomalies. The atmospheric response to these SST anomalies involves a strengthened North Atlantic
Oscillation, which leads to anomalously weak evaporation and Ekman transport off Newfoundland and in the
Greenland Sea, and the generation of negative sea surface salinity (SSS) anomalies. These SSS anomalies weaken
the deep convection in the oceanic sinking regions and subsequently the strength of the thermohaline circulation.
This leads to a reduced poleward heat transport and the formation of negative SST anomalies, which completes
the phase reversal.

The Atlantic and Pacific Oceans seem to be coupled via an atmospheric teleconnection pattern and the
interdecadal Northern Hemispheric climate mode is interpreted as an inherently coupled air–sea mode. Fur-
thermore, the origin of the Northern Hemispheric warming observed recently is investigated. The observed
temperatures are compared to a characteristic warming pattern derived from a greenhouse warming simulation
with the authors’ coupled general circulation model and also with the Northern Hemispheric temperature pattern
associated with the 35-yr climate mode. It is shown that the recent Northern Hemispheric warming projects well
onto the temperature pattern of the interdecadal mode under consideration.

1. Introduction

Interdecadal climate variability is considered to be
important in masking the greenhouse warming signal in
the present climate record. Hence, it is necessary to
understand the mechanisms that generate interdecadal
climate variability, particularly in the Northern Hemi-
sphere.

A very important goal of climate research is the iden-
tification of climate modes and the understanding of the
underlying physical processes. Recently, strong scien-
tific interest has focused on the detection of decadal to
secular climate timescales in observational records by
means of sophisticated mathematical techniques. Schle-
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singer and Ramankutty (1994) perform a singular spec-
trum analysis of the detrended surface temperature rec-
ord for several geographical locations over the period
of 1858–1992. In the North Atlantic region their anal-
ysis yields an oscillation of 76 years. Recently, Mann
et al. (1995) performed a multivariate singular value
decomposition in the frequency domain of historical and
climate proxy records, and evidence is reported for in-
terdecadal and century-scale oscillations. A wavelet
analysis of the Northern Hemispheric surface temper-
ature record (Lau and Weng 1995) reveals a timescale
of 35–60 years.

The available observations are too sparse to identify
the mechanisms that lead to long-term climate changes.
However, it is known from paleoclimatology (Broecker
et al. 1985; Duplessy et al. 1992) and from model sim-
ulations (e.g., Maier-Reimer and Mikolajewicz 1989;
Mikolajewicz and Maier-Reimer 1990; Mysak et al.
1993; Winton and Sarachik 1993; Delworth et al. 1993;
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Weaver and Sarachik 1991; Weaver et al. 1993, Weaver
et al. 1994; Greatbach and Zhang 1994) that long-term
variability and abrupt climate changes (e.g., Manabe and
Stouffer 1995; Schiller et al. 1996) in the climate system
may originate from changes in the thermohaline cir-
culation (THC). In this context North Atlantic deep wa-
ter (NADW) formation plays a crucial role. One prom-
inent example of such a climate change in this century
was the great salinity anomaly (GSA)—a freshwater
anomaly that originated in the Greenland–Iceland–Nor-
way (GIN) Sea in the late 1960s and moved with the
East Greenland Current southward. It passed the regions
of deep water formation, reducing the deep water for-
mation temporarily (Lazier 1988), and its trajectory
turned northeastward in 1971–72. The GSA supports
the idea that atmosphere–ocean interactions north of
508N play a crucial role in the generation of interdecadal
variability as suggested by Dickson et al. (1975) and
Dickson et al. (1988). Dickson et al. (1975) and Dickson
et al. (1988) argue that a persistent intensification of
northerly winds over the Greenland Sea led to an in-
creased injection of polar waters into the East Greenland
Current. This was accompanied also by a shift in the
sea-ice conditions (see Mysak et al. 1990), contributing
significantly (Häkkinen 1993) to the polar freshwater
excess during the GSA. An interdecadal feedback loop
explaining the GSA was proposed by Wohlleben and
Weaver (1995), which involves the Labrador Sea con-
vection, the subpolar gyre, the atmosphere, and the
freshwater transport through the Fram Strait. This mech-
anism is supported by observations and in particular by
the conditions associated with the GSA. The feedback
loop is based on the idea that on interdecadal timescales
the atmosphere responds to sea surface temperature
(SST) anomalies in the subpolar gyre system. Our study
follows the same philosophy.

Further evidence for the existence of interdecadal
variability is reported by Bjerknes (1964). He describes
a climate shift between the late 1890s and the mid-1920s
in the North Atlantic. The positive SST trend observed
during this period, with maximum anomalies at about
408N, is explained by a strengthened atmospheric cir-
culation that stimulated the subtropical ocean gyre.
However, the physics of the long-term temperature fluc-
tuations within the Gulf Stream cannot be explained
sufficiently in this study. On interannual timescales,
which we shall not address here, the wind speed south
of 508N and the SSTs are negatively correlated, con-
firming that interannual variability in the North Atlantic
is determined by air–sea flux variations. On the other
hand, on interdecadal timescales the correlation is pos-
itive, indicating that ocean dynamics (in particular the
dynamics of the subtropical and subpolar gyres) are im-
portant.

Bjerknes’s (1964) ideas are somewhat supported by
the analysis of a century-long SST dataset by Kushnir
(1994). However, Kushnir (1994) argues that the THC
rather than the ocean gyres plays the important role for

the North Atlantic interdecadal variability. This is un-
derscored by the fact that maximal SST anomalies can
be found in the regions of NADW formation (the north-
west Atlantic and GIN Seas). Thus, active coupling be-
tween the atmosphere and the THC may be a crucial
feature of the interdecadal variability in the North At-
lantic. Deser and Blackmon (1993) discuss on the basis
of a 90-yr dataset that the interdecadal sea level pressure
(SLP) pattern leads to a damping of the corresponding
extratropical SST anomalies, which is in agreement with
Kushnir’s findings. This was also Bjerknes’s (1964) ar-
gument to attribute the generation of interdecadal vari-
ability to ocean dynamics, with the atmosphere respond-
ing to changes in the ocean circulation.

Regarding the physical origin of the interdecadal vari-
ability, it has not been clarified yet whether the THC
[as proposed by Delworth et al. (1993) analyzing a mul-
ticentury coupled general circulation model (CGCM)
integration] or the wind-driven ocean circulation or both
provide the memory for interdecadal oscillations. In par-
ticular, it was argued by Latif and Barnett (1994) and
by Grötzner et al. (1998) that decadal variability in the
North Pacific and North Atlantic Oceans can be gen-
erated by an unstable interaction between the atmo-
sphere and the wind-driven subtropical ocean gyres.
One should note, however, that a restoring to observed
climatology north of 608N damps the role of the THC
in their coupled model.

To separate the interdecadal fluctuations from the
greenhouse warming signal, Hegerl et al. (1996) cal-
culate projections of observed 15-, 20-, and 30-yr trends
onto a fingerprint pattern, which carries the character-
istic greenhouse warming signal, as inferred from green-
house warming simulations with CGCMs in an opti-
mized way. The optimal fingerprint (Hasselmann 1993)
consists of a first-guess greenhouse pattern rotated in
the direction of maximum signal-to-noise ratio. One of
its characteristics is a relative cooling in the North At-
lantic, with maximum cooling around 408–508N. This
is the region that exhibited remarkable variability on
long timescales in Bjerknes’s (1964) analysis. The pro-
jection (called detection variable) of the observed 30-
yr trends onto the optimal fingerprint leaves the 95%
confidence limit just for a few years around 1945 and
again around 1990, as shown in Hegerl et al. (1996).
This means that during the 1940s one could have
claimed the greenhouse warming to be detected with
almost the same statistical probability as today. The mis-
identification in the 1940s might be due to incorrect
estimation of the background ‘‘noise’’ consisting of in-
ternal variability and external effects.

The aim of our study is to shed light on the role of
the atmosphere–ocean interactions on interdecadal
timescales. Our attention will be focused on the physical
mechanisms that lead to interdecadal oscillations in the
Northern Hemisphere and, in particular, in the North
Atlantic region.

The paper is organized as follows. Section 2 is devoted
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to the description of the coupled model, its simulation
of the mean state, and variability. In section 3 we analyze
the simulated Northern Hemispheric variability with
spectral methods in order to identify the characteristic
timescales in our model simulation. The physical mech-
anism that leads to the interdecadal oscillations in the
Atlantic is described in section 4. In section 5 we discuss
the panoceanic connection between the Atlantic and Pa-
cific Oceans. In section 6 we discuss the role of the
interdecadal climate mode in masking the greenhouse
warming signal. The paper concludes with a summary
and discussion of the results in section 7.

2. Model description

Our analysis is based on a 700-yr control integration
with the coupled atmosphere–ocean model ECHAM-3/
LSG. The model consists of the atmospheric GCM
ECHAM-3, the Hamburg version of the European Cen-
tre for Medium-Range Weather Forecasts operational
weather forecasting model (see Roeckner at al. 1992),
and the ocean model LSG (large-scale geostrophic)
(Maier-Reimer et al. 1993). ECHAM-3 is a global low-
order spectral model with a triangular truncation at
wavenumber 21 (T21) and 19 levels in the vertical. This
corresponds to a horizontal resolution of about 5.68 3
5.68.

The LSG ocean model neglects nonlinear momentum
advection. This model provides an appropriate repre-
sentation of slow ocean modes only. It has 11 vertical
levels and is integrated using a fully implicit numerical
method on an E grid with an effective horizontal res-
olution of approximately 48 3 48. A thermodynamic
sea-ice model is included in the LSG model. To avoid
climate drift in the coupled mode, the flux correction
technique (Sausen et al. 1988) is applied, which is
equivalent to coupling both subsystems by their indi-
vidual flux anomalies relative to their equilibrium states.
The ECHAM-3/LSG model has been used in a number
of climate change and response experiments (e.g., Has-
selmann et al. 1995; Cubasch et al. 1997; Schiller et al.
1997). Further details about the model and the coupling
strategy can be found in Voss et al. (1998).

Figure 1 displays the mean temperature and salinity
fields averaged over all 700 years of the detrended con-
trol run at 25- and 75-m depth (first and second ocean
levels, respectively). The mean temperature and salinity
fields are simulated reasonably well at both depths, as
expected when flux corrections (Sausen et al. 1988) are
applied. However, a comparison with the Levitus (1982)
climatology reveals that the temperature structure of the
Gulf Stream is rather broad in our model. South of 308N
the isotherms are too zonal as compared to the obser-
vations. This feature is associated with an overestima-
tion of the subpolar gyre in our model as compared to
the subtropical gyre (Fig. 3). Thus, we expect that the
physics of the interdecadal climate mode identified in

this study might be biased toward the dominant role of
the subpolar gyre in our model.

The regions of oceanic convection in our model are
shown in Fig. 2, which displays the mean potential en-
ergy loss by convection.

In the coupled model, deep convection takes place
south of Greenland and in the GIN Sea. Among other
mechanisms the convection triggers the THC, which
plays a crucial role in the oceanic heat transport between
low and high latitudes and may therefore serve as an
important component for the generation of long-term
variability. The mean circulation in our coupled model
can be inferred from Fig. 3. The Gulf Stream has a
maximum net mass transport of about 60 Sv in this
model, while observational estimates are of the order
of about 150 Sv. It is likely that this underestimation is
mainly due to the coarse resolution. The mean of the
meridional streamfunction in the Atlantic is shown in
Fig. 4, where positive values of the meridional stream-
function stand for a clockwise circulation. The merid-
ional overturning shows an outflow of NADW of about
18 Sv at 308S and an inflow of Antarctic Bottom Water
of about 6–8 Sv into the North Atlantic. Thus, the cou-
pled model used here reproduces the principal features
of the North Atlantic THC in a satisfying manner. The
simulated mean atmospheric conditions are almost iden-
tical to those simulated by the uncoupled atmosphere
model (Roeckner et al. 1992). To show that the vari-
ability also is simulated reasonably well by the coupled
model, we display in Fig. 5 the standard deviations of
detrended North Atlantic SST anomalies (based on an-
nual means) as obtained from observations taken (a)
from the Global Ice and Sea Surface Temperature
(GISST) dataset of the United Kingdom Meteorological
Office (UKMO) and (b) from our 700-yr CGCM inte-
gration. The two patterns correspond reasonably well to
each other, which gives us confidence that the principal
feedbacks in the North Atlantic region are simulated
correctly.

However, note that the flux correction technique used
in our coupled model might have an effect on the climate
variability as far as nonlinearities in the system becom-
ing important. For further information on this subject
the reader is referred to a number of recent studies ex-
ploring the effect of flux corrections (Nakamura et al.
1994; Marotzke and Stone 1995; Cai et al. 1997) on
climate feedback. However, a detailed analysis regard-
ing the influence of the flux correction technique on the
simulated climate variability in our model is far beyond
the scope of this study.1 On the other hand, state-of-the-
art CGCMs integrated without flux corrections still have

1 Note that although the flux correction technique is used in our
700-yr integration, there is a strong climate drift in the Antarctic
Ocean. Almost all the Antarctic sea ice is melted within the first 150
years of the coupled model integration.
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FIG. 1. Mean fields of the temperatures at 25-m and 75-m depth (8C) (upper panels) and salinities (psu) (lower panels) averaged over all
700 model yr.

some climate drift problems, although encouraging
progress has been made quite recently.

3. Interdecadal timescales

The search for climate modes with a distinct period
that can be explained by a consistent physical mecha-
nism is a major goal of climate research. Spectral meth-
ods help as a mathematical tool to infer characteristic
periods.

Figure 6 shows the temporal evolution of the maxi-
mum of the meridional overturning in the Atlantic after
subtracting the trend. The same index was also used by
Delworth et al. (1993). Note that the THC index has a
trend of approximately 0.005 Sv 100 a21 (Sv [ 106 m3

s21). Also shown is a low-pass filtered (5-yr running
mean) version of the time series to highlight the low-
frequency variability. The model simulates interdecadal

fluctuations of approximately 10% (;2–3 Sv) of the
mean transport, which might have important conse-
quences for the climate in the North Atlantic region.
Thus, Fig. 6 is used in the subsequent analyses as a
reference time series.

Figure 7 shows a Fourier spectrum of the maximum
of the meridional model overturning in the Atlantic. The
spectrum was obtained using a Bartlett window and 15
degrees of freedom. It is tested against the hypothesis
that the signal is generated by a first-order autoregres-
sive process (yielding a red noise spectrum), and the
95% confidence limit for the rejection of the red noise
hypothesis is also displayed. The appropriate spectrum
of the red noise process was obtained by calculating the
first-order maximum entropy spectrum of the THC in-
dex. The THC index shows enhanced spectral density
at a frequency of about 0.03 cycle per year (period of
about 35 years) and at about 0.008 cycle per year (period
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FIG. 2. Regions of mean potential energy loss by convection (W m22) in the North Atlantic averaged over all 700 model yr.

FIG. 3. Barotropic streamfunction (Sv) averaged over all 700 model yr. Negative values denote clockwise circulation.

of 125 years). Both peaks leave the 95% confidence
level of the first-order autoregressive process, indicating
that other processes than just the integration of synoptic
weather noise [in the sense of the stochastic climate
model of Hasselmann (1976)] are involved. The THC
spectrum is robust against reasonable changes of the
window width. The spectral characteristics of the over-

turning time series are neither consistent with a first-
nor a second-order autoregressive process. The sharp
drop of the spectrum at periods around 10–15 years
implies that the THC has the properties of a low-pass
filter. This feature is different from the findings of Grif-
fies and Tziperman (1995), who argue that the THC in
the Geophysical Fluid Dynamics Laboratory (GFDL)
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FIG. 4. Zonally integrated streamfunction (Sv) of the Atlantic as a function of depth and latitude averaged over all
700 model yr.

FIG. 5. (a) Standard deviation of the observed annual SSTA fields for 1903–94. A least squares fit was applied to remove the trend in the
data. (b) Same as in (a) but for the SSTA of the 700-yr model integration.
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FIG. 6. Detrended time series of the maximum of the Atlantic meridional overturning (Sv).

FIG. 7. Power spectrum (Sv2a) of the meridional overturning index
calculated using a Bartlett window and 15 degrees of freedom. The
power spectrum of a fitted AR(1) process and its 95% confidence
limit are displayed by the dashed lines.

CGCM can be understood as a noise-driven oscillator.
Our goal is to understand which climate processes are
participating in the generation of interdecadal Northern
Hemispheric climate variability associated with the 35-
yr period. An index of the Labrador Sea sea-ice volume
and the THC index do not show any coherence on in-
terdecadal timescales (not shown here). Thus, we con-
clude that sea-ice effects do not play an important role

in the 35-yr mode. Figure 8a displays a spectrum of a
North Atlantic SST anomaly (SSTA) index. The aver-
aging region (708–208W, 308–508N) represents the area
where maximum variance is explained by the interde-
cadal mode. The spectrum was calculated using nor-
malized annual data and a Bartlett window with a width
of 140 years (15 degrees of freedom). It shows a sig-
nificant peak at about 0.03 cycle per year (period of
;35 years). Thus, interdecadal fluctuations in the THC
are related to North Atlantic SST anomalies. This re-
lationship is also underscored by the high coherence
(not shown) between the SSTA in this region and the
overturning index, which exceeds the 95% limit at this
frequency. The decadal peak in Fig. 8a with a period
of about 15 years (frequency ; 0.07 cycle per year) is
associated with variability within the subtropical gyre
similar to that described in the study of Grötzner et al.
(1998). However, it does not exceed the 95% confidence
limit of a first-order autoregressive process. This 15-yr
mode is highly coherent with the decadal (15 years)
variability found in the simulated North Atlantic sea-
ice volume and the pressure in the Icelandic low. These
findings are consistent with the observational study of
Deser and Blackmon (1993) and will be investigated in
a forthcoming paper.

Figure 8b shows the spectrum of a North Pacific
SSTA index (1208E–1608W, 208–408N). The spectrum
was calculated in the same way as the spectrum of the
Atlantic SST index. The significant 35-yr peak found
in the North Atlantic can also be seen in the North
Pacific SSTA spectrum. Thus, the North Atlantic and
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FIG. 8. (a) Power spectrum of the detrended and normalized SST anomalies averaged over the
North Atlantic index region 308–508N, 708–208W. The spectrum was obtained by using annual
data and a Bartlett window with 15 degrees of freedom. It is tested against a first-order auto-
regressive process (dashed line). The 95% confidence limit is represented by the dashed-dotted
line. (b) Same as in (a) but for the North Pacific index region 1208E–1608W, 208–408N.

the North Pacific Oceans seem to be coupled on inter-
decadal timescales. Since both ocean basins have dif-
ferent geometries and therefore timescales, we believe
that the most reasonable explanation for the panoceanic
connection is an atmospheric coupling of the two
oceans.

The atmospheric coupling of the two oceans is con-
firmed by an EOF expansion of the Northern Hemi-
spheric (208–858N) 500-hPa geopotential height anom-
alies. The leading EOF, which explains 26% of the total
variance is shown in Fig. 9a. The dominant pattern
shows that the weakened subtropical anticyclones go
along with a weakened Icelandic low. The pattern in the
Atlantic region is the North Atlantic Oscillation (NAO).
The spectrum of the corresponding first principal com-
ponent (Fig. 9b) shows a clear interdecadal peak at a
period near 30–35 years.

To verify that Atlantic and Pacific SST anomalies
oscillate synchronously with a period of 35 years, a
cross-spectral analysis was performed between the two
SSTA indices shown in Figs. 8a and 8b. The corre-
sponding phase and the squared coherence spectra are
displayed in Figs. 10a and 10b, respectively. For fre-
quencies of about 0.03 cycle per year (35 yr period) the
Pacific and the Atlantic vary in phase. The atmosphere
can provide only an instantanous coupling mechanism
between the two oceans. The squared coherence for the
35-year period reaches the 99% level, as can be inferred
from Fig. 10b. It is unlikely that this kind of temperature
synchronization is due to pure ocean processes because
timescales (either associated with wave or advective

processes) are of the order of many years. The decadal
and interdecadal peaks discussed in this section are very
stable features, which show up also by applying other
spectral methods, such as wavelet and maximum entro-
py techniques.

Thus, we have identified a Northern Hemispheric in-
terdecadal climate mode with a period of 35 years. Fig-
ure 11 summarizes the different hypotheses that were
proposed to explain the interdecadal variability in the
Northern Hemisphere. Delworth et al. (1993) analyzing
a multicentury integration with the GFDL CGCM argue
that atmospheric forcing as well as the atmospheric re-
sponse to SST anomalies are of minor importance (T.
L. Delworth 1996, personal communication). They ex-
plain the interdecadal variability in the North Atlantic
mainly in terms of ocean dynamics. From this viewpoint
no synchronous panoceanic connections can arise. An-
alyzing also the GFDL CGCM, Griffies and Tziperman
(1995) investigate the role of atmospheric noise for the
generation of the Delworth mode. They argue that the
THC variability may be understood within the frame-
work of a noise-driven linear oscillator. In contrast, our
findings, in particular the panoceanic connection and
the existence of an atmospheric peak at 30–35 years,
imply the existence of a coupled atmosphere–ocean
mode. However, note that the hypothesis of James and
James (1989), who identify long-term internal variabil-
ity in a simple atmospheric model, could explain our
findings also. The James and James hypothesis cannot
be simply rejected by our findings. Only atmospheric
or coupled atmosphere–mixed layer experiments can
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FIG. 9. (a) 1.EOF of annual Northern Hemispheric 500-hPa height
anomalies. (b) Power spectrum of the corresponding first principal
component. The x axis denotes the period in years. The spectrum was
obtained using a Bartlett window and 15 degress of freedom and is
tested against a red noise spectrum. The 95% confidence limit is
represented by the dotted line.

FIG. 10. (a) Phase spectrum between the normalized and detrended
SSTA indexes shown in Figs. 8a and 8b. The Bartlett procedure was
applied with a chunk width of 140 yr. (b) Squared coherence spectrum
of the Pacific and Atlantic indexes. The 90%, 95%, and 99% con-
fidence limits for nonzero coherence are displayed as dashed lines.

clarify whether the atmosphere is able to generate in-
terdecadal eigenmodes.

4. Physics of the North Atlantic interdecadal mode

We have shown that the meridional overturning ex-
hibits a characteristic oscillatory behavior on timescales
of about 35 years. To study how the ocean and the
atmosphere interact on this timescale, we analyze sev-
eral oceanic and atmospheric variables in relation to the
meridional overturning strength.

a. Atlantic air–sea interactions

For the following discussion, lag regression plots be-
tween the bandpass-filtered THC index and annually
averaged atmospheric and oceanic fields are calculated.
The THC index was bandpass filtered, retaining vari-
ability with periods between 25 and 45 years. The fil-
tering window is buffered at both ends by cosine tails
in order to suppress secondary maxima that might occur
for a pure rectangular filter. Figures 12–15 show the
conditions at lags 210 (10 years prior to the maximum

overturning), lag 25, lag 0, and lag 15 for SLP, SST,
surface freshwater flux (including also the river runoff ),
sea surface salinity (SSS), oceanic surface velocity, and
the oceanic potential energy loss by convection. The
shading indicates the regions in which the regressions
exceed the 95% confidence limit of rejecting the hy-
pothesis of zero regression.

At lag 210 (Fig. 12) anomalous conditions are char-
acterized by a strong negative SSTA (Fig. 12b) and a
weakened NAO (Fig. 12a). The negative temperature
anomaly is associated with anomalous southward advec-
tion of cold subpolar waters (Fig. 12e), especially into the
region off the North American coast. The meridional cur-
rent anomalies in the western Atlantic north of 308N are
highly correlated (about 20.7) with the zonal wind stress
anomalies (after removing high frequencies by applying
an 11-yr running mean filter), which is typical for anom-
alous Ekman currents. A similar regression pattern of the
heat flux (not shown) does not show any correspondence
to the SST pattern (Fig. 12b). Hence, the surface heat flux
does not contribute to the generation of midlatitudinal SST
anomalies on these timescales. One should note that south
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FIG. 11. Table of different hypotheses that can explain interdecadal variability.

of 458N the anomalous Ekman currents support further
cooling of the upper ocean, whereas north of 458N they
are responsible for a warming of the sea surface. The SSS
anomalies (Fig. 12d) exhibit a dipolelike structure. In the
region 308–408N, negative SSS anomalies are created
mainly by an anomalously positive freshwater flux.2 This
can be inferred from the close correspondence between
Figs. 12c and 12d. Of particular importance are the rel-
atively small positive SSS anomalies off Newfoundland
and east of Greenland, which—after amplification—are
going to play a crucial role for the phase reversal in the
climate mode under consideration. The positive salinity
anomalies are due to reduced freshwater supplies from the
atmosphere to the ocean. A moderate increase in convec-
tion can be seen at this time (Fig. 12f), which can be
attributed to positive salinity anomalies. The mechanisms
that generate the subpolar SSS anomalies are discussed in
more detail below. Note that the SLP (Fig. 12a) and the
temperature anomaly patterns (Fig. 12b) shown here are
rather similar to those shown in Bjerknes’s (1964) study
for the interdecadal change that was observed during
1890–1925.

The various oceanic and atmospheric anomaly fields
associated with the conditions five years prior to the max-
imum overturning are depicted in Figs. 13a–h. The re-
gression pattern for the anomalous SLP shows an inter-
mediate phase of the NAO. The pressure anomalies near
Iceland changed their signs (compared to lag 210 years),
which is associated with an enhanced cold air advection
over the northwest Atlantic. The SST anomalies in this
region are positive, which leads to a strong heat loss of
the ocean (not shown). The enhanced oceanic convection
at lag 25 years brings warmer water masses from below
to the surface, supporting further heat loss of the ocean.
This is associated with a tendency to damp the SST anom-

2 A negative value of the freshwater flux regressions is equivalent
to a net freshwater removal from the ocean.

alies in the Labrador Sea. This intermediate phase of the
NAO reduces further the atmospheric freshwater flux (Fig.
13c) south of Greenland, resulting in an amplification of
the initial positive SSS anomaly that was first simulated
at lag 210 years. The northerly winds along the west coast
of Greenland have an additional effect on the surface sa-
linities through anomalous Ekman transport (Fig. 13e) off
Newfoundland (not shown). According to the mean salin-
ity gradients (see Fig. 1), the anomalous ocean currents
advect more saline waters into this region, thereby am-
plifying the positive salinity anomaly further. The effect
of this positive salinity anomaly is a destabilization of the
water column south of Greenland, leading to enhanced
deep convection. At lag 25 years the strongest anomalies
in the convection are simulated, indicating a lag between
the convection and the maximum meridional overturning
of about 5 years (Fig. 13f).

A striking resemblance between the interdecadal
mode in our model and that of Delworth et al. (1993)
can be found by comparing the corresponding SST, SSS,
and SLP patterns. The SST and SSS composites of Del-
worth et al. (1993), calculated by taking SST and SSS
differences between four decades with anomalously
large THC index and four decades of anomalously small
THC index values (shown in Figs. 6a,c of their study),
have a close correspondence to the regression patterns
we obtain at lag 25 years (Figs. 12b,d).

Figure 14 shows the regression patterns to the THC
index for time lag 0. The SLP pattern at lag 0 in our
model (see Fig. 14a) agrees extremely well with that
found in the GFDL model (see their Fig. 20), which is
also true for the magnitudes. During the maximum phase
of the meridional overturning, the NAO is anomalously
strong, associated with anomalously strong westerlies
centered near 558N and anomalous easterlies at about
358N. The SSTA pattern is now characterized by a pos-
itive anomaly covering the whole North Atlantic. Dur-
ing the maximum phase of the THC, an increased north-
ward heat transport contributes to the generation of the
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FIG. 12. Lag regressions of (a) SLP (hPa Sv21), (b) SST (K Sv21), (c) freshwater flux gain of the ocean (mm day21 Sv21), (d) SSS (psu
Sv21), (e) surface currents (cm s21 Sv21) and potential energy loss by convection (mW m22 Sv21) onto the bandpass-filtered THC index.
Annual mean values were used and prior to the analysis all time series were detrended. The results are shown for a lag of 210 yr (i.e., 10
yr prior to the maximum overturning).
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FIG. 13. Same as Fig. 12 but for lag 25 a.

positive SSTA. This SSTA seems to be amplified by the
atmosphere via anomalous winds and Ekman transport.
Comparing Fig. 14b to Fig. 12b we find that although
the atmospheric conditions have almost changed to their
reverse, there is still a positive SSTA in the Labrador

Sea, whereas south of 508N the temperature pattern has
changed its sign. This is a hint that the atmospheric
response to SST anomalies is mainly active in the region
308–508N. The salinity anomaly (Fig. 14d) at lag 0 at-
tains a magnitude of 0.04 psu Sv21, and it has spread
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FIG. 14. Same as Fig. 12 but for lag 0 a.

relative to lag 25a, now covering the whole North At-
lantic. The anomalous atmospheric freshwater flux (Fig.
14c) still favors the generation of positive salinity anom-
alies in the region 308–558N. Thus, there are several

opposing mechanisms at lag 0. There is an atmospheric
tendency to amplify the salinity anomaly, and also
anomalous currents south of Greenland still promote
further salinity import into the northwest Atlantic. On
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the other hand, the horizontal diffusion of the salinity
anomaly becomes apparent and parts of the salinity
anomaly are removed from the surface by deep con-
vection south of Greenland. This indicates that—re-
garding air–sea interactions—we are in an intermediate
phase. Figure 14h demonstrates that oceanic convection
south of Greenland is still anomalously strong, while
reduced convection is found in the GIN Sea (Fig. 14h).
There is also evidence from observations (Dickson et
al. 1996) that deep convection in the GIN Sea and the
northwest Atlantic were out of phase during the postwar
period. Five years after the maximum of the THC the
anomalous climate conditions (Fig. 15) are basically
given by the mirror images of those shown at lag 210
years, thereby completing one-half cycle.

Let us consider now the processes that are responsible
for the generation of the surface salinity anomalies off
Newfoundland. Figure 16 depicts a collection of lag
correlations of salinity anomalies in the oceanic sinking
region in the northwest Atlantic (608–208W, 458–658N)
and anomalous evaporation, sea-ice thickness, precipi-
tation, zonal and meridional surface currents avaraged
over this region, respectively. The lag correlations were
obtained by removing high frequencies applying an 11-
yr running mean filter. Figure 16 demonstrates that the
evaporation and the salinity anomalies in the sinking
region vary in phase—although an in-phase relationship
is expected for the time-integrated fluxes and the salinity
anomaly. This feature has to be clarified. The physical
time constant for the upper-ocean salinity anomalies be-
ing created by fluxes is rather short and of the order of
a few months. We use in our analysis annual data and
some low-pass filtering. Hence, the difference between
the freshwater flux and its time integral (on the basis
of short data sampling) is smeared out and we obtain
an in-phase relationship between the freshwater fluxes
and the salinity anomalies. The correlations indicate that
SSS anomalies are forced locally in the sinking region
by anomalous evaporation and anomalous zonal surface
currents. As mentioned above, the latter are mainly due
to anomalous wind stress over the sinking region. The
roles of area-averaged sea-ice thickness and precipita-
tion for the generation of salinity anomalies in the sink-
ing region are negligible. It should be noted that in our
model version there is no free sea-ice drift included.
Instead, sea ice is created and destroyed locally by ther-
mal processes. Thus, the direct comparison of the av-
eraged sea-ice thickness anomalies with the salinity
anomalies is justified and hence also the conclusion that
sea ice does not play an important role.

To gain further insight into the generation of salinity
anomalies, we investigate the vertical structure of the
zonally averaged salinity anomalies in the North Atlan-
tic. Figure 17 displays a lag regression for lag 25 be-
tween the bandpass-filtered THC index and the zonally
averaged salinity anomalies as a function of depth and
latitude. Lag 25 represents the conditions when max-
imum positive salinity anomalies can be observed in the

northwest Atlantic and also when deep convection south
of Greenland is at its maximum (Fig. 13). Figure 17
demonstrates that the strong positive salinity anomalies
of about 0.1 psu Sv21 are surface trapped, which indi-
cates that they are generated by surface processes (such
as evaporation and Ekman currents). This surface-
trapped salinity anomaly sets up the conditions (in par-
ticular a vertical density gradient) for deep convection
in the sinking region. The relative roles of thermal and
haline forcing for the variability of the THC shall be
discussed in the next section.

b. The dynamics of the THC

Salinity is one of the key variables for long-term cli-
mate variability since it partly governs the intensity of
the thermohaline overturning. It was shown in Spall
(1993) that the variances of salinity anomalies are pro-
portional to the square of the freshwater flux amplitudes
in the case of small advective and diffusive timescales.
The local integration of a white noise freshwater forcing
in the Labrador Sea can lead to decadal low-frequency
variability of the North Atlantic Ocean, as was shown
in Weisse et al. (1994).3

In the previous sections we have shown that the THC
is crucial in generating the interdecadal coupled climate
oscillation discussed here. It was argued that the salinity
anomalies are essential in destabilizing the North At-
lantic Ocean. To understand whether changes in the
THC are mainly triggered by thermal or haline pro-
cesses, the density anomalies (obtained from the zonally
averaged salinities and temperatures in the North At-
lantic) are split into their thermal and haline contribu-
tions using the full nonlinear equation of state. These
density contributions are set into relation to the THC
again by calculating lag regressions of the field anom-
alies and the bandpass-filtered THC index. These re-
gressions are then integrated over the full depth range
of our ocean model and over the sinking region 458–
658N. The result is shown in Fig. 18. We see that salinity
dominates the evolution of density anomalies in the
sinking region.

However, it is the complex interplay between the ther-
mal and the haline density parts that is responsible for
the time lag of about three years between the total den-
sity and the THC index. Thus, although the temperature
contribution is much smaller than the salinity contri-
bution, the contribution of the temperature anomalies
for lags 27 to 15 years is a crucial part of our 35-yr
climate mode. Regarding the role of density in the sink-
ing region, Delworth et al. (1993) reach similar con-
clusions (see their Figs. 8 and 10). However, one crucial
difference between our findings and those of Delworth

3 In this context the mechanism of stochastic resonance (Benzi et
al. 1982), which represents the constructive influence of noise in, for
example, bistable systems, has to be investigated further.
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FIG. 15. Same as Fig. 12 but for lag 15 a.

et al. (1993) is that in our model the dominant haline
density anomalies are created by surface processes that
include strong air–sea interactions in midlatitudes.

To illustrate the vertical structure of the oscillations

in the THC, lag regressions between the filtered THC
index (see above) and the meridional streamfunction are
calculated (Fig. 19). Positive values of the streamfunc-
tion anomalies indicate a clockwise circulation. At lag
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FIG. 16. Cross correlations between the SSSA averaged over the sinking region (608–208W,
458–658N) and (a) the corresponding fields of evaporation, (b) sea-ice thickness, (c) precipitation,
and (d) the zonal and meridional components of the surface velocities, respectively. Positive lag
times are associated with the field (evaporation, sea-ice thickness, precipitation, and surface
velocities) leading the SSS anomaly.

FIG. 17. Lag regression patterns between the bandpass-filtered THC index anomaly and the
detrended field anomalies of the zonally averaged salinities in the North Atlantic for lag 25 yr
as a function of depth in the upper 450 m. Units are psu Sv21. Shading indicates nonzero regression
at the 95% significance level.
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FIG. 18. Over the sinking region (458–658N) volume-integrated
regressions of the bandpass-filtered THC index anomaly and the de-
trended field anomalies of the zonally averaged haline (RhoS) and
thermal (RhoT) density contributions and the total (Rho) density.
Units are g m23 Sv21.

210 years (Fig. 19a) the meridional overturning is in
a negative phase, associated with reduced northward
mass and heat transports. This is linked to a negative
temperature anomaly in the North Atlantic, as shown in
Fig. 12b. Five years prior to the maximum meridional
overturning, a positive anomaly in the meridional cir-
culation develops (Fig. 19b). The anomalous density
conditions at lag 25 lead to the destabilization of the
water column in the sinking region, thus generating en-
hanced overturning in the North Atlantic. As can be
seen in Fig. 19c, the whole meridional overturning cell
in the North Atlantic needs about five years to adjust
to these new density conditions.4 This figure reveals that
the new density conditions affect the Atlantic from 308S
to 608N at all depths.

In summary, salinity anomalies are generated in the
main sinking region during periods of strong ocean–
atmosphere coupling via anomalous freshwater fluxes

4 Two processes can be responsible for the adjustment time of five
years. On the one hand, the advection in the deep western boundary
current can transfer the anomalous density signal southward. On the
other hand, baroclinic Rossby waves and, in particular, the fast to-
pographic Rossby waves at the western continental slope in the North
Atlantic can contribute to the adjustment time of the THC to density
anomalies in the sinking region.

and Ekman transport. The salinity anomalies grow until
they alter the deep convection. Subsequently, the
strength of the THC is changed in a way that reverses
the SST anomaly in the North Atlantic. It is concluded
that air–sea coupling and the THC act in a feedback
loop to generate the interdecadal 35-yr cycle. A sche-
matic of this feedback loop is presented in Fig. 20.

5. Northern Hemispheric interactions

It emerges from paleoclimate studies (Broecker et al.
1985) that strong changes in the THC may have global
impacts. It is therefore tempting to study whether small
changes in the THC of approximately 10% as found in
our CGCM integration can also force significant climate
anomalies outside the North Atlantic. To enlighten a
possible coupling between the North Atlantic and North
Pacific Oceans, we show lag regression plots of North-
ern Hemispheric upper-ocean heat content (0–575 m)
with the bandpass-filtered THC index (Fig. 21). The heat
content evolution demonstrates the existence of a com-
mon oscillatory behavior in the Atlantic and Pacific
Oceans.

The patterns in the North Pacific have some resem-
blance to the decadal climate mode that was described
in the studies of Latif and Barnett (1994, 1996) and
Robertson (1996) using the ECHO1 and ECHAM1/LSG
CGCMs, respectively. In their studies the hypothesis
was formulated that a mode of decadal climate vari-
ability in the North Pacific (with a timescale of ap-
proximately 20 years) arises from an instability of the
coupled ocean–atmosphere system. They argue that, for
example, a positive SSTA in the North Pacific (the cen-
ter of action in their study is located between 308 and
508N) changes the meridional temperature gradient,
thereby changing the baroclinity of the atmosphere. The
result is a weakened Aleutian low. In their concept the
atmospheric response reinforces the SSTA by anoma-
lous heat and momentum fluxes and by anomalous Ek-
man transport. They argue further that the Sverdrup bal-
ance in the subtropical gyre is changed by an anomalous
wind stress curl. However, the ocean adjusts with some
delay, and it is this transient response that can be ex-
pressed by Rossby wave propagation that is crucial in
creating the decadal oscillation.

Our model simulates at lag 210 a negative anomaly
in the North Pacific, which is embraced by a positive
anomaly (Fig. 21). The center of action in our model
is located between 208 and 408N in the Pacific, whereas
in the North Atlantic one finds the maximum anomalies
between 308 and 508N. The heat content signals in both
oceans at lag 210 are associated with an anomalously
strong (subtropical) jet stream (not shown) and anom-
alous low pressure systems between 308 and 408N in
the Pacific and between 408 and 608N in the North At-
lantic. During the intermediate phase (lag 25), the
North Pacific cold anomaly weakens and the corre-
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FIG. 19. Lag regression between the bandpass-filtered (transparent for periods between 25 and 45 yr) THC index anomaly and the
meridional streamfunction anomalies for lag 210, 25, 0, and 15 yr. Units are Sv/Sv21.

sponding upper-tropospheric wind pattern (not shown)
does not reveal much organization. At lag 0 a positive
heat content anomaly develops in the Pacific. Five years
later (lag 15) the model simulates basically the mirror
image of the heat content anomalies at lag 210, thereby
completing one-half cycle. Without going into detail,
we note that the associated Pacific SST anomalies are
primarily generated by anomalous Ekman currents.

In contrast to the dynamics of the Latif and Barnett
(1994, 1996) mode, which is associated with moving
upper-ocean heat content anomalies due to internal
ocean gyre dynamics, the Pacific heat content patterns
in our CGCM exhibit a standing oscillatory behavior.
This can be interpreted as an indication that the North
Pacific is forced by the interdecadal mode in the North

Atlantic via atmospheric teleconnections. However, it is
possible that the North Pacific SST changes feedback
onto the North Atlantic through changes in the large-
scale atmospheric circulation. From our point of view
the North Pacific gyre dynamics seem to play a minor
role. At periods considerably longer than 20 years, the
North Pacific Ocean is in equilibrium with the atmo-
sphere, as was shown by experiments that were per-
formed with the oceanic general circulation model
HOPE, forced by prescribed low-frequency periodic
wind stress forcing. The results of these experiments
are described in Latif et al. (1996a).

To illustrate further the role of the panoceanic con-
nections and to prove that the atmosphere is really re-
sponding to the midlatitudinal SST anomalies as hy-
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FIG. 20. Schematic diagram of the interactions that lead to the
interdecadal cycle. Consider a negative SSTA in the North Atlantic.
The atmospheric response to this SSTA involves a weakened North
Atlantic Oscillation, causing anomalous freshwater fluxes and Ekman
transport off Newfoundland and in the Greenland Sea. This leads to
the generation of positive SSS anomalies. These SSS anomalies en-
hance deep convection in the oceanic sinking regions and subse-
quently the strength of the THC and the poleward heat transport. This
leads to the formation of positive SST anomalies, which completes
the phase reversal.

pothesized in the previous sections, we performed at-
mosphere-only response experiments. A reference state
was obtained by forcing the atmosphere model for 30
years with the SST annual cycle from the coupled con-
trol integration, and a 10-yr experiment was conducted
in which a Northern Hemispheric SSTA is superimposed
on the annual cycle. The SSTA forcing field used is
shown in Fig. 22a. It has a close resemblance with the
Northern Hemispheric SSTA associated with our 35-yr
climate mode, as shown in its maximal phase (lag 15)
in Fig. 22b for a 5-Sv change in the THC. The response
of the 500-hPa height anomalies to the SSTA, as sim-
ulated in the forced atmosphere-only experiment, is de-
picted in Fig. 22c. The model simulates anomalous an-
ticyclones in the Pacific (at 308–608N) and the Atlantic
(at 208–508N). Over the North Atlantic and parts of
Canada anomalous low pressure systems are simulated.
This pattern would also contribute to a strong NAO
index. Apart from minor differences the 500-hPa re-

sponse pattern and the pattern of geopotential height
differences at 500 hPa associated with the 35-yr climate
mode in the coupled run (Fig. 22d) are very similar.
Differences between Figs. 22c and 22d might be due to
the fact that the SSTA forcing field (Fig. 22a) is not
exactly the same as the SSTA pattern in the coupled
run (Fig. 22b). However, we believe that the close large-
scale correspondence of the two atmospheric patterns is
very good proof that in our model the atmosphere re-
sponds to midlatitudinal SST anomalies in the way as
described in section 4a. One can argue that the structures
of the SST anomaly patterns in the North Atlantic and
North Pacific are associated with changes in the merid-
ional temperature gradients, which modify the atmo-
spheric baroclinity over both basins. Subsequently, this
can change the transient eddy activity, as shown in the
modeling study of Palmer and Sun (1985). In their study
an atmospheric model is forced by an SSTA located
near the polar front (quite similar to our North Atlantic
SSTA). The atmospheric response was found to be shift-
ed downstream of the SSTA. Additionally the effect of
extratropical thermal forcing of the atmosphere is con-
sidered in their investigation. Overall their findings are
consistent with our results shown in Figs. 12a, 12b, 15a,
15b, and 22. Unstable air–sea interactions are therefore
crucial constituents of our 35-yr coupled air–sea mode.

One should note that positive geopotential height
anomalies in the subtropics are associated locally with
positive SST anomalies and the anomalies in the Green-
land/Iceland region always appear to be out of phase to
the SST anomalies at 308–508N in the North Atlantic.
This relationship can be found also in observations and
shall be discussed in section 7.

6. Interdecadal variability and greenhouse
warming

In this section we want to return to one of the main
questions mentioned in the introduction: the role of in-
terdecadal climate modes to mask the anthropogenic
greenhouse warming signal. To find the characteristic
Northern Hemispheric pattern of 2-m temperature as-
sociated with the interdecadal climate variability in our
model, we performed an EOF analysis of the bandpass-
filtered (transparent for periods between 20 and 45
years) 2-m temperatures from our 700-yr integration.
The first empirical orthogonal function (EOF) explain-
ing 27% of the variance of the filtered data is displayed
in Fig. 23a.

The typical signature of this pattern is a warming
over land and some adjacent areas and a cooling in
the Aleutian area and in the northwest Atlantic region.
It can be regarded as a warming pattern (i.e., positive
pattern mean value) that is created by an anomalously
strong Northern Hemispheric atmospheric circulation.
To compare this pattern to the anthropogenic green-
house warming pattern, we conducted an EOF anal-
ysis of the Northern Hemispheric 2-m temperature



AUGUST 1998 1925T I M M E R M A N N E T A L .

FIG. 21. Lag regression patterns between the bandpass-filtered THC index anomaly and the detrended field anomalies of the oceanic heat
content of the upper 575 m for lags 210, 25, 0, and 15 yr. Shading indicates nonzero regression with a 95% confidence limit.

obtained from a 205-yr integration of our model
forced by monotonically increasing atmospheric CO 2

concentrations (Voss et al. 1997). The CO 2 concen-
trations follow the observed concentrations up to the
year 1985 (model year 105) and are subsequently ex-
trapolated following the Intergovernmental Panel on
Climate Change scenario A. The first EOF of this CO 2

run (Fig. 23b) describes the characteristic warming
pattern due to the increasing CO 2 concentrations. The
corresponding principal component (not shown) ex-
hibits an approximately linear warming trend after the
model year 80 (referring to the CO 2 emissions of
1960). The warming pattern shows relative minima
in the regions of the hemispheric low pressure systems
and relative maxima over the continents and the west-

ern oceans. It is obvious that the overall structures of
the interdecadal pattern and the greenhouse warming
pattern are rather similar. To estimate which part of
the observed 2-m temperatures evolution can be ex-
plained by our interdecadal mode and which part is
linked to the modeled anthropogenic greenhouse
warming signal, we calculated the projections of the
monthly Northern Hemispheric 2-m temperatures ob-
served since 1854 (Jones et al. 1991) onto the two
EOF patterns. The results are displayed in Figs. 24a,b.
To give an estimate of natural model climate vari-
ability, the 695% model confidence limit is calculated
from the projection of the 2-m temperatures of our
700-yr control integration onto the greenhouse warm-
ing pattern. The results reveal that from the late 1970s
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FIG. 22. (a) SST anomaly pattern that was added to the mean annual cycle for the atmosphere-only response experiment. (b) Lag regression
between the bandpass-filtered THC index and the SST anomalies at lag 15 (0.2 K Sv21) for a 5-Sv change in the THC. (c) Mean atmospheric
500-hPa geopotential height response to the SSTA pattern of (a). This pattern is obtained by subtracting the mean of the control experiment
(30-yr annual cycle forcing) from the mean pattern of the response experiment (10-yr annual cycle 1 anomaly forcing). (d) Lag regression
between the bandpass-filtered THC index and the 500-hPa geopotential height anomalies at lag 15 (0.2 m Sv21) for a 5-Sv change in the
THC.

onward the similarity between the observed temper-
ature anomalies and the greenhouse pattern increased
strongly, with a 9-yr oscillation superimposed (Fig.
24a). Moreover, the projection of the observed tem-
peratures onto the pattern of the interdecadal coupled
atmosphere–ocean mode shows also an increasing
tendency since 1970, which correlates extremely well
with the wintertime values of the observed NAO in-
dex (Fig. 24b). The 9-yr oscillation is visible in all
projections shown. Thus, a considerable part of the
observed Northern Hemispheric warming is due to an

intensification of the Northern Hemispheric circula-
tion since the 1970s. A further amplification of the
warming signal by a factor of 2 can be achieved by
projecting the observations onto the pattern that is
expected from a global warming simulation. Thus,
about 50% of the recent warming can be explained
by a pattern that is related to ‘‘natural model vari-
ability’’ and corresponds physically to an intensified
Northern Hemispheric circulation. This is consistent
with the findings of van Loon and Rogers (1978),
Hurrel (1995), and Wallace et al. (1995). However,



AUGUST 1998 1927T I M M E R M A N N E T A L .

FIG. 23. (a) The 1.EOF pattern of the bandpass-filtered (20–45 yr) 2-m temperatures obtained from the 700-yr control integration. (b) The
1.EOF pattern of the 2-m temperatures obtained from a transient greenhouse warming-simulation.
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FIG. 24. (a) Observed wintertime North Atlantic Oscillation index (thin). The thick line represents
the filtered NAO index. A 4-yr running mean filter was adopted. (b) Projection of the observed
2-m temperatures on the EOFs in Figs. 23a and 23b, respectively. The 695% confidence limit for
the projection of the control run 2-m temperatures in Fig. 22b is marked by thin dashed lines.

the fact that a strong coupling between the Pacific
North American (PNA) and NAO patterns was ob-
served in this century only during the last three de-
cades could be understood also by assuming that an-
thropogenic greenhouse warming leads to an inten-
sification of the circulation patterns. Changes in the
meridional SST gradients as expected from global
warming scenarios could lead to modifications in the
global atmospheric circulation and hence to changes
of the storm-track characteristics. An analysis of his-
torical tree ring data, serving as proxy indexes of the
PNA and NAO could give further insights into this
matter.

However, one should keep in mind that our model
simulation has many caveats, for example, the poor Gulf
Stream representation, and the comparison between in-
terdecadal variability and greenhouse warming made
here should be interpreted with caution.

7. Summary and discussion

This study represents an attempt to understand the
mechanisms that generate interdecadal climate vari-
ability in the Northern Hemisphere by means of a cou-
pled ocean–atmosphere general circulation model. Our
results indicate that atmosphere–ocean interactions in-
volving the thermohaline circulation in the North At-
lantic and upper ocean in the North Pacific can generate
a low-frequency climate oscillation with a dominant pe-

riod of about 35 years. Our investigations focus mainly
on the North Atlantic region. The analysis of the anom-
aly patterns of atmospheric pressure, SST, freshwater
flux, SSS, oceanic surface currents, and potential energy
loss by convection provides the following physical pic-
ture of a coupled atmosphere–ocean mode in the North
Atlantic. Salinity anomalies are forced through anom-
alous atmospheric freshwater fluxes and Ekman trans-
port off Newfoundland and in the Greenland Sea. In the
model’s main sinking region south of Greenland the
salinity anomalies are accumulated until the density con-
ditions are favorable to initiate deep convection. With
a lag of five years the meridional overturning cell of
the North Atlantic adjusts to the new density conditions.
An altered northward heat transport is the consquence,
in association with the development of surface temper-
ature anomalies in the entire North Atlantic, which in
turn change the atmospheric circulation. Consequently,
freshwater flux anomalies (created mainly through evap-
oration) and anomalous Ekman transport force new sa-
linity anomalies with signs just opposite to those sim-
ulated initially. This completes one-half cycle of the 35-
yr climate mode in our CGCM.

However, the physical mechanisms that generate this
kind of oscillation are more complex. A synchronous
oscillatory behavior of North Atlantic and North Pacific
temperatures is simulated. This can be seen as a clear
indication that the atmosphere is a necessary component
of the interdecadal climate cycle. Unstable air–sea in-
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FIG. 25. Normalized and detrended time series of the SLP in Styk-
kisholmur, Iceland, and the SSTA averaged over the region 958W–
08E and 358–458N. Both time series are smoothed with 10-yr running
mean filter.

teractions in both oceans seem to play a key role for
this oscillation.

It can be argued that some important timescales for
this interdecadal mode are provided by the accumulation
time for salinity anomalies, the response time of the
meridional overturning to salinity anomalies, and the
timescale by which the thermal upper-ocean structure
lags the THC. Furthermore, the thermal memory of the
Pacific can contribute to the timescale of the Northern
Hemispheric mode. It is beyond the scope of this CGCM
study to deduce whether both oceans provide the mem-
ory or whether one of the two oceans only is responsible
for the memory. This question is adressed in a forth-
coming study.

We have just started to conduct further experiments
with our model components, focusing on the atmo-
spheric response to Pacific and/or Atlantic SST anom-
alies. Another CGCM integration with our model is per-
formed using only prescribed seasonally varying fresh-
water fluxes (including river runoff ), so that the fresh-
water coupling that was shown to be a contributor to
generate salinity anomalies is blocked in this experi-
ment. We are confident that these experiments will shed
more light on the interdecadal panoceanic connection
found here and may help to determine whether the At-
lantic forces the Pacific or vice versa, or whether they
constitute a joint oscillator.

Observations seem to also underscore the importance
of atmosphere–ocean coupling on interdecadal time-
scales. Figure 25 shows the normalized and detrended
time series of the SLP in Stykkisholmur, Iceland, and
of the SSTA averaged over the North Atlantic index
region 958W–08E and 358–458N (obtained from the
GISST dataset of the UKMO). A running mean filter of

10 years was used in order to remove annual and in-
terannual variability. Figure 25 shows an anticorrelation
between the SLP in Stykkisholmur (Frich et al. 1995)
and the SSTA index. This relation is consistent with our
model results. Furthermore, there is evidence for a mul-
tidecadal timescale in both time series. Therefore, our
coupled model feedback loop may explain some of the
interdecadal variability observed in the NAO, which
was described by D’Arrigo et al. (1993), who analyzed
tree ring proxy data. One further prominent example
from observations for atmosphere–ocean interactions on
interdecadal timescales is the GSA. Common features
of our interdecadal model mode and the GSA are a rather
strong atmospheric forcing that creates salinity anom-
alies in the polar and subpolar region, which, after a lag
of a few years, change the density conditions in the
regions of NADW formation and subsequently modify
the strength of the convective overturning. The studies
of Greatbach et al. (1991) and Ezer et al. (1995) reveal
that between 1955–59 and 1970–74 changes of the ther-
mohaline structure occurred in the North Atlantic in
association with the GSA. A very crucial difference
between the GSA and the modeled salinity anomalies
in the subpolar North Atlantic is the generation mech-
anism. Whereas in our study, anomalous freshwater
fluxes as well as anomalous Ekman transport in the
vicinity of a strong surface salinity gradient generate
salinity anomalies, the GSA supports the picture that
anomalous sea-ice conditions (Häkkinen 1993) and en-
hanced injection of polar waters into the subpolar gyre
(Dickson et al. 1988) are responsible for the birth of
the salinity anomaly. However, multidecadal variations
like that in our model can be found in nature, for ex-
ample, in the North Atlantic and the polar climate sys-
tem. This can be seen in the salinity and temperature
time series shown by Dickson et al. (1988) (their Figs.
1 and 29). Furthermore, the feedback loop of Wohlleben
and Weaver (1995), explaining the GSA as a manifes-
tation of a coupled air–sea mode, is very similar to our
findings. Thus, both the observations and our coupled
GCM seem to support the idea that part of the inter-
decadal variability in the North Atlantic originates from
unstable air–sea interactions.

We have shown that the understanding of interdecadal
climate variability may be very important to understand
the recent observed temperature trends. Further insights
into the mechanism of the PNA–NAO coupling and its
natural occurrence is required to address the question
as to whether the recently observed ‘‘dynamic’’ warm-
ing due to the intensified Northern Hemispheric atmo-
spheric circulation is part of the anthropogenic climate
change.
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