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Abstract. Climatic fluctuations on a decadal timescale in the North Atlantic in a global ocean 
general circulation model were considered. The analysis was carried out for the 3800-year sto- 
chastic forcing simulation of Mikolajewicz and Maier-Reimer in which the Hamburg Large- 
Scale Geostrophic ocean model was driven by monthly climatologies of wind stress, air tem- 
perature, and freshwater flux with superimposed white noise freshwater fluxes with an ampli- 
tude of about 16 mm/month. We applied a Principal Oscillation Pattern analysis to the vector 
time series of the upper level salinity fields, so that the examined fluctuations appear as esti- 
mated eigenmodes of the system. In addition to an oscillation with a period of 320 years as 
already described by Mikolajewicz and Maier-Reimer, we found a broadband Principal Oscil- 
lation Pattern with a timescale of the order of 10 to 40 years. It describes the generation of 
salinity anomalies in the Labrador Sea and the following discharge into the North Atlantic. In 
sensitivity experiments we clarified that the source of the variability lies in the Labrador Sea 
and showed that the generation of the salinity anomalies is mainly due to an undisturbed local 
integration of the white noise freshwater fluxes. 

1. Introduction 

In the last few years, the problem of natural climate vari- 
ability has attracted increasing attention from the scientific 
community, especially in the context of detection of the 
greenhouse signal in observed climate records. Until now our 
knowledge of climate variations on decadal or longer time- 
scales is rather poor. The major difficulty in this timescale 
range is the insufficient database. With few exceptions, 
instrumental records are generally shorter than 100 years. 
Corrections for changes in the measurement technique, 
urbanization effects, etc. are often as large as the signal itself. 
Many available time series of proxy data do have the required 
length and resolution, but the direct physical interpretation of 
these data is often difficult owing to ambiguous transfer func- 
tions, dating problems, etc. Comprehensive overviews are 
given by Folland et al. [1990] and Crowley and North 
[1991]. 

More information is available on shorter timescales. The 

E1 Nifio/Southern Oscillation phenomenon is probably the 
best-known and most-studied example of natural climate 
variability [e.g., Rasmusson and Carpenter, 1982]. The char- 
acteristic timescale of this process is only a few years, and the 
observational base for the analysis is relatively good. Another 
region where shorter timescale variations have been exten- 
sively investigated is the North Atlantic. Most of the oceanic 
heat transport and deepwater production is located in the 
Atlantic, and thus changes in the Atlantic circulation and 
deep convection may have great impact on climate. An 
intriguing example is the "Great Salinity Anomaly" (GSA) 
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observed in the 1970s in the northern North Atlantic. Dickson 

et al. [1988] interpreted it as a negative salinity anomaly 
being advected around the subpolar gyre. On its path it 
reduced convection, increased sea ice cover near Iceland, and 
lowered surface temperatures. Levitus [1989a,b] showed the 
three-dimensional extent of the anomaly in the North Atlantic 
by comparing data from 1970-1974 versus data from 1955- 
1959. He came up with a picture consistent with the early 
stages of the GSA. 

Bjerknes [1964] investigated air-sea interaction in the 
North Atlantic region on both interannual and interdecadal 
timescales. Using data covering the 1890-1940 period, he for- 
mulated the hypothesis that the interannual variability is 
mainly due to local air-sea interaction, whereas the interdec- 
adal variations are results of a slow and nonlocal dynamical 
interaction. Using more than a century of sea surface temper- 
ature (SST) observations, Kushnir [1993] came to similar 
conclusions. Deser and Blackmon [1993] emphasized the 
irregularity of the decadal variations and argued that there are 
no differences in the ocean-atmosphere interaction on the 
interannual and interdecadal timescales. Among other possi- 
ble explanations for the decadal variability, they demon- 
strated that the sea ice concentration in the Labrador Sea 

leads the "decadal pattern" of SST by roughly 2 years, indi- 
cating that the processes in marginal seas can play a major 
role in the overall dynamics of the North Atlantic. 

Because of the sparsity of data, attempts at understanding 
the principal physics of natural climate variability have often 
been made using models. Early attempts to study the influ- 
ence of short-term atmospheric variability on long-term oce- 
anic variability were based on the concept of stochastic 
climate models as proposed by Hasselmann [1976]. The 
atmosphere is assumed to adjust to a quasi-equilibrium on 
timescales of decades and longer. The low-frequency vari- 
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ance spectrum is governed by the internal dynamics of the 
ocean. The integration of the short-term atmospheric fluctua- 
tions transforms the essentially white noise atmospheric forc- 
ing into a red response signal. (The variance spectrum of a 
white noise process is constant. All frequencies provide the 
same contribution to the total variance of the process. The 
circumstances are similar to white light. A red noise process, 
however, is defined by higher energy in the low-frequency 
range.) For a linear system the resulting response spectrum is 
proportional to co -2 as long as the frequency co is large com- 
pared to the inverse of the natural timescales of the slow sys- 
tem and constant for low frequencies. Simple models 
consisting typically of one (or more) boxes, a linear feedback 
term, and a forcing term have been successfully applied to the 
global ocean by Lemke [ 1977] and Wigley and Raper [ 1990], 
and to the surface ocean by Frankignoul and Hasselmann 
[ 1977], Frankignoul and Reynolds [ 1983], and Hefterich and 
Hasselmann [ 1987]. 

Recent investigations have considered decadal and century 
scale variability in circulation models. Mikolajewicz and 
Maier-Reimer [1990] applied the concept of the stochastic 
climate models to an ocean general circulation model 
(OGCM). They forced their OGCM with white noise fresh- 
water fluxes and obtained a dominant, irregular oscillation 
with a period of about 320 years. The mechanism responsible 
for this effect was the advection of salinity anomalies by the 
mean thermohaline circulation of the Atlantic. Mikolajewicz 
and Maier-Reimer [1991] showed that the amplitude of the 
forcing was a critical parameter for the occurrence of the 
mode. Mysak et al. [1993] performed similar experiments 
with a zonally integrated ocean model and investigated the 
response as a function of parameters such as amplitude of 
forcing and horizontal and vertical diffusivities. Over a wide 
range of parameters they too obtained dominant modes with 
periods between 200 and 300 years. Other authors report on 
self-sustaining oscillations in models with idealized topogra- 
phy with a period of a few decades [e.g., Marotzke, 1990; 
Weaver et al., 1991] or a few centuries [e.g., Winton and 
Sarachik, 1993]. Delworth et al. [1993] described an irregu- 
lar oscillation of the thermohaline circulation in the North 

Atlantic in a fully coupled ocean-atmosphere general circula- 
tion model. This appeared to be an oscillatory mode of the 
ocean system alone, driven by density anomalies at the site of 
formation of North Atlantic Deep Water, while the atmos- 
pheric feedback seemed to be small. 

In the present study we analyzed surface and subsurface 
data from the stochastically forced OGCM experiment of 
Mikolajewicz and Maier-Reimer [ 1990] with special attention 
paid to the North Atlantic region, motivated by the observa- 
tional evidence for the existence of decadal variability in 
nature. The experiment, performed with an OGCM that 
included a realistic bathymetry, yielded sufficiently long time 
series to investigate decadal variability. We found a dominant 
mode on a decadal timescale in the North Atlantic region. 

In section 2 we briefly describe the model and the stochas- 
tically forced experiment. A brief outline of the Principal 
Oscillation Pattern (POP) technique is given in section 3. In 
section 4 we describe the dominant decadal mode in the 

northern North Atlantic and suggest a hypothetical mecha- 
nism. Some sensitivity experiments in support of this expla- 
nation are presented in section 5 together with an 
intercomparison to the results of the basic experiment. In sec- 
tion 6 our results are summarized and discussed. 

2. Model and Experiment 

2.1. The Model and Spin-up 

The Hamburg Large-Scale Geostrophic OGCM, whose 
concept was originally proposed by Hasselmann [1982], is 
specially designed for the study of slow climatic variations. 
An implicit integration method permits a time step of 30 
days, thus allowing integrations over thousands of years at 
acceptable computing costs. Basic features of this model are 
described by Maier-Reimer and Hasselmann [1987]. Details 
are presented in the paper by Maier-Reimer et al. [1993] in 
which the sensitivity of the steady state ocean circulation to 
different formulations of the upper boundary condition for 
heat and salt is discussed. From a series of experiments with 
varying boundary conditions, a standard run was defined 
which best reproduces the observed large-scale thermohaline 
circulation. 

The model is based on the conservation laws for heat, salt, 
and momentum (the latter in a linearized form), the full equa- 
tion of state, and the hydrostatic approximation. Gravity 
waves are filtered by the implicit integration scheme, permit- 
ting a free sea surface elevation. The version of the model 
used in the standard run and the present experiment has a hor- 
izontal resolution of 3.5 ø x 3.5 ø and 11 ver•:•al layers (cen- 
tered at depths of 25, 75, 150, 250, 450, 700, ,•"•0, 2000, 
3000, 4000, and 5000 m). Topography is included, as •. •1 as 
a one-layer thermodynamic sea ice model with viscous 
rheology. The annual cycle is resolved in the model, but in 
this paper only annual mean values are shown. 

For the momentum flux forcing at the upper boundary the 
monthly mean wind stress climatology of Hellerman and 
Rosenstein [1983] was used. The temperature in the surface 
layer was computed by a Newtonian type coupling to pre- 
scribed monthly mean air temperatures derived from the 
Comprehensive Ocean-Atmosphere Data Set (COADS) 
[Woodruff et al., 1987], with a coupling coefficient of 
40 W m :2 K -1 (in the absence of sea ice). This yields a time 
constant of approximately 2 months for a surface layer thick- 
ness of 50 m. In the first spin-up run the salinity surface 
boundary condition was a Newtonian coupling to the 
observed annual mean surface salinity of Levitus [1982]. 
From the steady state solution an effective freshwater flux 
was determined. In the following experiments this freshwater 
flux was then taken as the boundary forcing acting on the sur- 
face salinity and on the surface elevation, while still retaining 
the relaxation to the prescribed atmospheric temperature in 
the temperature boundary condition. Again, the model was 
integrated until a steady state was achieved. Details of the ini- 
tialization can be found in the work by Mikolajewicz and 
Maier-Reimer [ 1990]. 

This type of boundary conditions was first proposed by 
Stommel [1961] and has been used in several OGCM experi- 
ments during the last decade. In the absence of a coupled 
atmospheric model these "mixed" boundary conditions may 
be regarded as a reasonably approximate description of the 
feedback between the ocean and the atmosphere. Anomalies 
of the SST are damped out by the resultant anomalous atmos- 
phere-ocean heat fluxes, while anomalies in the surface salin- 
ities have no influence on the net freshwater flux. Thus 

anomalies in the salinity distribution have much longer life- 
times than anomalies of the SST, as indicated by observa- 
tions. 
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2.2. The White Noise Freshwater Flux Experiment 

Short-term atmospheric fluctuations influence the ocean at 
the upper boundary through surface temperature, wind 
stresses, and freshwater fluxes. In this experiment the sto- 
chastic forcing was restricted to the freshwater fluxes. 
Because of the lack of feedback mechanisms for the surface 

salinity, this seems to be the most important contributor on 
timescales of decades and longer. The freshwater flux forcing 
applied was white in time and spatially coherent on the syn- 
optic scale of the atmosphere to represent the short-term 
atmospheric variability. The forcing had a globally averaged 
standard deviation of 16 mm/month. Details of the construc- 

tion of the freshwater flux forcing field can be found in the 
work by Mikolajewicz and Maier-Reimer [1990]. 

In the open ocean the standard deviation of the net fresh- 
water flux is almost constant at a level of 15 mm/month. 

Toward the coasts the amplitude generally increases. In the 
almost-closed basins of Hudson Bay and the Mediterranean 
the amplitudes have a maximum. This is a consequence of the 
design of the stochastic forcing but may be regarded as an 
approximate description of the increased variability of the 
freshwater fluxes in enclosed basins and near the coasts due 

to the effects of runoff processes. A comparison with data 
from a 10-year simulation with an atmosphere general circu- 
lation model (ECHAM3/T42) forced with observed SST 
[Arpe et al., 1993] shows that this amplitude of the forcing is 
reasonable for high latitudes, although it significantly under- 
estimates the tropical variability. The integration was carried 
out for 3800 years and the data were stored as means over 2 
years. Details of this experiment (hereafter called the stochas- 
tically forced experiment (STO)) as well as its mean climate 
have been described by Mikolajewicz and Maier-Reimer 
[1990, 1991]. 

process matrix B is given by the lag 1 covariance matrix [von 
Storch et al., 1988] and can be estimated from the data. The 
eigenvectors of B are POPs. Generally, B is not symmetric 
and so some or all of its eigenvalues • and corresponding 
eigenvectors p occur in complex conjugate pairs. Notice that 
in this brief outline only complex POPs are discussed. Each 
state x(t) may be expressed in terms of the eigenvectors 

x (t) = • zj (t) pj. (2) 
J 

If we disregard the index for convenience, the contribution 
• (t) of a complex conjugate pair of patterns p, p* to the 
process x (t) is given by 

•(t) = z(t)p+ [z(t)p]* or 

P(t) = zi (t)Pi-Z2(t)P2, (3) 

with 2z (t) = zi (t) + iz 2 (t). Here pl and P2 are the real 
and imaginary part of the eigenvector and zl (t) and z2 (t) 
are the coefficient time series of the POP. Their evolution in 

the absence of noise forcing is described by 

Zl(t+l) +iz2(t+l ) = •,[zl (t) +iz2(t)]. (4) 

If we represent the eigenvalue )• by 

- exp (ico), (5) 

the oscillation period and e-folding time are given by, respec- 
tively, 

T = 2•co -• (6) 

and 

3. Analysis Technique 

In the present study the multivariate Principal Oscillation 
Pattern (POP) technique was used to investigate the space- 
and time-dependent variability of surface and subsurface data 
in the STO experiment. In contrast to the empirical orthogo- 
nal function (EOF) analysis, which is designed to yield an 
optimal representation of the covariance structure in the data 
and not to represent dynamical modes in general, the POP 
analysis is constructed to capture the linear dynamics of the 
system. The POP analysis provides a simultaneous analysis 
of both the spatial (e.g., propagating) features and the fre- 
quency characteristics of the data. Examples of the good 
agreement between the theoretical modes of a complex sys- 
tem and those estimated by a POP analysis are given by 
Schnur et al. [ 1993]. 

The main approach of the POP concept, as originally pro- 
posed by Hasselmann [1988] and developed and discussed in 
detail by von Storch et al. [ 1988], is to model the time evolu- 
tion of the system by a first-order autoregressive vector proc- 
ess 

x (t + 1) = _Bx (t) + white noise (1) 

where x represents a vector time series (the n-dimensional 
vector formed from x (r, t) with r = 1 ...n grid points). The 

¾ = -(/nl•l) -•. (7) 

In the absence of white noise forcing, the real and imagi- 
nary components of the coefficients vary coherently and 90 ø 
out of phase, so that the system generates stochastic 
sequences 

ß " -'> P2 -'> Pl -'> -P2 --> -Pl -'> P2 -'> .... (8) 

Thus if the system at time t = 0 is in the state P2, one-quar- 
ter of period T later it will with high probability be in the 
state p•, half a period later in the state -P2, and so on. The 
correlation over successive phases of the oscillation is deter- 
mined by the decay time. On average a POP with a decay 
time of an oscillation period can be observed over a full oscil- 
lation cycle, whereas if the decay time is half an oscillation 
period, typically only half an oscillation cycle can be 
observed. 

The phase q0 of a POP is arbitrary. For the physical inter- 
pretation of the eigenvector it may sometimes be useful to 
define this phase factor in a certain way. Note that the kind of 
definition of q0 does not change the contribution P (t) to the 
process x (t). In the present study we have defined the phase 
factor in such a way that the skewness of the imaginary part 
of the POP coefficient time series was minimized. 

Criteria to decide whether a POP contains physically 
meaningful information are given by von Storch et al. [1988]. 
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Figure 1. Salinity anomalies in practical salinity units in the 
second model layer (75 m) as identified with the POP tech- 
nique. Note that the isolines are 0.02, 0.05, 0.10 and 0.15. 
Areas with negative values are shaded. (a) Imaginary part of 
the mode. (b) Real part of the mode. 

The most important information is contained in the cross 
spectrum of the POP coefficients. Both time series should be 
significantly coherent and 90 ø out of phase in the neighbor- 
hood of the oscillation period. 

4. Decadal Mode of the North Atlantic 

The POP analysis was performed for the upper level salin- 
ity fields in the North Atlantic between 95øW and 25øE and 
north of 30øN. It reveals one dominant mode (Figure 1) on a 
timescale of 10 to 40 years. A positive salinity anomaly, 
developing in the southwest Labrador Sea (imaginary part, 
Figure l a), spreads over the entire Labrador Sea and the 
northern North Atlantic (real part, Figure lb; note that the 
sign of the oscillator is arbitrary). An inspection of the POP 
coefficient time series reveals that the behavior of the POP is 

quite irregular, characterized by timescales between at least 
10 and 40 years. The small ratio (about 0.5) of the decay time 
(20 years) and oscillation period (40 years) of the eigenvalue 
implies that only the accumulation of a positive or negative 
salinity anomaly in the Labrador Sea (imaginary part) and the 
following propagation (real part) into the North Atlantic can 
be observed. This decadal mode explains up to 80% of the 
total variance of the upper level salinity fields in the Labrador 
Sea and about 30% in the northern North Atlantic (Figure 2). 

The POP coefficient time series are highly coherent in a 
range of about 10 to 100 years. They are 90 ø out of phase 

I i I I 
90'N - 

60'N - 

30'N - 

90"W 60"W 3 W 
Figure 2. Amount of explained local variance of the decadal 
mode in the North Atlantic salinity fields (75 m). 

between about 30 to 40 years, but the phase lag is roughly 
60 ø at 50 years and 120 ø at 20 years. This corresponds to an 
almost constant delay of roughly 7 to 8 years between the real 
and imaginary part of the POP coefficient time series 
(Figure 3). There are no pronounced peaks in the variance 
spectra of these time series, as would be expected for an 
oscillation driven by white noise. Instead, these spectra are 
rather similar to those of stochastic climate models with' sim- 

ple linear feedback terms. 
Furthermore, the response is non-Gaussian. The distribu- 

tion of the real POP coefficient time series shows a clear 

asymmetry, whereas the distribution of the imaginary part of 
the POP coefficient time series is symmetric (Figure 4). Thus 
the generation of salinity anomalies in the Labrador Sea, a 
process that is mainly described by the imaginary part of the 
POP (Figure 1 a), is Gaussian distributed, while the discharge 
and propagation of the anomalies in the North Atlantic (real 
part, Figure lb) is not: The frequency of large positive salin- 
ity anomalies in the uppermost levels of the North Atlantic is 
greater than that of large negative ones. 

A possible explanation for these asymmetries is the 
change in the convection induced by the salinity anomalies' 
The stratification of the Labrador Sea in the model is strong 
and quite stable, while the stratification is weak in the North 
Atlantic between about 50 ø and 60 ø north (Figure 5). A nega- 
tive salinity anomaly, once developed in the Labrador Sea 
and advected into the North Atlantic by the mean circulation, 
stabilizes the water column and suppresses convection. No 
feedback or amplification of the anomaly occurs. However, a 
positive anomaly which reaches the weakly stratified region 
will turn on deep convection, bringing cold and less saline 
water downward and warm and more saline water to the sur- 

face. This will be observed as an amplification of the positive 
salinity anomaly at the surface. 

Since the variance spectra of the POP coefficient time 
series, as pointed out, are very similar to those of stochastic 
climate models with simple linear feedback terms (Figure 3), 
we hypothesize that in the Labrador Sea (a semiclosed basin 
in the model which has only limited exchange with the open 
ocean) an undisturbed straightforward integration of the 
white noise freshwater flux anomalies takes place. A feed- 
back term is determined by the flushing time x of a well- 
mixed upper layer in the Labrador Sea in which the freshwa- 
ter flux is integrated. 

If we neglect the Hudson Bay, a relatively shallow basin in 
the model, the surface of the Labrador Sea in the model is 
about 3.2 x 10 •2 m 2. The strong stratification indicates that 
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Figure 4. Estimated probability distribution of the ampli- 
tudes of the POP coefficient time series. (a) Real part (Skew- 
ness is 1.08). (b) Imaginary part (Skewness is 10-5). 
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Figure 3. Spectra of the Principal Oscillation Pattern (POP) 
coefficient time series in the stochastically forced (STO) 
experiment. (a) Variance spectra. (solid line, real component; 
dashed line, imaginary component) The bar on the right-hand 
side represents the 95% confidence interval. (b) Phase spec- 
trum. (c) Coherence spectrum. 

a layer of about 250 m is involved in the freshwater integrat- 
ing process (Figure 5). Thus the magnitude of the characteris- 
tic volume (V) is estimated to be about 8 x 10•4m 3. The 
mean net outflow (O) for layers of this depth is about 2.5 Sv. 
So a rough estimate of the flushing time 

•: = VO -• (9) 

is approximately 10 years. This timescale is supported by the 
decorrelation time, estimated from the upper level salinity 
fields in the STO experiment (Figure 6). This time is about 10 
years on an average in the Labrador Sea and the regions of 
the North Atlantic, through which the anomalies are 
advected, in good agreement with the estimated flushing 
time. 
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Figure 5. Mean potential density o r distribution for winter 
conditions in the Labrador Sea (heavy line) and the northern 
North Atlantic (thin line). 
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Figure 6. Decorrelation time in years of the salinity fields in 
75 m in the STO experiment. 
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Figure 7. Point-to-point correlation between the salinity 
anomalies in the STO experiment and the integrated freshwa- 
ter fluxes using an estimated time constant of ß = 10 years. 

Using this a priori information about x we can calculate 
the "integrated" freshwater flux F w by 

t 

Fw(t ) = lfw(t' ) exp ( (t- t') ) dt', (10) 
0 

where fw is the vector time series of the white noise freshwa- 
ter flux forcing. This integrated freshwater flux represents the 
amount of fresh water which, according to our hypothesis, is 
actually (anomalous) stored in the Labrador Sea. It is thus 
directly related to the salinity anomalies obtained in the STO 
experiment and to the thickness of a well-mixed upper layer. 
If our hypothesis is correct, the correlation between the inte- 
grated freshwater flux and the upper level salinity anomalies 
obtained from the STO experiment should be high in all 
regions where the influence of other processes acting on the 
salinities (e.g., advection, convection) vanishes or is at least 
small. We thus expect high correlations in the Labrador Sea 
and low correlations in the open ocean, where the internal 
dynamics are more important. 

We calculated point-to-point correlations between the 
upper level salinity anomalies from the STO experiment and 
the integrated freshwater fluxes using the simple model (10) 
and a damping time of x = 10 years. In agreement with our 
hypothesis we found the highest correlations in relatively 
closed regions (Figure 7), especially the Labrador Sea (corre- 
lations of 0.6 to 0.7). Thus local freshwater flux integration 
appears to be the major cause of the salinity anomalies 
observed in these regions in the stochastically forced experi- 
ment. 

5. Sensitivity Experiments 

POP from the STO experiment could be identified in the first 
experiment but not in the complementary experiment, this 
would further support our hypothesis and the importance of 
the local freshwater flux forcing in the Labrador Sea. In both 
experiments the integration was carried out for 500 years. 

To compare the results from these experiments with the 
STO run, we projected the salinity anomaly fields from the 
sensitivity experiments onto the POP patterns derived from 
the STO run (Figure 8). In the experiment in which the 
Labrador Sea was stochastically forced the resulting time 
series (Figure 8c) are comparable in magnitude and behavior 
to those of the STO experiment (Figure 8b). Also the spectra 
of these time series (Figure 9) show a similar variance-, 
phase-, and coherence structure to those of the STO run (Fig- 
ure 3). In the complementary experiment the mechanism 
described by the POP was not excited (Figure 8d). Addition- 

Table 1. List of Experiments 

Experiment Forcing/ Type Region a Integration 
Name Initial Time 

Condition 

Stochastically spatially 
forced coherent 
experiment forcing white noise freshwater 

(STO) fluxes 

Stochastically 
forced 

Labrador Sea 
forcing 

spatially 
coherent 

white noise 
freshwater 

fluxes 

globe 3800years 

Labrador 
500 years Sea 

5.1. Stochastic Forcing of the Labrador Sea and the 
Complementary Experiment 

To support our hypothesis, we performed two complemen- 
tary sensitivity experiments (cf. Table 1). First, we applied 
the same white noise forcing as in the stochastically forced 
experiment but restricted it to the Labrador Sea. In all other 
parts of the world oceans the climatological freshwater fluxes 
were used instead. In the other experiment (hereafter the 
complementary experiment) the stochastic forcing was 
applied everywhere except in the Labrador Sea, where the 
freshwater flux was kept to its climatological value. If the 

Unforced 

Labrador Sea, 
complemen- 
tary experi- 
ment 

forcing 

spatially globe, coherent 
except 

white noise Labrador 
freshwater 

Sea 
fluxes 

500 years 

Directly 
induced 

salinity 
anomalies 

surface 

salinity 
initial anomalies; Labrador 

condition different Sea 

amplitudes 
and signs 

30 years 

a Here region is the region where forcing was applied. 
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Figure 8. (a) Salinity anomalies in 75 m within the first 500 
years of the STO experiment averaged over the Labrador Sea. 
The mean value was 34.15 psu. (b) POP coefficient time 
series of the decadal mode in the STO experiment for the first 
500 years. The real part is denoted by the solid line, the imag- 
inary part is denoted by the dashed line. (c) Coefficient time 
series obtained by projection of the local Labrador Sea sto- 
chastic forcing experiment onto the STO mode. (d) Coeffi- 
cient time series obtained by projection of the complementary 
experiment onto the STO mode. 
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Figure 9. Spectra of the coefficient time series obtained by 
projection of the local Labrador Sea stochastic forcing exper- 
iment onto the STO mode. (a) Variance spectra. (solid line, 
real component; dashed line, imaginary component) The bar 
on the right-hand side represents the 95% confidence interval. 
(b) Phase spectrum. (c) Coherence spectrum. 

ally, integral quantities like, for example, the atmosphere- 
ocean heat exchange in the northern North Atlantic or the 
meridional overturning, show no significant decadal variabil- 
ity in this experiment but do have considerable variations in 
the experiment in which the white noise freshwater fluxes 
were restricted to the Labrador Sea (Figure 10). Both experi- 
ments thus support the importance of the local freshwater 
flux forcing in the Labrador Sea for the decadal variability of 
the northern North Atlantic. 

5.2. Directly Forced Salinity Anomalies 

To further clarify the identified process and to investigate 
the differences between the propagation of positive and nega- 
tive salinity anomalies, we performed a series of sensitivity 

experiments in which negative and positive salinity anoma- 
lies with several amplitudes were introduced directly into the 
uppermost layer of the Labrador Sea (cf. Table 1). 

The patterns of the anomalies are similar to the imaginary 
part of the POP patterns in the STO experiment (Figure 1 a). 
These forcings represent an anomalous integrated freshwater 
flux or a certain amount of anomalous stored fresh water in 

the Labrador Sea. The anomalies were induced only at the 
beginning of the experiments and the integration was carried 
out over 30 years. 

5.2.1. Negative salinity anomalies. We projected the 
anomaly fields onto the POP patterns of the STO run 
(Figure 11). The resulting time series show a rapid decrease 
in magnitude, since the initially generated negative salinity 
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Figure 10. (a) Time series of the North Atlantic ocean- 
atmosphere heat exchange in terawatts, derived from the 
local Labrador Sea stochastic forcing experiment. (b) Ther- 
mohaline circulation index (THC) describing the maximum 
of the meridional overturning in the North Atlantic derived 
from the local Labrador Sea stochastic forcing experiment. 
An average value of-23.3 Sv is subtracted. Note that the 
overturning is strongest for negative anomalies. This index is 
comparable to that of Delworth et al. [ 1993]. 

anomaly is advected out of the Labrador Sea. Both time 
series are lagged, with the imaginary part leading the real 
part, and thus describe the advection of the anomalies from 
the Labrador Sea into the northern North Atlantic. After 

about 6 years the anomaly has almost vanished. However, 
anomalies are still found in the eastern North Atlantic. Since 

the POP in the STO experiment explains most of the local 
variances in the Labrador Sea and the western North Atlantic 

but is characterized by much smaller amplitudes along the 
European west coast, information about the signal from the 
initially generated salinity anomaly that reaches the European 
west coast is lost in the projection on the POP from the STO 
run. In the eastern North Atlantic the salinity anomaly is 
damped out after about 10 to 15 years. 

Since there were no changes in this typical behavior, 
except in the amplitude of the disturbances, we increased the 
initially generated salt deficit up to 72 x 1012kg. This corre- 
sponds to the estimated magnitude of the Great Salinity 
Anomaly in the Labrador Current [Dickson et al., 1988, Fig- 
ure 28]. Note that this value is based on salinity anomalies of 
the order of 0.6 to 1.0 practical salinity units (psu), whereas 
the magnitude of a typical event in the STO experiment was 
only about 0.2 psu. 

We estimated the salt deficit that reaches the European 
west coast and the Greenland Sea and that finally passes 
through the Faroe-Shetland Channel by regarding the upper 
1000 m. This was compared with Dickson et al. • [1988] esti- 
mates (Figure 12). After 6 years of integration a maximum 
salt deficit of 23 x 1012 kg is obtained in the eastern North 
Atlantic, compared to Dickson et al.'s estimate of about 
47 x 10 •2 kg after 6 years in the Faroe-Shetland Channel. 
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Figure 11. Projection of the initially generated negative 
salinity anomaly (heavy lines) and the initially generated pos- 
itive salinity anomaly (thin lines) on the STO POP patterns, 
Real part, full lines; imaginary part, dashed lines. 

Beyond this channel, we detected a maximum salt deficit of 
roughly 6 x 10 •2 kg after about 9 years, significantly smaller 
than Dickson et al.'s [1988] value of about 16x 1012 kg 
along the path to the Barents Sea after 8 to 9 years. Thus there 
seem to be some similarities between the GSA and the anom- 

alies in this sensitivity experiment. The timescales (propaga- 
tion speeds) of both anomalies, especially, are in good 
agreement. The anomaly also follows a path similar to that 
described by Dickson et al. [1988], and the pattern after 4 
years (Figure 13) is similar to that of Levitus [1989b] for the 
early stages of the GSA. However, our estimates of the maxi- 
mum salt deficit differ from those of Dickson et al. [1988] by 
a factor of 2 and more. Dickson et al. [1988] hypothesize that 
the GSA was advected around the subpolar gyre, probably 
reinforced during its long propagation along the Labrador 
Coast by local freshening. However, in both Dickson et al.'s 
hypothesis and our experiments, most of the variability is 
described by the advection of the anomalies. 

5.2.2. Positive salinity anomalies. In contrast to the neg- 
ative anomalies the behavior of positive salinity anomalies is 
not uniform. If the magnitude of an initially generated posi- 
tive salinity anomaly is smaller than roughly two standard 
deviations of the STO POP, the behavior is similar to that 
described for negative anomalies. However, if the amplitude 
is increased, the behavior becomes quite different 
(Figure 11). Again, the anomaly spreads over the Labrador 
Sea and the northern North Atlantic, yielding patterns similar 
to the POP patterns. However, after approximately 4 to 6 
years a strong negative salinity anomaly has developed in the 
Labrador Sea. The positive anomaly has been advected into 
the North Atlantic (Figure 11, thin solid line) and decays after 
approximately 10 to 12 years. Because of the evolution of a 
negative salinity anomaly in the Labrador Sea it takes mores 
time to damp all (positive and negative) disturbances out. 

Contrary to the experiments with introduced negative 
salinity anomalies, in which changes in the mean velocity 
field were small, the deep ocean and the mean circulation are 
strongly influenced by the initiated positive salinity anoma- 
lies. Through the onset of deep convection in the Labrador 
Sea, the density in lower layers is increased and the net out- 
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Figure 12. Salt deficit estimated by Dickson et aL [1988] for 
different years for the Great Salinity Anomaly in the North 
Atlantic (upper values) and derived from the experiment with 
an initial negative salinity anomaly (lower values) in 
10 ]2 kg. 

flow in the well-mixed upper layers is reduced by roughly 
30% for the first 4 years after the initialization of the positive 
salinity anomaly. At the same time the formed deep water 
spreads out at lower depth. The reduced net outflow in the 
upper layers reduces the damping of the salinity anomalies 
and thus increases the flushing time, (9). Since precipitation 
exceeds evaporation in the Labrador Sea region, the prolon- 
gation of the residence time of a water particle at the surface 
leads to the evolution of a negative surface salinity anomaly 
after a few years. 

The different impact of positive and negative surface 
salinity anomalies on the deep ocean can be further empha- 
sized by two composites derived from the experiment in 
which the stochastic forcing was restricted to the Labrador 
Sea. We constructed the composites of the salinities in 700 m 
depth for the five highest and lowest values of the real part of 
the coefficient time series and subtracted the climatological 
mean (Figure 14). Large positive salinity anomalies in the 
upper layers strongly influence deep convection and thus the 
deep ocean (Figure 14a). Compared with the lower layers, the 
intensified convection brings more cold and fresh water 
downward, generating negative salinity anomalies there. In 
the case of large negative surface salinity anomalies, how- 
ever, the impact at 700 m is much weaker (Figure 14b), as 
indicated by the probability distribution of the POP coeffi- 
cient time series (Figure 4) and the results of the sensitivity 
experiments with directly forced surface salinity anomalies. 

3o'-w 
Figure 13. Development of the initial negative salinity 
anomaly in 75 m after 4 years. 

term of the integration process are determined by the flushing 
time of the well-mixed upper layer. 

By restricting the white noise freshwater flux forcing to 
the Labrador Sea, we were able to reproduce both the genera- 
tion and propagation of the salinity anomalies. If the white 
noise freshwater fluxes were applied everywhere except in 
the Labrador Sea, no significant decadal variability in the 
North Atlantic was excited. These experiments emphasize 
that the source of the variability lies in the Labrador Sea and 
demonstrate the importance of the local freshwater flux forc- 
ing. 

When we forced the model with positive and negative ini- 
tial anomaly patterns similar to the imaginary part of the dec- 
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6. Summary and Discussion 

Most of the variability in the upper level salinity fields of 
the Labrador Sea and the northern North Atlantic in the sto- 

chastically forced OGCM experiment could be explained by 
a decadal mode as identified by the POP technique. This 
mode describes the accumulation of salinity anomalies in the 
Labrador Sea and the subsequent advection into the northern 
North Atlantic. It is characterized by timescales of roughly 10 
to 40 years. We found that the irregularly occurring salinity 
anomalies in the Labrador Sea are mainly caused by a 
straightforward local integration of the white noise freshwa- 
ter fluxes, since this region is characterized by limited 
exchange with the open ocean. The timescale and damping 
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Figure 14. Composites of the salinities in 700 m in the 
experiment in which the stochastic forcing was restricted to 
the Labrador Sea. The composites were constructed for (a) 
the five highest values and (b) the five lowest values of the 
coefficient time series obtained by the projection on the POP 
of the STO experiment. 
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adal POP in the STO experiment, we basically recovered the 
propagating features of the POP mode. However, the evolu- 
tion and propagation of once-generated strong positive or 
negative anomalies showed noticeable differences. Negative 
salinity anomalies show a tendency to spread over the North 
Atlantic and decay after about 10 to 15 years, whereas suffi- 
ciently strong positive salinity anomalies are advected into 
the North Atlantic and are replaced by a negative anomaly 
after about 4 to 6 years. This can be explained by the different 
impacts of the anomalies on the velocity field and the flush- 
ing time. The decadal mode thus represents a "discharge 
process", depending nonlinearly on the modulated circulation 
structure, rather than a regular linear oscillator. 

The occurrence of the described phenomenon is hard to 
identify in the real ocean. A comparison with direct observa- 
tions is limited by the sparsity of the database and the coarse 
resolution of the model. However, a few indications that 
underline the importance of the Labrador Sea and the local 
freshwater flux forcing there do exist. Several authors [e.g., 
Clarke and Gascard, 1983; Telley and McCartney, 1982; 
Read and Gould, 1992] report that the characteristics of 
Labrador Sea Water (one of the main water masses of the 
North Atlantic, believed to be formed in the central Labrador 
Sea by convection) near the source show considerable varia- 
tions within tens of years. The cause of the variability is 
attributed to a combination of the rate of renewal and of 

changes in the properties of the water from which Labrador 
Sea Water is formed. Variations in the source characteristic 

can be traced across the North Atlantic, with a circulation 
time of 18 to 19 years [Read and Gould, 1992]. Lazier [ 1980] 
showed that the convectively mixed upper layer in the Labra- 
dor Sea during the GSA was limited to an unusually shallow 
depth. At the same time an increase in the salinities at the 400 
to 1200 m levels could be observed. This structure can be 

identified within typical events in the STO and in the sensitiv- 
ity experiments. Negative salinity anomalies lead to a 
decrease in convection thus increasing the salinity in levels 
below 250 to 450 m. Strong enough positive salinity anoma- 
lies (of the order of 0.2 psu), however, lead to an increase of 
convection, bringing relatively cold and fresh water (com- 
pared with deeper layers) downward, such that negative 
salinity anomalies are generated there (Figure 14). 

An intercomparison with data show that the travel times of 
the negative salinity anomalies in our model are in good 
agreement with the estimates of Dickson et al. [1988] for the 
Great Salinity Anomaly and that the pattern after 4 years 
(Figure 13) is similar to that of Levitus [1989b] for the early 
stages of the GSA. This pattern is also similar to the real part 
of the POP. 

Delworth et al. [1993] reported on a self-sustained inter- 
decadal oscillation in the meridional overturning of the North 
Atlantic in a fully coupled ocean-atmosphere GCM. They 
ended up with a composite for the surface salinities between 
years with large and small convective overturning [Delworth 
et al., 1993, Figure 4] that is similar to the real part of the 
POP in our stochastically forced experiment (Figure lb). The 
changes in the meridional overturning associated with these 
patterns are of similar magnitude (Figure 10b). Delworth et 
al. [1993] argued that the timescale of their oscillation is 
determined by the horizontal circulation of the North Atlan- 
tic. However, in our model the existence of decadal scale 
variability in the North Atlantic crucially depends on the rela- 
tive isolation of the Labrador Sea in order for that basin to act 

as an integrator of the white noise time series of the freshwa- 
ter flux. No significant decadal variability in the North Atlan- 
tic could be excited if the freshwater flux in the Labrador Sea 

was kept constant. 
We conclude that the basic mechanisms of the decadal 

mode are the generation of salinity anomalies in the Labrador 
Sea (in our experiment by variations of the local fresh water 
flux forcing) and the subsequent advective propagation across 
the North Atlantic. Significant variations of the atmosphere- 
ocean heat exchange in the northern North Atlantic can be 
produced by variations in the freshwater flux in the Labrador 
Sea alone. Thus the local integration of highly variable fresh- 
water fluxes in relatively undisturbed areas may produce non- 
local fluctuations on larger spatial scales that contribute 
significantly to natural climatic variability on decadal time- 
scales. 
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