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Abstract

We investigate in this paper the dynamics and predictability of North Atlantic interdecadal variability.

Observations of the last hundred years reveal the existence of substantial interdecadal variability in both
the ocean and the atmosphere in the North Atlantic region, and it is obvious that the interdecadal changes
in both climate sub- -components are linked to each other. One has therefore to consider the North Atlan-
tic mterdecadal vanab111ty w1th1n a coupled ocean-atmosphere framework.

The sunplest paradlgm for the generatlon of interdecadal variability is the stochastic climate model sce-
nario. The ocean mtegrates the high- frequency weather noise (the variations arising from the passage of
low and h1gh pressure systems) giving rise to slow variations in the ocean’s surface temperature, for ex-
ample. The stochastic climate model concept explains one of the main characteristics of typical climate
spectra, namely their redness. While the simplest version of the stochastic climate model yields relative-
ly featureless spectra, spectral peaks also can be understood within the concept of the stochastic climate
model, with the atmospheric noise exc1tmg (damped) eigenoscillations of the ocean or the coupled
ocean-atmosphere system. - : t

The results of a mult1-century mtegratlon w1th a coupled ocean-atmosphere general circulation model
are largely consistent with the stochastic chmate model. Two distinct modes exist in the North Atlantic
region: A 15-year mode and a 35-year mode. Both modes depend critically on ocean- atmosphere inter-
actions and must be regarded as mherently coupled air-sea modes. The memory of both modes, however,
resides in the ocean. While the 15-year mode appears to be related to variations in the subtropical gyre
circulation, the 35-year mode is related to variations in the thermohaline circulation. Predictability ex-
periments with the coupled model indicate that subsurface quantities in the North Atlantic may be pre-
dictable one to two decades in advance, while surface quantities seem to be predictable only for a few
years. These results imply that the coupling between the ocean and the atmosphere (although critical for
the existence of interdecadal modes) is too weak to influence significantly the predictability character-
istics of the atmosphere at decadal time scales.
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1. Introduction

The North Atlantic climate system is characterized by considerable interdecadal variability.
We show examples of interdecadal variability in Figs. 1 and 2. One of the main modes of the
atmosphere over the North Atlantic is the North Atlantic Oscillation (NAO) (e. g. van Loon and
Rogers (1978), Hurrell (1995)). The NAO is a dipole in sea level pressure (SLP), with centers
of action near Island and the Azores (Fig. 1b), originally described by Walker (1924) and Walk-
er and Bliss (1932). Hurrell (1995) defined an index of the NAO by the difference of the SLPs
measured at Lisbon (Portugal) and Stykkisholmur (Iceland). Its time evolution (Fig. 1a) exhibits
considerable interdecadal variability, with a maximum during the beginning of this century, a
minimum during the 1960s, and strongly increasing values thereafter up to present. Moreover,
there are observed fairly regular quasi-decadal [O(10 years)] variations during the most recent
decades. The relatively strong upward trend observed during the last 20 years which contributed
strongly to the rise in mean Northern Hemisphere surface temperature (Hurrell (1996)) has been
the matter of intense scientific debate, since it is not clear as to whether this trend reflects green-
house warming or is simply an expression of interdecadal variability.

Similar low-frequency variations on interdecadal time scales can be observed in the North At-
lantic Ocean (Fig. 2). The potential temperature in the Labrador Sea in the depth range 800-
2000m (curve labeled c), which is a good index of convection in this region, exhibits a time ev-
olution, which is highly anti-correlated with the NAO index (Dickson et al. (1996)). Colder
(warmer) temperatures imply stronger (weaker) convection, so that the cooling trend observed
in the Labrador Sea since 1970 can be identified with enhanced convection. Interdecadal chang-
es are also observed in the convective activity in the Greenland Sea (Fig. 2d) and in the salinity
of the Sargasso Sea (Fig. 2e). The behaviours in the Labrador and Greenland Seas during the
recent decades can be readily understood by atmospheric forcing. As the NAO strengthened and
the Icelandic low intensified during the last few decades, more polar air masses are blown over
the Labrador Sea, resulting in colder SSTs and stronger convection. Likewise temperatures in
the Greenland Sea rised and convection weakened. This is visualized by Fig. 3 which shows the
trends in SST and SLP observed over the last few decades. The trend in sea level pressure (Fig.
3b) is very similar to the NAO pattern (Fig. 1b), and consistent with a change in the NAO, the
SSTs in the northern North Atlantic cooled, while they warmed further to the south (Fig. 3a).
On the one hand, the surface temperature pattern can be explained as the response of the ocean
to the surface heat flux changes that result from the change in the NAO. On the other hand, the
SST anomaly pattern may well force a change in the NAO, as shown by Rodwell et al. (1999).
Thus, one has to consider the interdecadal variability within the framework of large-scale air-
sea interactions, as originally suggested by Bjerknes (1964).

We like to note one further interesting feature. As described above, the NAO exhibits quite
strong quasi-decadal variations during the recent decades (Fig. 1a). These fluctuations are not
seen in the convection indices of the Labrador and Greenland Seas (Figs. 2c and 2d), while dec-
adal variations are obvious in the upper ocean salinity time series of the Sargasso Sea (Fig. 2e)
and the subsurface temperature at ocean weather ship ‘C’ (52.5°N, 35.5°W) which is shown in
Fig. 4. Furthermore, the quasi-decadal variations in the NAO and those shown in Figs. 2e and
Fig. 4 are not coherent. This may point towards different mechanisms for the generation of the
~ decadal variabilities.

Different mechanisms were put foreward to explain the interdecadal variability in general. On
the one hand, external forcing mechanisms have been discussed for a long time. Variations in
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the incoming solar radiation, for instance, were proposed as one of the major sources of inter-
decadal variability (e. g. Labitzke (1987), Lean et al. (1995)). Cubasch et al. (1997) show indeed
that some climate impact of the sun might exist on time scales of many decades and longer by
means of a coupled model experiment prescribing variations in the incoming solar radiation, but
it is fairly controversial at present how strong the fluctuations in the solar insolation actually
are. The forcing of interdecadal climate variability by volcanos is well established and therefore
less controversial, and major volcanic eruptions can be easily seen in regional and globally av-
eraged temperature records (e. g. Robock and Mao (1995)).

On the other hand, interdecadal variability arises from interactions within and between the dif-
ferent climate sub-systems. The two most important climate sub-systems are the ocean and the
atmosphere. Non-linear interactions between different space and time scales can produce inter-
decadal variability in both the ocean (e. g. Jiang et al. (1996), Spall (1996)) and the atmosphere
(e. g. Lorenz (1963), James and James (1989)) as shown by many modeling studies. More im-
portant in the generation of interdecadal variability, however, seem to be the interactions be-
tween the ocean and the atmosphere. The stochastic climate model scenario proposed by
Hasselmann (1976) is a ‘one-way’ interaction: The atmospheric ‘noise’ (the random weather
fluctuations) drives low-frequency changes in the ocean, leading to-a red spectrum in the
ocean’s sea surface temperature (SST), for instance. It has been shown that the interannual var-
iability in the midlatitudinal upper oceans is consistent with Hasselmann’s (1976) stochastic cli-
mate model (e. g. Frankignoul and Hasselmann (1977)). This concept has been generalized
recently by Frankignoul et al. (1997) who incorporated the wind-driven ocean gyres into
the stochastic climate model concept, which extends the applicability of the stochastic climate
model to interdecadal time scales. The atmospheric noise can excite also damped eigenmodes
of the ocean circulation on interdecadal to centennial time scales, as shown, for instance, by the
model studies of Mikolajewicz and Maier Reimer (1990), Weisse et al. (1994), and Griffies and
Tziperman (1995).

“Two-way’ interactions between the ocean and the atmosphere were also proposed to cause in-
terdecadal climate variability (e. g. Latif and Barnett (1994), Gu and Philander (1997), Chang
etal. (1997)). Similar to the El Nifio/Southern Oscillation (ENSO) phenomenon (e. g. Philander
(1990), Neelin et al. (1994)) ocean and atmosphere reinforce each other, so that perturbations
can grow to climatological importance. The memory of the coupled system (which resides gen-
_ erally in the ocean) provides delayed negative feedbacks which enable continuous oscillations
that are forced by the internal noise within the coupled ocean-atmosphere system. The relative
roles of the noise and non-linearities in the context of interdecadal variability, however, needs
to be addressed further.

We shall investigate in this paper the interdecadal variability in the North Atlantic region only.
There are many other regions which exhibit strong interdecadal variability, such as the tropical
and North Pacific regions. Latif and Barnett (1994), for instance, postulate the existence of an
interdecadal cycle in the North Pacific, and Gu and Philander (1997) put forward the idea of a
coupled tropical Pacific-North Pacific interdecadal cycle. It is beyond the scope of this paper to
address all the different aspects of interdecadal variability. The reader is referred to the obser-
vational papers of e. g. Folland et al. (1986), Dickson et al. (1988), Mysak et al. (1990), Deser
and Blackmon (1993), Kushnir (1994), Trenberth and Hurrell (1994), Mann and Park (1994),
"Levitus and Antonov (1995), Zhang et al. (1997), Mantua et al. (1997) and references therein
for further information on the observational aspects of interdecadal variability. A fairly compre-
hensive overview of the different aspects of interdecadal variability (including theoretical, mod-
eling, and observational aspects) can be found in the recent book published by Anderson and
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Willebrand (1996), while an overview of the interdecadal variability simulated in coupled
ocean-atmosphere models is given in the review article by Latif (1998).

The paper is organized as follows. We describe briefly the stochastic climate model concept and
show some observational results supporting it in section 2. Section 3 deals with the quasi-dec-
adal variability that arises from variations in the North Atlantic subtropical gyre circulation, as
simulated by our coupled ocean-atmosphere model. We present the interdecadal variability as-
sociated with the North Atlantic thermohaline circulation of the same model in section 4. The

predictability of interdecadal changes, as derived by classical predictability experiments, is ad-
dressed is chapter 5. The paper is concluded with a discussion in section 6.

2. The stochastic climate model

In contrast to the atmosphere, which has variations with typical time scales of a few days, the
ocean is much more inert. Anomalies of the sea surface temperature (SST), for instance, persist
typically for several months, while the characteristic time scale for the deep ocean is of the order
of thousand years. Many aspects of the interactions between climate-subsystems with consider-
ably different time scales can be described analogous to the Brownian motion in statistical phys-
ics. The picture is that oceanic anomalies (such as SST anomalies) result from the integration
of many statistically independent atmospheric events, e. g. the passage of high and low pressure
systems. One may view the SST variability, for instance, as the result of the integration of the
surface heat flux anomalies within the oceanic mixed layer. This kind of interaction was intro-
duced by Hasselmann (1976) and is referred to as the ‘stochastic climate model’. The stochastic
climate model scenario is a relatively simple concept which may be regarded as a kind of ‘null
hypothesis’ for the generation of climate variability in general and decadal variability in partic-
ular.

The time evolution of a typical oceanic quantity y (such as SST) may be described by a Lan-
gevin equation

y’ (1) = —Ay(t) + E(t), (1)

with A representing a damping parameter and E the atmospheric forcing that is assumed to be
white noise. The oceanic response G(w) is given within this concept by

G(w) = 6Z/(A+w?), (2)

Here, ® denotes the frequency and o the standard deviation of the white noise forcing. We
present in Fig. 5 schematically the spectra that result from the simplest version of the stochastic
climate model (1). The atmospheric input spectrum (e. g. that of the surface heat flux) is as-
sumed to be white noise, i. e. the spectral density does not depend on frequency. The oceanic
response spectrum is red, with a slope w2 downtoa frequency that depends on the damping A.
At frequencies smaller than A the oceanic spectrum is flat (white). It should be noted that no
response of the atmosphere to the variations in the ocean is considered here. It is generally as-
sumed, however, that such a feedback exists, at least at low frequencies, which would explain
some of the interdecadal variability observed in the atmosphere (e. g. the NAO, see Fig. 1a).

Spectra computed from atmospheric and oceanic observations taken at ocean weather ship ‘I’
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(60.8°N, 20.6°W) support the stochastic climate model idea (e. g. Frankignoul and Hasselmann
(1977), Hall and Manabe (1997)). This is visualized by Fig. 6 which shows spectra of anoma-

lous SST and sea surface salinity (SSS) taken at weather ship ‘I’. By and large the two spectra

are consistent with the stochastic climate model, and a perfect red noise spectrum is not an un-
reasonable fit over the entire frequency range.

We expect according to the stochastic climate model that the spectrum of the SST anomalies
flatens at a higher frequency relative to that of the SSS anomalies. The damping for SSS anom-
alies is considerably weaker than that for SST anomalies, which is due to the fact that the anom-
alous fresh water flux does not depend directly on the SSS anomalies, while the anomalous
surface heat flux does usually depend critically on the SST and tends to damp its anomalies (a
counter example, however, will be shown in section 3). A spectral analysis from the North Pa-
cific (Hall and Manabe (1997)), for instance, confirms this. Since the decay time scales for SST
and SSS anomalies in the North Atlantic are not different (Fig. 6) and the variations in SST and
SSS coherent beyond frequencies of about 1/yr (Hall and Manabe (1997), not shown), one may
conclude that non-local processes are also important in generating low-frequency variability in
the North Atlantic. Such processes may be associated with changes in the large-scale ocean cir-
culation and resultant changes in the advection of heat and salt, as described below.

In contrast to the spectra shown in Fig. 5 which result from the simplest version of the stochastic
climate model, some spectra computed from observations in the North Atlantic region show
also peaks (e. g. Deser and Blackmon (1993)). These peaks can be also explained by the sto-
chastic climate model concept (e. g. Mikolajewicz and Maier-Reimer (1990)), and resonant in-
teractions between the ocean and the atmosphere play a key role. The ocean or the coupled
ocean-atmosphere system may support damped eigenoscillations that are excited by the noise
(i. e. stochastic forcing) in the system (like a swing in the wind). A good prototype for such a
scenario, according to which damped oscillations are excited by the stochastic forcing inherent
to the system, is the stochstically forced harmonic oscillator

Y7 (1) + Ay’ (1) + 0,2 y(©) = {1 3)

Here w, is the eigenfrequency, and the meaning of the other symbols is as in (1). The oceanic
response G(®) is given by

G(0) = 0%/[(0%-0,2)? + 0*A?] (4)

Such a generalized concept yields peaks at resonant frequencies o, which depend on the eigen-
frequencies w, and the damping A

;= (@g” - A%72)!2 (5)

The peaks will be generally superimposed on a red background spectrum which results from the
‘pure’ integration of the noise according to (1). In the case of an ‘ocean-only’ mode, in which
the feedback from the ocean to the atmosphere is not important to the existence of the mode, the
stochastic theory predicts a peak in the oceanic spectrum only, while a typical atmospheric spec-
trum is white (Fig. 7a). Such a situation corresponds to the mode described by Delworth et al.
(1993) investigating the results of a coupled model simulation, as discussed in detail by Griffies
and Tziperman (1995). In the case of the excitement of a ‘coupled ocean-atmosphere’ mode by
the stochastic forcing, in which ocean and atmosphere are controlled by the boundary conditions
of the respective other component, peaks will be found in both atmospheric and oceanic spectra,
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as it is the case for the El Nifio/Southern Oscillation phenomenon (e. g. Philander (1990)). This
situation is shown schematically in Fig. 7b and may apply to the modes simulated by some cou-
pled models in the North Atlantic, as described by Grotzner et al. (1998) and Timmermann et
al. (1998). It is plausible to assume that those eigenmodes will be excited preferably which have
surface expressions that match those of the stochastic forcing (this is usually referred to as ‘spa-
tially resonant interaction’).

We would like to point out another class of stochastically forced variability. The internal atmos-
pheric variability can be decomposed into relatively few spatial patterns such as the Pacific
North America (PNA) pattern or the North Atlantic Oscillation. If oceanic advection is included
in the stochastic climate model (1), peaks in oceanic spectra are possible, although the atmos-
pheric forcing is still white in time. The spatial coherence of the atmospheric forcing in concert
with the mean currents are able to produce distinct time scales, and a peak in ocean spectra may
be found at the frequency w =k,u, with k, the dominant wavenumber of the atmospheric forcing
and u the mean current velocity advecting oceanic anomalies. Such type of stochastically forced
variability was proposed by Lemke et al. (1980), Frankignoul and Reynolds (1983), Sutton and
Allen (1997), Saravanan and McWilliams (1997), and Weisse et al. (1997). The latter attribute
the dynamics of the Antarctic Circumpolar Wave (ACW, White and Peterson (1996)) to such a
stochastic climate model with advection, while Sutton and Allen (1997) and Saravanan and
McWilliams (1997) explain part of the North Atlantic low-frequency variability by this mech-
anism. :

In summary, the stochastic forcing of the climate system by the noise inherent to it is an impor-
tant mechanism in generating climate variability. The shape of the spectra derived from obser-
vations (or model simulations) may provide important indications for the underlying dynamics
leading to the variability considered. If the variability is consistent with the simple version (1)
of the stochastic climate model, one may assume that ocean dynamics are not important, and
that the variability arises from the integration of the atmospheric weather noise by the oceanic
mixed layer. If (statistically significant) peaks are found, this points generally towards a prom-
inent role of the ocean dynamics in producing the variability at decadal time scales. We shall
show two such examples below which were both derived from a multi-century simulation with
a coupled ocean-atmosphere general circulation model.

3. Quasi-decadal variability in the North Atlantic

We turn now to the integration with our coupled ocean-atmosphere general circulation model
(ECHAM3/LSG). Details of the coupled model and the integration can be found in Voss et al.
(1998), Timmermann (1996) and Timmermann et al. (1998). The coupled model was integrated
for 2000 years, and the analyses shown below were performed using annually averaged values.
The coupled model simulates reasonably well the low-frequency variability in the North Atlan-
tic, which is shown by the comparison of the standard deviations of annually averaged SSTs as
computed from observations and the coupled model simulation (Fig. 8).

One can separate conceptually the ocean circulation in the North Atlantic into a ‘wind-driven’
" and a ‘thermohaline’ part. The former is forced by the surface wind stress and associated with
horizontal circulations in the upper ocean (subtropical and subpolar gyres), while the latter is
associated with a meridional (north-south) circulation and deep convection in the northern
North Atlantic. We shall show that variations in both types of circulation systems can lead to
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interdecadal variability. Since the adjustment times of the gyre circulations are considerably
shorter than that of the thermohaline circulation, variations associated with the gyres have typ-
ical time scales of about 10-20 years (quasi-decadal), while those linked to the thermohaline cir-
culation have typical time scales of several decades (interdecadal). Interestingly, both types of
variability seem to co-exist in the coupled model simulation. as shown below, and there are
some indications from observations that this is the case in the real world too (e. g. Deser and
Blackmon (1993)).

We present in Figs. 9 and 10 time series and spectra of model-simulated anomalous North At-
lantic SST, meridional overturning (an index of the strength of the thermohaline circulation) and
SLP. It is obvious from the time series that low-frequency variations are much more pronounced
in the ocean (Figs. 9a and 9c) than in the atmosphere (Fig. 9b). Consistent with the stochastic
climate model picture, the spectra of the SST and overturning anomalies are red (Figs. 10a and
10b), while that of the anomalous SLP is (almost) white (Fig. 10c). At periods of about 15 and
35 years, however, both the SST and SLP spectra exhibit peaks, which indicates that two cou-
pled modes may exist. The 35-year peak only is found in the spectrum of the anomalous over-
turning, which indicates that the interdecadal variability is connected to variations in the
models’s thermohaline circulation. The significance of the spectral peaks was assessed by test-
ing the spectra against the null hypothesis, that the variability can be described by a first-order
autoregressive process (which would result from the simplest version (1) of the stochastic cli-
mate model). The spectral peaks are marginally significant, and the overall structures of the
spectra indicate that the decadal and interdecadal modes are strongly damped and excited by the
stochastic forcing. However, as shown below, the physics of the quasi-decadal variability differ
strongly from those of the interdecadal variability (section 4). Thus, it makes sense to distin-
guish these two types of low-frequency variability from a physical point of view.

Our hypothesis for the generation of the quasi-decadal mode is that it arises from air-sea inter-
actions and is associated with variations in the subtropical gyre circulation. In order to describe
the spatial structure of the mode, we performed a Canonical Correlation Analysis (CCA) of the
North Atlantic SST and SLP anomaly fields. The leading CCA mode (canonical correlation =
0.83) is connected to the quasi-decadal mode, which was inferred from the two CCA time series
(not shown) which exhibit spectral peaks at a period of 15 years. The leading CCA mode ex-
plains 18% and 52% in the SST and SLP anomaly fields, respectively. The resulting SLP anom-
aly pattern (Fig. 11b) is the North Atlantic Oscillation (NAQO), with opposite changes
equatorward and poleward of about 50°N. The corresponding SST anomaly pattern (Fig. 11a)
is a tripole with a band of positive anomalies in the region 20°N-40°N and negative anomalies
to the north and south. These patterns are consistent with those shown by Deser and Blackmon
(1993) and Grotzner et al. (1998), who derived the spatial SST and SLP structures of the quasi-
decadal variability over the North Atlantic from observations.

The memory of the quasi-decadal mode resides in the ocean. This can be demonstrated by a
POP-analysis of upper ocean heat content anomalies (see Timmermann (1996) for details). The
leading POP mode explaining 21% of the variance has a decadal rotation period, as was re-
vealed by a spectral analysis of the corresponding POP time series (Fig. 12). The evolution of
the anomalous upper ocean heat content is dominated by a clockwise rotation around the sub-
tropical gyre (Fig. 13). Advection of temperature anomalies by the mean currents and wave

" processes (in response to changing winds) are likely to contribute both to the evolution in the
upper ocean heat content, as argued by Grotzner et al. (1998) studying the quasi-decadal varia-
bility in another coupled model. Thus, the time scale of the oscillation is probably set by a com-
bination of advective and wave time scales, since both time scales are of the same order. The
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importance of advection in the quasi-decadal variability was also highlighted by Sutton and Al-
len (1997) who investigated North Atlantic SST observations for the period 1945-1989.

In summary, the quasi-decadal variability in the North Atlantic region may be regarded as an
eigenmode of the coupled ocean-atmosphere system, so that the interactions of the ocean and
the atmosphere are crucial to the existence of the quasi-decadal mode. Ocean dynamics appear
to be crucial in producing the oscillatory behaviour at the quasi-decadal time scale. We would
like to point out, however, that the quasi-decadal mode is strongly damped (as it is in the obser-
vations) and that the bulk of the quasi-decadal variability may well be explained by the stochas-
tic climate model scenario.

4. Interdecadal variability in the North Atlantic

On longer time scales, we expect that variations in the thermohaline circulation become more
and more important. The adjustment time of the wind-driven gyres is of the order of one to two
decades only (depending on the ocean basin considered), while the adjustment time of the ther-
mohaline circulation ranges from decades to many centuries (depending on which portion of the
global thermohaline circulation is considered). As can be inferred from Fig. 10, enhanced var-
iability in both the ocean and the atmosphere is simulated at a period of about 35 years. We shall
refer this type of interdecadal variability to as the ‘interdecadal mode’. Since enhanced varia-
bility is simulated in both media at the 35-year time scale, our working hypothesis is (as for the
quasi-decadal variability) that the variability arises from ocean-atmosphere interactions (see
Timmermann (1996) and Timmermann et al. (1998) for further details).

The 35-year period is seen nicely in the spectrum of the overturning index (Fig. 10b). We used
therefore the index of the meridional overturning (Fig. 9¢c) to describe the evolution of the in-
terdecadal mode by computing lagged regression patterns of selected quantities (SLP, SST,
fresh water flux, SSS, surface currents, and convection). In order to highlight the interdecadal
variability, we band-pass filtered the model data prior to the regression analyses retaining var-
iability with time scales of 25-45 years. The anomalous SST pattern ten years prior to the max-
imum overturning (lag -10 years) is characterized by negative anomalies which cover the entire
North Atlantic Ocean, with maximum cold anomalies near 40°N (Fig. 14b). The associated SLP
anomaly pattern is the North Atlantic Oscillation (NAO) in its reverse polarity (Fig. 14a). Im-
portant to the subsequent phase reversal are the positive salinity anomalies which develop pri-
marily east of Newfoundland (Fig. 14d). As shown in Timmermann et al. (1998), this positive
SSS anomaly is created by anomalous fresh water input (primarily through enhanced evapora-
tion, Fig. 14c) and anomalous salt transport by anomalous Ekman currents (Fig. 14e). The con-
vection at this time is near normal (Fig. 14f). The SSS anomaly has grown and expanded in area
five years later (lag -5 years), as shown in Fig. 15d. At this time, the SLP and SST anomaly pat-
terns are not well developed and in a kind of ‘transition stage’ (Figs. 15a and 15b). The convec-
tion, however, shows a clear intensification in the sinking region south of Greenland (Fig. 15f),
in response to the enhanced density which is due to the increased sea surface salinity in this re-
gion. This will lead to a strengthened thermohaline circulation and subsequently to an enhanced
poleward heat transport, which will in turn reverse the SST tendendy. This is visualized in Fig.
16b which shows positive SST anomalies that cover most of the North Atlantic at the time of
the maximum overturning (lag 0). The SLP anomaly pattern has also reversed, with an intensi-
fied Icelandic low and Azorian high (Fig. 16a). The signals in the anomalous salinity and con-
vection are now relatively weak (Figs. 16d and 16f). The anomalous SLP and SST pattern will
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grow further, until half a cycle is completed at lag +5 years (not shown). A negative SSS anom-
aly develops through air-sea interactions at lag +5 years which will eventually reduce the den-
sity in the sinking region and weaken the convection. This will lead to a weakend thermohaline
circulation, reduced poleward heat transport and a change towards anomalous cold tempera-
tures in the North Atlantic, which completes a full cycle (not shown).

Thus, as for the quasi-decadal variability, large-scale air-sea interactions are important in gen-
erating the interdecadal variability. The atmospheric response to mid-latitudinal SST anomalies
seems to be a key process for the generation of mid-latitudinal low-frequency variability on the
time scales of decades. While the anomalous surface stress is important to the generation of the
quasi-decadal variability, the anomalous fresh water flux is important to the generation of the

interdecadal variability. In both types of variability, however, the air-sea coupling appears to be
rather weak, and the resulting modes are rather strongly damped, as can be inferred from the

spectral analyses presented above.

5. Predictability of interdecadal variability in the North Atlantic

After having discussed some aspects of the dynamics of the decadal and interdecadal variabili-
ties in the North Atlantic, we would like to address now the question of the predictability at dec-
adal time scales. We can distinguish three basic cases from the above discussion (Fig. 17). We
consider first the ‘pure’ stochastic climate model. In this case, the predictability limit of oceanic
quantities is given by their persistence (autocorrelation), which ranges typically from a few
months (for surface quantities) to many years (for subsurface quantities). The predictability of
the atmosphere at time scales beyond the predictability limit of individual weather phenomena,
which is of the order of about fourteen days, is not affected, since no feedback from the ocean
to the atmosphere is considered (Fig. 17a). The second case is the stochastically forced ‘ocean-
only’ mode. Enhanced predictability relative to persistence is found for oceanic quantities
around the resonance frequency, while atmospheric quantities cannot be predicted with higher
skill relative to the ‘pure’ stochastic climate model (Fig. 17b). Thus, if an oceanic mode exists
with a decadal period, the variations in the ocean associated with this mode will be predictable
at decadal time scales. Finally, third, we consider the stochastically forced coupled ocean-at-
mosphere mode. Both atmospheric and oceanic quantities exhibit enhanced predictability
(again relative to persistence) at the resonance frequency (Fig. 17c). An example of this latter
case is the ENSO phenomenon, for which both oceanic (e. g. eastern equatorial SST anomalies)
and atmospheric quantities (e. g. the Southern Oscillation Index) are predictable at lead times
of about one year (for a recent review on ENSO predictability see . g. Latif et al. (1998)). If
coupled modes with decadal periods exist in the North Atlantic, both the atmosphere and the
ocean will exhibit enhanced predictability at decadal time scales in the North Atlantic region.
We have described two such modes from our coupled model simulation, and it will depend crit-
ically on the degree of damping, whether the coupled nature of the mode will affect significantly
the predictability of the atmosphere at decadal time scales.

Thus, the predictability characteristics of the low-frequency variability in the North Atlantic can
provide important informations about its underlying dynamics. We conducted therefore an en-
semble of predictability experiments with our coupled model. Before we describe the results of
the predictability experiments, we discuss briefly the spectral characteristics of the three key

quantities (SST, overturning, NAO) shown in Fig. 10. All three spectra show peaks at a period
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of 35 years. Most striking, however, is the difference in the amount of the high-frequency var-
iability. While the overturning index exhibits relatively weak variability up to time scales of
about one decade, the SST and NAO are characterized by much more high-frequency variabil-
ity. Thus, the deep ocean acts as a kind of low-pass filter, and we expect that subsurface quan-
taties exhibit much more predictability at decadal time scales than surface or atmospheric
quantities. In particular, it is likely that the interdecadal mode will be predictable in the subsur-
face ocean only, although all three quantities shown exhibit peaks at the period of 35 years. The
amount of high-frequency noise in the SST and NAO is simply too high and destroys the pre-
dictability at relatively long time scales. Another factor limiting the predictability of the two
modes discussed here is the width of the spectral peaks, implying a relatively strong damping
of the modes. ' ~

We have applied our coupled ocean-atmosphere circulation model (which was also used to
study the dynamics of the quasi-decadal and interdecadal variabilities; see sections 3 and 4) to
assess systematically the predictability of climate variations in the North Atlantic region at dec-
adal time scales (further details can be found in Groétzner et al. (1999)). Classical predictability
experiments were conducted in ensemble mode. We have chosen four states from the control
integration, from which the coupled model was restarted. While the oceanic initial conditions
remained unchanged, the atmospheric conditions were perturbed. Each predictability ensemble
comprises of ten individual members, i. e. for each of the four oceanic states ten experiments
were performed with different atmospheric initial conditions. Each predictability experiment
has a duration of twenty years (the duration in the last forecast ensemble amounts to only ten
years). The divergence of the trajectories within an ensemble provides an indication of the pre-
dictability at decadal time scales. Our experimental setup yields an upper limit of decadal pre-
dictability, since we assume a perfect knowledge of the oceanic initial conditions, an
assumption which will be never fulfilled in a real forecast situation.

We present in Figs. 18, 19, and 20 the results from our forecast ensembles. We present the re-
sults in terms of the leading EOFs of the anomalous meridional overturning, SST, and 500 hPa
heigts. The individual forecast trajectories show relatively little spread , when the meridional
overturning is considered (Fig. 18), which is visualized by the ensemble means and normalized
ensemble variances. The variance was normalized using the variance computed from the control
integration. When the normalized variance reaches unity, the variations between the individual
forecast members are as large as typical variations in the control run, which defines a predicta-
bility limit. The North Atlantic meridional overturning is predictable for about one to two dec-
ades, depending on the forecast ensemble considered. The anomalous North Atlantic SST,
however, appears not to be predictable beyond time lags of a few years (Fig. 19), which is also
true for the leading EOF of the anomalous Northern Hemisphere 500 hPa heights (Fig. 20). This
latter result, however, depends somewhat on the forecast ensemble considered: When predict-
ability experiments are started from states characterized by strong SST anomalies, the predict-
ability of anomalous SST and 500 hPa heights seems to be enhanced.

We anticipated these results from the spectral analyses shown in Fig. 10. Thus, our predictabil-
ity experiments highlight the ocean’s role in generating the interdecadal variability. Although
the coupling between the ocean and the atmosphere seems also to play a key role in the gener-
ation of the quasi-decadal and interdecadal modes, the coupling appears to be too weak (or

* equivalently the damping too strong) to influence the predictability of surface quantities at dec-
adal time scales in the presence of the internal high-frequency noise. The results of our predict-
ability experiments are consistent with those shown by Griffies and Bryan (1997), who were the
first to apply a coupled ocean-atmosphere model to investigate the decadal predictability in the

148



'LATIF, M. ET AL.: ON NORTH ATLANTIC INTERDECADAL VARIABILITY: A STOCHASTIC VIEW

North Atlantic region.

6. Discussion

We have shown that the North Atlantic climate variability at decadal time scales is largely con-
sistent with the picture that the noise immanent to the coupled ocean-atmosphere system drives
its low-frequency variability. This stochastic concept is supported by observations, simulations
and predictability experiments with a sophisticated coupled ocean-atmosphere general circula-
tion model. Large-scale ocean-atmosphere interactions play an important role in the generation
of the interdecadal variability, and eigenmodes of the coupled ocean-atmosphere may exist in

the North Atlantic region. It is likely, however, that these eigenmodes are strongly damped.

In this article the stochastic climate model scenario served as a paradigm for the description of
climate variations. Many observations and modeling results agree with its predictions. There
are, however, alternative paradigms which as well capture essential features of climate variabi-
ity. Imagine, for example, the NAO. One may hypothesize that the dynamics of this climate
fluctuation may be représented by a low-dimensional non-linear system. Its attractor in phase
space may consist of regions where the system stays for a relatively long time. These are the
minima and maxima of the observed time series. Transitions between states occur quasi-regu-
larly (see Lorenz (1963), Palmer (1993), and references therein for further details). The obser-
vational records do not permit a distinction between these two paradigms, since they are too
short. In the near future long simulations with coupled ocean atmosphere GCMs could allow
such inferences.

Our studies raise some important scientific questions that need to be addressed in more detail in
the future. One of the most important challenges is to understand the atmospheric response to
mid-latitudinal SST anomalies. This response is likely to be highly non-linear, since it involves
changes in the statistics of the transient eddies (e. g. Palmer and Sun (1985)) which feed back
onto the mean flow. We have reasons to believe that the atmosphere is indeed sensitive to mid-
latitudinal SST anomalies, as argued by Latif and Barnett (1994). The spectral peaks in the mod-
el’s NAO, the pan-oceanic connections between the North Atlantic and the North Pacific de-
scribed by Timmermann et al. (1998), and additional atmospheric response experiments with
prescribed SST anomalies (not shown), all of these indicate that the atmosphere feels the slowly
changing North Atlantic SSTs. However, the internal atmospheric variability is relatively
strong, and it remains unclear as to whether the atmosphere is affected by the slowly varying
boundary conditions to a degree that enables useful predictions at decadal time scales.

The oceanic processes that lead to the interdecadal variations in the North Atlantic SST need
also to be analysed in more detail. We need to quantify the relative contributions of mixed layer
processes and ocean dynamics to the SST changes. This can be achieved, for instance, by con-
ducting an experiment, in which the atmosphere is coupled to a fixed-depth mixed layer (slab)
model. Such an experiment is underway, and its outcome will be discussed in a forthcoming pa-
per. A series of experiments was performed by Manabe et al. (1996), who compare three thou-
~ sand-year integrations: A fully coupled run with an ocean-atmosphere general circulation
model, an atmosphere-slab run, and an atmosphere-only run with fixed climatogical SSTs. Our
results presented in this paper are mostly consistent with the results of Manabe et al. (1996). In
particular, Manabe et al. (1996) conclude that the stochastic forcing plays a major role in gen-
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erating low-frequency variability.

Moreover, it would be desirable to understand the relative roles of changes in the wind-driven
and thermohaline circulations in changing the North Atlantic SST. Sensitivity experiments with
our coupled ocean-atmosphere model would help to get further insight into this matter. One
could, for instance, inhibit certain atmospheric feedbacks in coupled integrations, such as the
fresh water feedback or the wind stress feedback and compare the level of SST variability with
that in the control run. Such experiments will provide important informations about the mech-
anisms that lead to the decadal and interdecadal variations in the SST. These experiments are
underway, and we shall report on the their outcomes in forthcoming papers.

Finally, model verification is still an important issue. We have used so far relatively coarse-res-
olution models to investigate the dynamics and predictability of decadal and interdecadal vari-
ability. Such models have considerable problems in simulating important aspects of the global
climate and its variability. Relatively large flux corrections, are applied to inhibit the coupled
models to drift into unrealistic climates. It is unknown how these corrections affect the variabil-
ity of complex non-linear systems such as the climate system. Furthermore, we have no good
estimate of the space-time structure of the low-frequency variability from observations. Paleo-
climatic datasets will become more and more important to validate the coupled models. An ex-
ample of such a dataset, for instance, is the multi-century reconstruction of the North Atlantic
Oscillation from tree rings (Cook et al. (1997)).
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Fig.1: a) Time series of the North Atlantic Oscillation (NAO) index as defined by the normal-
ized SLP difference between Lisbon (Portugal) and Stykkisholmur (Iceland). b) Spatial pattern
of the NAO as defined by the difference in SLP between ‘high’ and ‘low NAO index’ winters.
From Hurrell (1995).

155



LATIF, M. ET AL.: ON NORTH ATLANTIC INTERDECADAL VARIABILITY: A STOCHASTIC VIEW

2
~—
I

NAO index

n

Pressurae/hPa

L....+1000

Potentli i temp (°C)

1820 30 40 50 60 70 80 %0
o
o
E
T .
=
=
s
[s]
a.
36.4F
=
= (e)
]
w
3s.af
36.2 ' — - L
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156



LATIF, M. ET AL.: ON NORTH ATLANTIC INTERDECADAL VARIABILITY: A STOCHASTIC VIEW

Linear Trends 1963-93

a) SST (K/decade)

. 3300

Fig. 3: Observed linear trends calculated for winter (DJF) December 1963 - February 1993 in
a) SST (°C/decade), and b) SLP (hPa/decade). From Robertson (1998, pers. comm.)
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Fig. 10: Spectra of the anomalous North Atlantic a) SST, b) meridional overturning, and c)
NAO shown in Fig. 9. From Groétzner et al (1999, pers. comm.).
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Fig. 12: Time series of the leading POP mode of North Atlantic upper ocean heat content (0-
200m) anomalies. The POP analysis has been performed using the model years 500-700. The
dashed line shows the real part and the solid line the imaginary part. The real part time series is
highly coherent with those of the leading CCA mode (with opposite signs). From Timmermann
(1996).
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Fig. 13: a) Imaginary and b) real part patterns of the leading POP mode of upper ocean heat con-
tent anomalies. The two POP patterns describe a clockwise rotation of the heat content anoma-
lies. From Timmermann (1996).
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Fig. 14: Maps of lagged regression coefficients of selected anomaly fields (lag -10 years, i. e.
the fields show the conditions 10 years prior to the maximum overturning). a) SLP (hPa/Sv), b)
SST (K/Sv), c) fresh water flux (mm/d/Sv), d) SSS (psu/Sv), e) surface currents ((cm/s)/Sv), and
f) loss of potential energy by convection [(mW/m?)/Sv]. The shading denotes regions in which
the results are statistically significant at the 95% level. From Timmermann et al. (1998).
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Fig. 15: Maps of lagged regression coefficients of selected anomaly fields (lag -5 years, i. e. the

fields show the conditions 5 years prior to the maximum overturning). a) SLP (hPa/Sv), b) SST

(K/Sv), ¢) fresh water flux (mm/d/Sv), d) SSS (psu/Sv), ) surface currents ((cm/s)/Sv), and )

loss of potential energy by convection [(mW/m?)/Sv]. The shading denotes regions in which the

results are statistically significant at the 95% level. From Timmermann et al. (1998).
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Fig. 16: Maps of lagged regression coefficients of selected anomaly fields (lag O years, i. e. the
fields show the conditions at the time of the maximum overturning). a) SLP (hPa/Sv), b) SST
(K/Sv), ¢) fresh water flux (mm/d/Sv), d) SSS (psu/Sv) e) surface currents ((cm/s)/Sv), and f)
loss of potential energy by convection [(mW/m )/Sv]. The shading denotes regions in which the
results are statistically significant at the 95% level. From Timmermann et al. (1998).
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Fig. 17: Schematic atmospheric and oceanic skills expected from three scenarios. a) The “pure’
stochastic climate model, b) the stochastic excitement of an ‘ocean-only’, c) the stochastic ex-
citement of a ‘coupled ocean-atmosphere’ mode. The persistence of a typical oceanic quantity
(such as the anomalous SST) is given by the full lines. The typical oceanic skills are given by
the dotted lines, while those of typical atmospheric quantitities are given by the dashed lines.
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Fig. 18: Inleldual ensemble trajectories and ensemble mean (thick line) of projections onto the
first EOF of the anomalous North Atlantic meridional overturning for the four different forecast
ensembles (left) and time series of the respective normalised ensemble variances (right). The
thick dashed lines show the temporal behavior of fitted first order autoregressive processes.
From Grotzner et al. (1999).
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Fig. 19: Individual ensemble trajectories and ensemble mean (thick line) of projections onto the
first EOF of the North Atlantic SST anomalies for the four different forecast ensembles (left)
and time series of the respective normalised ensemble variances (right). The thick dashed lines

show the temporal behavior of fitted first order autoregressive processes. From Grotzner et al.
(1999).
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Fig. 20: Individual ensemble trajectories and ensemble mean (thick line) of projections onto the
first EOF of the North Atlantic 500 hPa geopotential height anomalies for the four different
forecast ensembles (left) and time series of the respective normalised ensemble variances

(right). The thick dashed lines show the temporal behavior of fitted first order autoregressive
processes. From Grotzner et al. (1999).
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