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Abstract

We describe in this paper a mechanism for decadal climate variability that can

lead to decadal climate cycles in the North Pacific and North Atlantic Oceans.

A hierarchy of numerical models and observations are used to understand the

fundamental dynamics of these decadal cycles. They are generated by

large-scale ocean-atmosphere interactions in mid-latitudes and must be

regarded as inherently coupled modes. The memory of the coupled system,

however, resides in the ocean and is associated with slow changes in the

subtropical ocean gyres.

When, for instance, the subtropical ocean gyre is anomalously strong, more

warm tropical waters are transported poleward by the western boundary current

and its extension, leading to a positive SST anomaly in mid-latitudes. The

atmospheric response to this SST anomaly involves a weakened storm track and

the associated changes at the air-sea interface reinforce the initial SST

anomaly, so that ocean and atmosphere act as a positive feedback system. The

atmospheric response, however, consists also of a wind stress curl anomaly

which spins down the subtropical ocean gyre, thereby reducing the poleward

heat transport and the initial SST anomaly. The ocean adjusts with some time

lag to the change in the wind stress curl, and it is this transient ocean

response that allows continuous oscillations. The existence of such decadal

cycles provides the basis of long-range climate forecasting at decadal time

scales.



l . Introduction

The study of decadal climate variability is not only of scientific but also of

enormous social and economical interest. Civilization can cope with extreme

climate variations that last briefly, say a particularly severe winter.

Climate variations with time scales of centuries are beyond a single human’s

or even a single political system’s lifetime and so elicit little but

intellectual interest. But the impact of variations in a key climate variable,

say precipitation, that last a decade can generally not be avoided by society,

e.g. the extended droughts in California, Australia, or the Sahel.

We concentrate in this paper on the decadal variability in the North Pacific

and North Atlantic Oceans and describe one particular mechanism that explains

many of the aspects of the decadal variability observed in these regions.

Different competing hypotheses to explain the decadal variability observed in

the North Pacific were put forward. Both Trenberth and Hurrell (1994) and

Graham (1994) argue that the decadal variations in the North Pacific are

forced by changes in the equatorial Pacific sea surface temperature (SST) and

subsequent changes in the atmospheric circulation over the North Pacific.

However, both studies disagree about the nature of the decadal variability.

While Graham (1994) and some other studies (e. g. Nitta and Yamada (1989))

explain the changes in the mid-19705 as a discrete "shift", Trenberth and

Hurrel (1994) view the decadal variability as more oscillatory.

A completely different hypothesis was offered by Jacobs et a1. (1994). They

argue that the recent decadal variation in the North Pacific is caused by

planetary waves which were excited during the strong 1982/ 1983 El

Nifio/Southem Oscillation (ENSO) warm extreme (see Philander (1990) for a
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comprehensive review on ENSO). The planetary waves propagate slowly westward

across the Pacific basin at off-equatorial latitudes and interact eventually

with the Kuroshio current, leading 10 large-scale SST anomalies in the North

Pacific and associated changes in the overlying atmosphere. Jiang et al.

(1995) attribute low-frequency climate variability in mid-latitudes to the

chaotic nature of the ocean that allows, for instance, multiple equilibria of

the wind-driven ocean circulation.

The observations show pronounced decadal variability in the North Atlantic

also (e. g. Kushnir (1994)). Most studies attribute the decadal variability

in the Atlantic to variations of the thermohaline circulation (e. g. Yang and

Neelin (1993), Delworth et al. (1993), Weisse et al. (1994)). Such variations

are forced by density anomalies at the sea surface which modify the pattern

and strength of oceanic convection, which in turn leads to large-scale

variations in the oceanic general cicrulation.

Here, we propose an alternative hypothesis for the generation of decadal

variability in both the North Pacific and North Atlantic Oceans which involves

variations in the wind-driven ocean circulation. Our hypothesis is based on

unstable large-scale ocean-atmosphere interactions in mid-latitudes leading to

climate cycles in these regions. The possibility of unstable ocean-atmosphere

interactions in mid-latitudes on seasonal and longer time scales was

originally hypothesized by Namias (for the North Pacific) in a series of

papers (e.g. Namias, 1959, and 1969) and by Bjerknes (1964) (for the North

Atlantic). Namias argued that SST anomalies in the North Pacific can change

the transient activity in the atmosphere, which in turn changes the mean

westerly flow reinforcing the initial SST anomalies. The paper by Bjerknes is

interesting, since it postulates a climate cycle with a period of about 10
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years in the Atlantic which involves interactions of the westwind regime and

the subtropical ocean gyre. As we shall see below, the "early" ideas of both

Namias’ and Bjerknes’ apply remarkably well to the decadal climate variability

observed in both oceans.

The decadal variability is studied by means of a hierarchy of numerical models

and a mechanism is postulated for the generation of decadal variability in

mid-latitudes. We describe in section 3 a decadal mode in the North Pacific

from observations and as simulated in a multi-decadal integration with a

coupled ocean-atmosphere general circulation model which is described in

section 2. A preliminary description of this mode and the physics responsible

for it were given by Latif and Barnett (1994). Suffice to say, it has many of

the features of the decadal variability observed in the North Pacific. The

results of uncoupled experiments with the individual model components are also

shown in section 3. These uncoupled experiments were performed, in order to

get more insight into the nature of the atmospheric response to

mid—latitudinal SST anomalies and the ocean adjustment to decadal wind stress

variations, which are both crucial parts of our mechanism. We describe the

results of a simple coupled ocean—atmosphere model which retains the essential

physics of the decadal cycles in section 4. Section 5 deals with the decadal

variability in the North Atlantic, as simulated by our coupled

ocean-atmosphere general circulation model. The paper is concluded with a

summary and discussion of our major findings in section 6.

2. Coupled ocean—atmosphere general circulation model and observational data

2.1 . Coupled model



The coupled general circulation model (CGCM) and its behaviour with respect to

climate drift and interannual variability during the first twenty years of a

125-year integration are described in Latif et a1. (1994). Overall, the model

drift is relatively small and the CGCM simulates well the decadal variabiliy

in the North Pacific, as shown in Latif and Barnett (1994) and Latif and

Barnett (1996). As will be shown below, the CGCM succesfully reproduces also

some fundamental aspects of the decadal variability in the North Atlantic.

The atmospheric component of our coupled GCM "ECHO" is EHAM-Iä, the Hamburg

version of the European Centre operational weather forecasting model. The

model is described in detail in two reports (Roeckner et al., 1992; DKRZ,

1992). ECHAM-3 is a global low-order spectral model with a triangular

truncation at wavenumber 42 (T42). The nonlinear terms and the parameterized

physical processes are calculated on a 128 x 64 Gaussian grid which yields a

horizontal resolution of about 2.80 x 2.80. There are 19 levels in the

vertical which are defined on o—surfaces in the lower troposphere and on

p-surfaces in the upper troposphere and in the stratosphere.

The ocean model is "H_OPE" (Hamburg Ocean Model in Primitive Equations) which

is based on primitive equations (see Latif et al., 1994 and references

therein). Its domain is global and we use realistic bottom topography. The

meridional resolution is variable, with 0.50 within the region 10°N to 10°S.

The resolution decreases poleward to match the T42—resolution of the

atmosphere model. The zonal resolution is constant and also matches the

atmospheric model resolution. Vertically, there are 20 irregularly spaced

levels, with ten levels within the upper 300 m. Since we have not yet included

a sea-ice model in HOPE, the SSTs and sea surface salinities are relaxed to

-6-



Levitus (1982) climatology poleward of 60°, using Newtonian formulations with

time constants of about 2 and 40 days, respectively, for the upper layer

thickness of 20 meters. The vertical mixing is based on a Richardson-number

dependent formulation and a simple mixed layer scheme to represent the effects

of wind stirring (see Latif et a]. (1994) for details).

The two models were coupled without flux correction. They interact over all

three oceans in the region 60°N - 60°S. The ocean model is forced by the

surface wind stress, the heat flux, and the freshwater flux simulated by the

atmosphere model, which in turn is forced by the SST simulated by the ocean

model. The coupling is synchronous, with an exchange of information every two

hours. The coupled GCM is forced by seasonally varying insolation. The coupled

integration started at 1 January and continued for 125 years.

2.2. Observational data

Various observational data sets will be used to describe the decadal

variability observed. A short description of these data is given below. The

data were available at monthly intervals. Sea surface temperature (SST) data

were obtained from the SST data set of the British Meteorological Office

(UKMO) which is referred to as the "GISST" data set, covering the period

1949-1991, and 700 hPa height data were provided by the Climate Analysis

Center. The latter were available for the Northern Hemisphere and the period

1950-1991. Near surface air temperature over North America was obtained from

an update of the Climate Research Unit (CRU) product (Jones et a1. (1986)).

This record will be used back to 1866. Inspection of the individual monthly

maps for the era showed a surprising amount of information in the regions
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wherein the North Pacific decadal mode, that we shall discuss in the next

section, has maximum variance. So we have some confidence in the results for

the whole period 1866—1992. Rainfall, in gridded field format, was also

provided courtesy of the CRU (cf Hulme and Jones (1993)). Comparison of these

data with the US divisional data and individual data suggest they are valid in

the main areas of interest back to 1900. We show additionally subsurface

temperature measurements of the North Atlantic which are described by Levitus

et a1. (1994).

3. The decadal variability in the North Pacific

3.1 Observations

In order to describe the decadal variability in the North Pacific, we

performed a correlation analysis of low—pass filtered SST and 700 hPa height

anomalies observed during the period 1950 to 1990. The correlation analysis

was performed as follows: First, the observations were detrended and smoothed

with a five year running mean filter. We then defined a SST index by averaging

the SST anomalies over the region 25°N-400N and 170°E—1600W (Fig. 1a). This

particular region was chosen because it is located in the region of maximum

decadal variability. Finally, we computed locally the correlation coefficients

of the SST index with the low-pass filtered SST and 700 hPa anomalies.

The decadal variability is clearly seen in the North Pacific SST index time

series, with minima around the years 1960 and 1980 and maxima around the years

1950, 1970, and 1990. Although the time period considered is definitely too

short to estimate a reliable period for the decadal variability, there is,
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Index region: 170E—160W‚25N—4ON; 5 year running mean; detrended
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Figure 1: Observed low-pass filtered (retaining variability on time scales

longer than 5 years) SST anomalies averaged over the North Pacific (25°N—450N,

170°E-1600W) for the period 1950-1990, as derived from the GISST data set. b)

Spatial distribution of correlation coefficients of the index time series

shown in (a) and SST anomalies in the Pacific. 0) Spatial distribution of

correlation coefficients of the index time series shown in (a) and 700 hPa

height anomalies over the Pacific and North America.
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however, some evidence of a 20-year time scale. The results of the correlation

analysis are shown in Figs. 1b, and 1c. The dominant SST anomaly in the North

Pacific is positive (by definition) and surrounded by negative anomalies (Fig.

1b), a result that was found also by Trenberth and Hurrell (1994). These

features are statistically highly significant. The SST anomaly pattern shows a

remarkable symmetry about the equator, with equatorial Pacific SST anomalies

of opposite sign and SST anomalies of the same sign in the Southern Hemisphere

relative to the main anomaly in the North Pacific.

The anomalous atmospheric circulation, as expressed by the 700 hPa height

anomaly field (Fig. 1 c), is dominated by the reverse of the

"Pacific—North-American" (PNA) pattern which is an eigenmode of the atmosphere

and also excited during extremes of the El Nifio/Southern Oscillation (ENSO)

phenomenon (Horel and Wallace (1981)). Anomalous high pressure is found over

the North Pacific, which was also noted by Trenberth and Hurrell (1994). A

negative height anomaly is centered over Canada and a positive height anomaly

over the southern part of the United States and Central America. The anomalies

associated with the PNA pattern are statistically highly significant, with

explained variances relative to the low-pass filtered height anomalies of

about 90% in the center of the Aleutian anomaly and about 60% in the centers

further downstream.

3.2 Coupled general circulation model simulation

The corresponding results for the coupled general circulation model are shown

in Fig. 2. We have chosen a model period that begins in year 43 and extends to

year 83 for the correlation analysis. This time period shows a very similar
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Figure 2: a) With the CGCM simulated low-pass filtered (retaining variability

with time scales longer than 5 years) SST anomalies averaged over the North

Pacific (25°N-450N, 170°E-1600W) for the model years 43-83. b) Spatial

distribution of correlation coefficients of the index time series shown in (a)

and SST anomalies in the Pacific. c) Spatial distribution of correlation

coefficients of the index time series shown in (a) and 500 hPa height

anomalies over the Pacific and North America.

-12-



saw
gpQF

3
&

f
...-|-::‚..r-

.x
\

“N
o

|.::;:xx
r
l/lfl

...
...‚.

.
i

f}.
x/

|‚..I.
Ju‘x

1
!::L.:..L..._r

_..

_mUoE
voazoo

x85
5m

ozömn.
£52

Es,
m

gacöä
Ego;

ä:
8m

„6
S

E
E

S
a

-13-



time behaviour in North Pacific SST as the observations during the period

1950-1990 (compare Fig. 2a with Fig. la). Overall, the coupled model results

are consistent with the observations. The associated SST correlation pattern

as derived from the CGCM (Fig. 2b) shows the main positive anomaly in the

North Pacific which is surrounded by negative anomalies. The symmetry about

the equator is also found in the coupled model simulation. The negative

equatorial anomaly, however, is less pronounced than in the observations.

We use the 500-hPa field to describe the changes in the large-scale

atmospheric circulation in the coupled simulation. Since the changes in the

height field are equivalent barotropic, the model results (Fig. 2c) can be

compared directly to the observations (Fig. 1c), although they are presented

at a different vertical level. The atmospheric response in the coupled model

is also characterized by the reverse of the PNA pattern, but the changes are

systematically too zonal relative to the observations. The fundamental spatial

phase relationship between the North Pacific SST and height anomaly fields,

however, are very similar: anomalously warm SSTs are accompanied by

anomalously high pressure over the North Pacific and thus a weakened Aleutian

low.

Thus, we believe that our CGCM simulates reasonably well the decadal

variations observed in the North Pacific, so that we can use it to investigate

the dynamics of the decadal variability in more detail. This is not possible

with the available observations which are too sparce and not homogeneous. To

elucidate the mechanism producing the decadal variations in SST, we

investigated the characteristic evolution of upper ocean heat content

anomalies, as defined by the vertically averaged temperatures over the upper

500 meters of the water column via a complex empirical orthogonal function
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(CEOF) analysis (Barnett (1983)). Before the CEOF analysis, the heat content

data were smoothed with a low—pass filter that retained variability at time

scales longer than 3 years (further details can be found in Latif and Barnett

(1994)).

The leading CEOF mode, accounting for about one third of the variance in the

filtered heat content data, has a period of about 20 years. Anomalies in upper

ocean heat content reconstructed from this leading CEOF mode (Fig. 3) are

displayed at intervals of about two and a half years. When the SST anomalies

are fully developed and in a stage corresponding to that shown in Fig. 2b

(6:0) the main heat content anomaly is positive and covers the majority of the

western and central Pacific. A negative anomaly extends to the southwest from

North America and increases in area and strength as it approaches the tropics.

With time, through one—half of a cycle, the large anomalies rotate around the

Pacific in a clockwise fashion reminiscent of the general gyral circulation.

Thereafter, the whole sequence of events is repeated, but with reversed signs,

and that completes one full cycle.

This evolution is characteristic of the transient response of a midlatitude

ocean to a variable wind stress, as described in many theoretical and modeling

papers (e. g. Anderson and Gill (1975), Anderson et al. (1979), Gill (1983)).

The response is mostly baroclinic at climate time scales longer than several

months and involves the propagation of long, relatively fast planetary waves

with westward group velocity and their reflection into short, relatively slow

planetary waves with eastward group velocity. However, the mean horizontal

currents will affect the wave propagation. The net effect of this wave

propagation is to modify the strength of the subtropical gyre circulation. In

particular, resultant fluctuations in poleward transport of warm tropical
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Figure 3 : Reconstruction of anomalous heat content (0 Cm) simulated by the

CGCM from the leading CEOF mode. The individual panels show the heat content

anomalies at different stages of the decadal cycle, approximately 2.5 years

apart from each other.
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waters by the western boundary current lead to the generation of SST anomalies

along the path of the Kuroshio and its extension. The spin-up time of the

subtropical gyre is several years to a decade or even longer, which accounts

for the decadal time scale of the mode under discussion.

3.3 Atmospheric response experiments

The remaining task is to explain the oscillatory nature of this mode. Our

hypothesis is that it arises from an instability of the coupled

ocean-atmosphere system in the North Pacific. The characteristic SST anomaly

pattern exhibits a strong meridional gradient which either reduces or enhances

the meridional SST gradient normally found in the central Pacific. Suppose the

coupled system is in its reduced meridional SST gradient state shown in Fig.

2b. It has been suggested by Palmer and Sun (1985) that such a distribution of

SST would result in a northward shift of the baroclinic eddy activity in the

atmosphere, leading to a weakened Aleutian Low, and subsequently reduced

westerly winds over the mid-latitudes ocean. Indeed, the model results show

that a reduced meridional SST gradient goes along with anomalous high pressure

over the entire North Pacific (Figs. 2b and 2c).

To further investigate the nature of the atmospheric response to the anomalous

SST pattern, we forced the atmospheric component of our coupled model in a

stand-alone integration by a SST pattern similar to that shown in Fig. 2b. The

integration was done in a perpetual January mode and an ensemble of 12 January

integrations was performed. The atmospheric response is highly significant and

shows the expected result: anomalous high pressure over the North Pacific

(Fig. 4a). We note, however, that the mean response becomes much weaker when
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Figure 4: Atmospheric response to a mid-latitudinal SST anomaly. The upper

panel shows the response in the 500 hPa field (gpm), the middle panel shows

that of the net surface heat flux (W/mz), while the lower panel shows that of

the wind stress curl (Pa/m). The mean fields shown in the panels were obtained

by averaging the results of a 12 member ensemble of 30-day perpertual January

integrations using the same SST forcing. Please note that the response weakens

considerably when the ensemble size is increased.
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the ensemble size is increased, but the response pattern remains virtually

unchanged (Latif and Barnett (1996)). The response pattern is the weak

Aleutian—low extreme of the "Pacific North American" (PNA) mode. The response

shown in Fig. 4 arose from an atmospheric model simulation in which tropical

SSTs were near their climatological norms, that is the tropics played a minor

role in the result. This was confirmed by an additional integration in which

SST anomalies south of 25°N were entirely neglected.

The associated changes in the net surface heat flux (Fig. 4b) are such that

they tend to reinforce the SST anomalies over the western North Pacific. Heat

is anomalously pumped into the ocean in most of the region where it is already

warm and vice versa (compare Fig. 2b with Fig. 4b). Changes in the latent and

sensible heat fluxes contribute most to the net surface heat flux anomaly.

Furthermore, because the westerlies are weakened over the warm SST anomaly,

the mean wind speed is reduced, leading to reduced mixing in the ocean, which

tends also to strengthen the initial SST anomaly (Miller et al. (1994)). Thus,

ocean and atmosphere form a positive feedback system capable of amplifying an

initial disturbance, giving rise to instability of the coupled system. The

growth is eventually equilibrated by nonlinear processes and the phase

switching mechanism described below.

The changes in the wind stress curl (Fig. 40) force characteristic changes in

the ocean, eventually reducing the strength of the subtropical gyre and

enhancing meridional SST gradients. The ocean has a memory to past changes in

the wind stress and is not in equilibrium with the atmosphere, as described

below. It is this transient response of the ocean to imposed wind stress,

expressed in terms of planetary wave propagation illustrated in Fig. 3, that

provides a mechanism to switch from one phase of the decadal mode to another
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and, hence, enables the coupled system to oscillate. The oscillation can

become easily irregular in the presence of high frequency weather

fluctuations. Elements of these ideas were put forward some decades ago

(Namias (1959 and 1969), (Bjerknes (1964), White and Barnett (1972)).

3.4 Oceanic response experiments

As described above, a crucial part of the mechanism for the generation of

decadal climate variability in the North Pacific is the transient response of

the ocean circulation to low-frequency wind stress variations. In order to

obtain more insight into the oceanic adjustment, we conducted a series of

"ocean—only" integrations in which we forced a coarse-resolution version

(3.5°x 3.50) of our oceanic general circulation model (OGCM) HOPE by

prescribed low—frequency periodic wind stress variations. The spatial wind

stress pattern by which we forced our OGCM was derived from the stand-alone

integrations with our atmosphere model (section 3.3) and is shown in Fig. 5,

and the time evolution was assumed to be sinusoidal.

We discuss here two cases in which the forcing period amounts to five years

and twenty years, respectively. As can be seen clearly in Fig. 6 showing the

time evolution of the sea level anomalies along two particular latitudes

bands, the ocean is not in equilibrium with the wind stress forcing at a

period of five years. Consistent with planetary wave propagation, slow

westward phase propagation can be seen between 20°N and 30°N (Fig. 6a), while

the response further to the north is more stationary in character (Fig. 6b).

Similar results are obtained for a forcing period of ten years (not shown).

The ocean approaches an equilibrium response for forcing periods longer than
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Figure 6: Hovmoeller diagrams of sea level anomalies (mm) averaged over

the region 20°N—300N (left) and 35°N-450N (right) for a forcing period of 5

years. Rigdes (troughs) of the wind stress anomaly are indicated by solid

(dashed) horizontal lines.
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Figure 7: Hovmoeller diagrams of sea level anomalies (mm) averaged over the

region 20°N-300N (left) and 35°N—45°N (right) for a forcing period of 20

years. Rigdes (troughs) of the wind stress anomaly are indicated by solid

(dashed) horizontal lines.
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about twenty years. This is demonstrated in Fig. 7 which shows the case for a

forcing period of exactly twenty years. No phase propagation is seen at this

period, neither in the subtropics (Fig. 7a) nor in the mid—latitudes (Fig.

7b). Thus, our ocean-only experiments with low-frequency periodic wind stress

forcing support fully the picture that the ocean has a sufficiently long

memory to enable decadal oscillations. The precise period of the decadal

oscillations, however, will not only depend on the wave transit times but also

on the nature of the ocean-atmosphere interactions.

4. Simple coupled model

In summary, both our CGCM results and the uncoupled atmospheric and oceanic

experiments support the picture that the decadal mode arises from unstable

ocean—atmosphere interactions over the North Pacific, so that the mode is best

described as an inherently coupled air-sea mode. The memory of the coupled

system resides in the ocean, while the atmosphere responds passively to the

slowly varying boundary conditions. It is interesting to note that this

paradigm for the generation of the decadal variability over the North Pacific

is similar to that for the ENSO phenomenon in the tropical Pacific (e.g.

Schopf and Suarez (1988), Neelin et a1. (1994)).

It is therefore tempting to construct a simple ocean-atmosphere model that

retains the essential physics of the decadal variability, as described above.

The ocean dynamics is described according to Anderson and Gill (1975) who

studied the spin-up problem of a stratified ocean. The relevant equations are

the linearized shallow water equations for a particular vertical mode in the
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quasi-geostrophic approximation, combined into a single equation for the

streamfunction w:

(\IIxx + wyy - (f2/02)-\|I)t + ß'WX = -(1/H)-curl _I + V-wxm (1)

Subscripts denote partial derivitaves. Some friction is added in (1) for

numerical reasons. The special form of the friction is chosen to account for

the existence of western boundary currents. Boundary conditions are w=const.=0

along boundaries. The parameters f=2-0)-sin(p, ß, c, H, and v denote the

Coriolis parameter and its variation with latitude, the speed of the vertical

mode considered and a measure of its degree of forcing, and the eddy

viscosity, respectively. The surface wind stress vector devided by the

reference density is denoted by ‘_I:, but we consider its zonal component I" only

in our simple coupled model. Thus, the wind stress curl is given by the

meridional derivative of TX:

curl ’_C = {Bf/By) (2)

The (mean) forcing curl it for our ocean model is assumed to be of the form

A-sin(21ty/B), with B the meridional extent of the basin. This is a reasonable

approximation of the real westwind regime in mid-latitudes, leading to a

double-gyre circulation which can be identified with the subtropical and

subpolar gyres.

The coupling with the atmosphere is respresented in a rather crude way and by

wind stress only. Consistent with the scenario developed above, we assume that

the atmosphere has no internal dynamics and responds passively t0 the oceanic

changes. Since our ocean model carries no sea surface temperature, we
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parameterize the SST variations in terms of the strength of the western
boundary current which is taken to be proportional to the streamfunction
difference across the two gyres near the eastern boundary. The actual wind
stress curl is given by:

curl *_c = (x-g(q)-curl '17, q = [(aw/ay)W/(afi;/ay)w] (3)

Bars denote in (3) quantities that were derived from the steady state solution
of the uncoupled system. The subscript "W" indicates that the pressure
gradients are computed near the western boundary. The coupling strength is
given by the parameter 0t. In order to describe the non—linear equilibration of
the growth, we assume a function g(q) proportinal to [q/(l + y- lql)], with y a
parameter controling the degree of the non—linearity.

The equations are solved numerically on a 2° x 2° grid. Preliminary results
indicate that such a simple coupled model oscillates at decadal time scales at
sufficiently high values of the coupling strength (X. An example is shown in
Fig. 8 which shows the normalized streamfunction anomaly in the center of the
subtropical gyre as function of . longitude and time for a rectangular basin
that extends 500 in the meridional and 100° in zonal direction. The other
parameters are given in the caption of Fig. 8. Although the oscillation is
weakly damped for the set of parameters chosen, a clear periodicity of the
order of 30 years can be readily seen. Thus, the results of our simple coupled
model support our hypothesis that decadal variability in mid-latitudes can
originate from unstable air-sea interactions in mid-latitudes themselves. A
complete investigation of the sensitivity of our simple coupled model is
underway and will be described by Münnich et al. (in preparation).
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Figure 8: Hovmoeller diagram of normalized pressure anomalies in the center of

the subtropical gyre in a multi-century integration with the simple coupled

ocean—atmosphere model. Parameters are: 0:26 m/s, v=3-103m2/s, y=0, 0c=40. The

basin size is 1000 in the zonal direction and 500 in the meridional direction.
A Gaussian disturbance in the eastern quarter of the basin was introduced at

time t=0.
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5. The decadal variability in the North Atlantic

The type of decadal variability described above can exist in principal also in

the North Atlantic. Indeed, observations show some evidence of a decadal cycle

in the North Atlantic. This is shown in Fig. 9 which displays observations of

subsurface temperature anomalies in the North Atlantic at 125 m depth (Levitus

et al. (1994)). The subsurface temperature measurements show some remarkable

oscillatory behaviour during the last few decades, with a period of the order

of about 15 years. However, the observational record is certainly much too

short, in order to prove the existence of a decadal climate cycle in the North

Atlantic.

We investigated therefore additionally the variability simulated by our

coupled ocean-atmosphere general circulation model "ECHO" in the multi-decadal

integration described above. In order to derive the major modes of

ocean—atmosphere co—variability, we performed a Canonical Correlation Analysis

(CCA, see Barnett and Preisendorfer (1987)) between low—pass filtered

simulated North Atlantic SST and 500 hPa height anomalies. The coupled run

shows a rather stable decadal cycle in the North Atlantic, as can be inferred

from the time series of the leading CCA mode (Fig. 10a). The canonical

correlation amounts to about 0.9, and the period of the decadal variations is

of the order of 17 years, which is consistent with the observations of Levitus

et al. (1994) shown in Fig. 9.

The corresponding SST anomaly pattern (Fig. 10b) shows a positive anomaly

along the path of the (model) Gulf stream in the western and central part of
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Figure 9: Time series of subsurface temperature anomalies at 125 m measured at

weather ship "C" (35.5°W, 52.50 N) and time series of the first EOF (multiplied

at the same depth. Aftertemperature anomaliesby -1) of North Atlantic

Levitus et a1. (1994).
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Figure 10: Canonical Correlation Analysis (CCA) of low-pass filtered

(retaining variability with time scales longer than 5 years) North Atlantic

SST and 500 hPa height anomalies simulated by the CGCM. The SST and height

anomalies were projected onto the first five EOFs prior to the analysis. a)

canonical time series, b) canonical SST (predictor), and c) canonical 500 hPa

height (predictand) pattern. The units in (b) and (c) are 0C and gpm,

respectively, and the values are representative of a one-standard deviation

change.
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the basin centered near 35°N which is surrounded by negative anomalies.

Fortunately, the center of the negative SST anomaly in the northeast coincides

approximately with the location of weather ship "C", so that the observations

shown by Levitus et al. (1994) can be regarded as a good index of the decadal

mode. Overall, the characteristics of the decadal mode simulated in the North

Atlantic are very similar to that in the Pacific (Figs. 1 and 2), with

anomalously high pressure over anomalously warm SST (Fig. 100).

The anomalous height pattern bears some resemblence to the North Atlantic

Oscillation (NAO, see 6. g. van Loon and Rodgers (1978)) which is (like the

PNA) an eigenmode of the atmospheric circulation and characterized by a dipole

pattern, with opposite changes in the Iceland low and Azores high. The centers

of action, however, are displaced equatorward by about 10° in the coupled

model simulation. All major features in the canonical SST and 500 hPa height

fields are statistically highly significant, with explained variances up to

60% relative to the low-pass filtered values.

The mechanism behind the decadal variability in the North Atlantic is similar

to that for the North Pacific (see section 3). The variations in heat content

or subsurface temperature are qualitatively similar to those found in the

Pacific (Fig. 3) and show basically the same propagation characteristics (not

shown). Thus, we belive that the decadal variability in the North Atlantic is

generated by the same mechanism as its counterpart in the North Pacific. This

would imply that the period of the North Atlantic mode is about half the

period of the North Pacific mode, since the basin size of the North Atlantic

is about half the basin size of the North Pacific. Our results indicate,

however, that the time scales of the two oscillations are very close to each

other. The reasons for this are still under investigation.
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6. Summary and discussion

A hierarchy of numerical models was used to understand the decadal variability

observed in the Northern Hemisphere, and we propose a mechanism for its

generation. Our results suggest that a considerable part of the decadal

variability in both the North Pacific and North Atlantic can be attributed to

cycles with periods of approximately 15 to 20 years. The decadal modes

originate from unstable ocean—atmosphere interactions and must therefore be

regarded as inherently coupled phenomena. The existence of such cycles implies

the potential for long-range climate forecasting at decadal time scales over

North America and Europe.

The scenario for the generation of the decadal mode is similar to that

developed by Bjerknes (1964) for the Atlantic Ocean. According to this

picture, the memory of the coupled system resides in the ocean. The ocean

adjusts slowly to past variations in the surface wind stress field, and these

slow variations in the wind—driven ocean circulation are crucial in setting

the time scale of the decadal mode. Wave and advective processes are both

found to be important in the ocean adjustment. The wave adjustment, however,

appears to be the dominant process, as discussed by Latif and Barnett (1996).

The atmosphere responds passively to the changes in the lower boundary

conditions. However, since the decadal mode is an inherently coupled

phenomenon, the feedback of the atmosphere onto the ocean is a crucial part of

the dynamics of the decadal mode.
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Our results are in conflict with several previous studies, since we found the

tropics played a minor role for the generation of the decadal mode. The

studies of Trenberth and Hurrell (1994) and Graham (1994) argue basically that

low—frequency changes in tropical Pacific SST introduce the signal into the

North Pacific through a changed atmospheric circulation. Jacobs et a1. (1994)

argues also that decadal variability in the North Pacific is forced by the

tropics, but through the ocean by the propagation of planetary waves in the

aftermath of strong ENSO extremes, such as the 1982/1983 warm event. We did

not find much evidence for an active role of the tropics in the generation of

the decadal mode in the North Pacific. Our view of an independent

mid—latitudinal mode is supported by the findings of Robertson (1996). He

investigated a multi-century integration with another CGCM and found a similar

mode in the North Pacific to that described here. However, the integration

Robertson (1996) analyzed shows Virtually no ENSO-type variability in the

tropical Pacific so that some of the proposed tropical forcing mechanisms

cannot operate in that integration.

Another point of controversy which might originate from our study is the

question of whether the atmosphere is sensitive to mid-latitudinal SST

anomalies. Our results suggest indeed that mid-latitudinal SST anomalies force

a significant atmospheric response, as implied by the early study of Palmer

and Sun (l985). Further, we were able to reproduce the dominant atmospheric

response pattern found in the coupled integration and observations by forcing

our atmosphere model in a stand—alone mode by the characteristic North Pacific

SST pattern of the decadal mode. We speculate that changes in the surface

baroclinicity and resultant changes in the transient activity are crucial in

establishing the time-mean response. If correct, this would imply that
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Figure 11: Normalized near surface temperature and rainfall indices of the

North Pacific decadal mode, as derived from observations over North America

(details can be found in Latif and Barnett (1996)).
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the North Pacific decadal mode (shown in Fig. 11).
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atmosphere models need to simulate the eddy activity rather well when they are

used in a coupled model to study decadal variability. This would require quite

high resolution for climate integrations, at least of the order of the T-42

resolution we used in our coupled integration.

Finally, we would like to discuss critically the predictability of the decadal

modes. Our results suggest that their predictability is probably less than

that of ENSO, for example, if one measures the predictability limits in terms

of fractions of the cycle period. This can be inferred from Fig. 12 showing

the autocorrelation function of an index time series of the North Pacific

decadal mode (Fig. 11), as derived from observations (see Latif and Barnett

(1996) for details). Although the structure of the autocorrelation function

shows some weak evidence for a periodicity of approximately 20 years, the

minimum correlation at lead times of about 10 years are insignificant and of

the order of -0.2 only. This suggests that the predictability of the decadal

mode is considerably less than one-half cycle. In contrast, the

autocorrelation functions of typical ENSO indices show significant

correlations at lead times of the order of about two years, which corresponds

to approximately half an ENSO cycle (e.g. Wright, 1985). Thus, the decadal

mode is strongly damped and the internal "noise" in the coupled

ocean—atmosphere system will limit its predictability considerably.
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