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Predictability of North Atlantic Multidecadal 
Climate Variability 

Stephen M. Griffies* and Kirk Bryan 

Atmospheric weather systems become unpredictable beyond a few weeks, but climate 
variations can be predictable over much longer periods because of the coupling of the 
ocean and atmosphere. With the use of a global coupled ocean-atmosphere model, it 
is shown that the North Atlantic may have climatic predictability on the order of a decade 
or longer. These results suggest that variations of the dominant multidecadal sea surface 
temperature patterns in the North Atlantic, which have been associated with changes in 
climate over Eurasia, can be predicted if an adequate and sustainable system for 
monitoring the Atlantic Ocean exists. 

Historical data for sea surface temperatures 
(SSTs) indicate that the North Atlantic 
has experienced significant multidecadal 
climate variability superimposed on a posi- 
tive trend ( 1 , 2 ) .  It has been shown (3) that 
a yearly to decadal time scale propagation of 
SST anomalies may be traced in the surface 
circulation around the North Atlantic sub- 
polar gyre. Pioneering work by Talley and 

McCarthy (4) has indicated the existence 
of decadal changes in the lower thermo- 
cline from flow originating in the Labrador 
Sea, and the large-scale multidecadal 
changes that have taken place in the At- 
lantic sea level have been documented (5). 
These studies, especially that of Hansen 
and Bezdek (3), indicate that the variability 
in mid-depth to surface Atlantic Ocean 

properties contains a significant amount of 
coherence over multiple years to decades, 
thus suggesting that nontrivial predictabil- 
ity of such climatic fluctuations may be 
possible. It is a primary objective of several 
climate research programs to assess the pos- 
sibilities for projecting climate over decadal 
and longer time scales (6, 7). For this pur- 
pose, it is essential to quantify the predict- 
ability of such variability as it manifests 
itself in the ocean because the ocean repre- 
sents the source of memory on which useful 
long-term climate forecasts could be based. 

Here we present a study directed at 
quantifying the predictability time scales for 
North Atlantic and high-latitude multidec- 
adal variability. It was necessary to use a 
numerical model because the predictability 
cannot be established from the available 
historical record. A coupled ocean-atmo- 
sphere model was used to reduce the uncer- 
tainties related to boundary conditions in- 
troduced with ocean models forced by high- 
ly simplified atmospheric parameterizations 
(8). Also, a realistic atmospheric compo- 
nent is essential because climate predict- 

Fig. 1. Normalized ensemble variances for selected principal 
component time series as a function of time from the four 
ensembles of simulations. Ensemble I contains 12 members 
and was initialized with the ocean at year 130 from the con- 
trol simulation (12), and the linear detrended climatology from 
years 1 to 200 was used for defining its associated climatol- 
ogy pattems and statistics. Ensemble I1 has 12 members, 
was initialized with the ocean at year 500, and used clima- 
tology from years 401 to 600. Ensembles Ill and IV have eight 
members, each were initialized with the ocean at years 941 
and 951, respectvely, and used climatology from years 801 
to 1000. The full 1000-year s~mulation (12) contains a non- 
linear drift, which motivated our cholce for 200-year cllma- 
tologies, each of which showed only a modest linear drift. 
Presented here are results for the North Atlantlc (0" to 70°N 
latitude and 0" to 90°W longitude) (A) first EOF (EOFl) for 
dynamic topography, (8) EOFl for temperature at a depth of 
170 m (th~s field is indicative of the very clean subsurface 
signals associated wlth the multldecadal variablllty), (C) SSS 
EOFl , (D) SST EOFl , (E) EOF2 for the meridional stream- 
function of the zonally integrated Atlant~c (50"s to 90°N lati- 
tude) velocity (streamfunct~on EOFl represents a basin-wide 
dnft and IS not of interest here), and (F) SST averaged over 
15" to 25"W at 70°N in the East Greenland Sea. The ensem- 1 
bles used to generate these statistics represent 1200 years i 
of integration from the coupled model. 
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Fig. 2. Schematic diagram of the oceanc predict- 
abity seen in the coupled model. The surface 
ocean serves as the ntetface between the noisy 
synoptic atmosphere and the more coherent md- 
depth ocean. When the mid-depth ocean proper- 
ties are osc~llating, the surface properks and 
those at md-depth contan mut~year to multdec- 
ada predictabty The osc~llation is seen most 
distncty in the dynamic topography 

ab~lity cannot he estimated properly with- 
out taking into account the effectively ram 
d o ~ n  fluctuat~ons of synoptic atmospherlc 
forcmg (9, 1 Q). T o  quantify predictability, 
Lye integrated the coupled tnodel Inany 
times startme from atmosnheric co~ldltio~ls 
chosen randomly from the model's clima- 
toloev, hut wit11 identical oceanic initial ", , 

conditions. Lye constructed four such en- 
sembles (designated I ,  11, 111, and IV) of 
simulations to assess the sensitivity of the 
model's multidecadal variability to the ini- 
tlal atmospherlc atate. 

The c o u ~ l e d  model we used as devel- 
oped at the Geophysical Fluid Dynamics 
Laboratory (GFDL) to study climate (1 1 ). 
Of interest is the model's multidecadal vari- 
ability seen in a 1L100-year control simula- 
tion ( 1  2 ,  13). The strongest multidecadal 
signals from the control simulation are 
those located in the mid-latitude to suhpo- 
lar Atlantic regions associated with varia- 
tions in the thermohaline circulation 
( T H C )  (12) ,  as well as variability in the 
high-latitude Gree~lland Sea region (13). 
For the Korth Atlantic T H C  \variability, 
there is a strong association between fluc- 
tuations in the oceanic overturning and 
cha~lees in the ther~nocline densitr distri- 
butio; and sea s~~r face  properties. The high- 
latitude Greenland Sea ~~ariahi l i t r  is associ- 
ated with the propagation of freshwater 
anomalies southward from the Arctic with- 
in the East Greenland current into the 
North Atlantic (13). The model signals 
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from these elvents strongly i n f l ~ ~ e ~ l c e  the 
SSTs east of central Greenland. 

T o  partition climate variability into 
dominant spatiotelnporal patterns, it is use- 
ful to construct empirical orthogonal ~LIIIC- 
tions (EOFs). For many geophysical phe- 
nomena, the dolnina~lt EOF patterns have 
both the largest space and longest time 
scales. We focused on the dolninant EOFs 
because they also approximate those pat- 
terns of greatest predictability. The atnpli- 
tude of an EOF pattern defines its principal 
cornpoilent time series. The principal com- 
poilent time series for the different elements 
of an ense~nble are initially nearly coinci- 
dent in phase space. The rate at which the 
phase space trajectories spread ol7er time 
quantifies the pattern's sensiti~~ity to the 
randotnly chosen atmospheric initial condi- 
tions. 4 useful measure of the spread is the 
\variance, or mean-square difference from 
the ensemble mean. This statistic, normal- 
ized by the \variance co~ltai~led in the clima- 
tology, was calculated for various dominant 
patterns in the tnodel for the four ensembles 
of silnulatio~ls (Fig. 1).  The time at a~hich  
the ense~nble variance reaches 5C% of the 
cli~natological variance defines a predict- 
ability time for the patterns (Fig. 2)  (14). 

The model's North Atlantic variability 
is seen cl~~ite  clearly in the dynamic topog- 
raphy (Fig. l A ) ,  ~vhich is the ocean's analog 
of the pressure s~urfaces seen on atmospheric 
weather maps. Dynamic topography is hasi- 
cally the sea surface height taken wit11 re- 
spect to a reference le\.el (llOL1 m was 
used), and it represents a summary of the 
ocean's large-scale circulation over the mid- 
dle to upper ocean. Highly coherent oscil- 
lations are exhibited hl- the dynalnic topog- 
raphy over the course of years 1 to 200 from 
the climatology (Fig. 3) .  

This damped oscillatory variability can 
be interpreted within the framea~ork of a 
simplified paradigm ( 1  5), on the hasis of the 
idealized meridional-depth T H C  box model 
of Stolnmel ( 1  6 ) ,  ~vhich describes the ocean 
circulation changes that could give rise to 
this form of multidecadal variability ill the 
Korth Atlantic. In this model, thermo- 
haline overtumi~lg is dri\.en by latitudinal 
buoyancy gradients set up hy surface fluxes 
of heat and salinity. In addition to a time- 
mean tendency to increase density in 
~lorthern North Atlantic waters, these flux- 
es have a large stochastic component asso- 
ciated with synoptic atmospheric distur- 
bances, thus driving the North Atlantic 
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901 I 901 - dictions on a 10- to 20-year time scale. 
Given the success of the current TOPEX/ 
POSEIDON satellite altimeter mission 
(1 8) ,  we suggest that altimeters could serve 
as the foundations for a climate monitoring 
and prediction system. In addition to dy- 
namic topography, we note that sea surface 

I salinity (SSS) is more predictable than SST 
because SST is more strongly coupled to the 
atmosphere, thus rendering its anomalies 
more damped and hence containing a 

r shorter memory. The predictabilities for 
SST and SSS are lower than for dynamic 
topography, yet their time scales are much 
longer in absolute terms than the time 
scales for other climate signals such as the 
Trovical Pacific's El Niiio-Southem Oscil- 

Longitude 

r'ig. 4. Maps of the normalized ensemble variance for ensemble 1's Norm Atlant~c dynamic topography 
shown for years 3 (A), 5 (B), 7 (C), and 9 (D). The white regions represent land regions. The red regions 
indicate regions of saturated ensemble variance, and hence rapid loss of predictability. The regions of 
large variance in years 3 and 5 are associated with areas of strong ocean convection. The subsequent 
maps illustrate the transfer of this variance southward along the western boundary as well as eastward 
across the North Atlantic drii. Once convection has initiated a strong growth in ensemble variance, 
oceanic dynamics act to propagate these errors southward, through the East Greenland current and 
into the mid-latitudes with a tendency to trap the errors along the westem boundary because of the 
latitudinal variation of the Coriolis force (p effect), except in regions of strong eastward flow such as the 
northeast regions of the North Atlantic current. 

THC on all time scales. The ocean responds 
to this forcing on the multidecadal time 
scales, which appear to be the periods pre- 
ferred by its internal dynamics. Lags in the 
system enable the ocean circulation to os- 
cillate ( 1 7). 

The results for the ensemble I simulation 
quantify the predictability time scales real- 
izable when the model's North Atlantic 
undergoes a nontrivial amount of oscillato- 
ry THC variability. In general, the domi- 

nant patterns for variables that measure 
subsurface features, such as dynamic topog- 
raphy, have increased predictability com- 
pared with features more directly coupled to 
atmospheric variability (Fig. 1). Dynamic 
topography or sea surface height is readily 
measured through either in situ or remote 
methods, and thus the high degree of pre- 
dictability seen for this field suggests that 
ocean monitoring on a sufficient spatio- 
temporal scale could be the basis for per- 

latiin (ENSO) (1 9). 
The results for the ensemble I1 simulation 

quantify predictability when the North At- 
lantic oscillation is highly damped. The re- 
duction of the variability's oscillatory com- 
ponent implies that predictability depends 
predominantly on the damped persistence 
properties of the Hasselrnann red noise mod- 
el (1 7), which provides much less predict- 
ability relative to oscillatory dynamics. 

Ensembles I11 and IV have decadal pre- 
dictability time scales, much as is seen with 
ensemble I. These latter two ensembles co- 
incide with an extreme negative THC event 
(more than three standard deviations from 
the mean) associated with a large freshwater 
anomaly advecting southward in the East 
Greenland current. Ensemble I11 was initial- 
ized a few years before the anomaly's effects 
showed up in the North Atlantic THC, 
whereas ensemble IV was initialized at the 
extreme phase of the fluctuation. The en- 
semble statistics from this event cannot be 
expected to maintain the simple linear oscil- 
lator scaling seen in ensemble I, nor the red 
noise behavior of ensemble 11. The results 
indicate that if either the large high-latitude 
freshwater anomaly (ensemble 111) or the 
extreme negative phase (ensemble IV) are 
initialized in a coupled dynamical model, its 
effects are predii:table for up to two decades 
in the North Atlantic water mass properties. 
Additionally, the signal greatly enhances the 
predictability of the oceanic surface fields. 

The multidecadal variability associated 
with the Greenland Sea oscillation exhib- 
its greater predictability (>5 years) for en- 
sembles I and I1 than the North Atlantic 
SST. Associated with the strong freshwater 
anomaly propagating southward in the 
Greenland Sea, the Greenland Sea SSTs for 
ensembles I11 and IV show predictability for 
10 to 15 years. This high predictability could 
prove to be very important for predicting 
atmospheric variability because this SST 
signal has a more significant influence on 
the model's atmospheric variability over 
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the high latitudes and parts of Eurasia (1 3 )  
than the North  Atlantic S S T  patterns 11 2 ) .  , , 

T h e  spatial structure of the breakdown of 
predictability can be assessed through a se- 
ries of ensenlble variance maps. Maps taken 
everv other year for ense~llble 1's enselllble 
\Tarlance for North Atlantic dynamic topog- 
raphy (Fig. 4) shon. that ense~nble variance 
is initially large in the region directly south 
of Greenland. Soon thereafter, large values 
are observed off the  coast of east Greenland, 
nhicl1 subsequently spread into the north- 
ern and north\vestern part of the Atlantic. 
Analvsis of convection reveals that the re- 
gions of early \~ariance groxvth are also re- 
.ions associated with the model's d e e ~  water 
L 

formation. Convection acts as a downward 
pathway for atmospheric signals. T h e  atmo- 
spheric signals were initialized differently for 
each ineinber of the  ensemble, and therefore 
it may he speculated that convection can 
enhance the rate of variance growth. 

Our  results suggest that the  basis for long- 
term North  Atlantic cliinate predictions 
rests o n  three physical properties of the 
North Atlantic Ocean. First, the  ocean in- 
tegrates the mostly "noisy" atmospheric 
fluxes, t h ~ l s  producing a red power spectrum 
for oceanic urouerties o n  time scales sub- 

L L 

stantially longer than those of the synoptic 
atmosphere (1 7) .  This integrative property 
provides a long-term meinory for the cou- 
riled ocean-atmos~here svstetn and can be 
exploited for dalnped persistence predictions 
(22).  Second, there is the special feature of 
the North Atlantic variability that involves 
the very active uarticiuation of therinoha- 
line dynamics that can provide a significant 
oscillator\ colnuonent to the ~nultidecadal 
variability. These damped, roughly linear, 
oscillations in the oceanic c i r c~~ la t ion  in- 
crease the anlplit~lde of water Inass changes 
at low frequencies over what can be expect- 
ed from a purely red n o w  process. T h e  
signal from this oscillation can potentially 
be exploited for making usef~ll ~ll~llt iyear to 
~ll~lltidecadal oceanic predictions. Third, 
strollg variations a t  high latitudes near 
Greenlanil are seen in  SST, \vhich can in- 
fluence at~nospheric variability extending in 
a predominantly downstream direction 
(eastnard) 11 3 ). These variations can also , ,  , 

be associated with extreme events in the 
North Atlantic variabilitv. \vhich are them- 
selves quite predictable. I ~ I  general, we con- 
jecture that oceanic predictability of the 
North Atlantic and high-latitude multidec- 
adal variability is greater (reaching up to 10 
to 2C years) rvl~en the \,ariability has a larger 
amplitude, including Inore extreme events. 
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The Origin of Gravitational Lensing: A Postscript 
to Einstein's 1936 Science Paper 
Jurgen Renn, Tilman Sauer, John Stachel 

Gravitational lensing, now taken as an important astrophysical consequence of the 
general theory of relativity, was found even before this theory was formulated but was 
discarded as a speculative Idea without any chance of empirical confirmation. Re- 
construction of some of Einstein's research notes dating back to 191 2 reveals that he 
explored the possibility of gravitational lensing 3 years before completing his general 
theory of relativity. On the basis of preliminary insights into this theory, Einstein had 
already derived the basic features of the lensing effect. When he finally published the 
very same results 24 years later, it was only in response to prodding by an amateur 
scientist. 

Six ty  years ago, Einstein published a short 
note in Science en t~ t l ed  "Lens-Like Action 
of a Star by the  Deviation of Light in the  
Gravitational Field" (1 ). T h e  note is often 
considered as the pioneering study of grav- 
itational lensing, although earlier contribu- 
tions have been recognized [(Z), chap. 11. In  
1920, Eddlngton disc~~ssed the possibility of 
seeing multiple images of a star if a massive 
object, acting as a gravitational lens, is suit- 
ably interposed between the  star and an  
observer ( 3 ) .  A fen. years later, Chwolson 
pointed out that if a star, lens, and observer 
are in alignment, the  observer lvill see a 
ring-shaped image of the star centered o n  
the  lens (4) .  Einstein's paper of 1936 deals 
with both effects in apparent ignorance (5) 
of these publications but is free of some of 
their shortcominos. Howe\~er,  it only ~ i v e s  

the  final forinulas without any deri~lations. 
In view of this historical account and 
Chwolson's pioneering work, it has been 
suggested (6) that the rlng-shaped inlages 
be renanled "Chwolson rings" rather than 
the current "Einstein rings." 

In  the  course of a research uroiect o n  the  
L J 

genesis of general relativity a t  the  Max 
Planck I n s t i t ~ ~ t e  for the  His ton  of Science. 
we have identified and reconstructed calcu: 
lations by Einstein o n  gra\,itational lensing 
closely related to his 1936 paper in notes 
dated to the svring of 1912. These notes L, 

show that Einstein had developed the  basic 
theory of gravitational lensing e\,en before 
h e  completed the general theory of relati\.- 
itv 111 1915. 

Exploring consequences of a heuristic 
ass~unvtion about static gravitational fields, 

L , - 
  in stein in 191 1 pLtblisl& a paper o n  the  

J 2enn and T. Sauer Max Planclc Ins~~iu ie  for ihe 41s-  deflection of light by the gravitational field 
ton] of Sc~ence, Whemstrasse 44 D-10117 B e r n  of sun (7 ) .  - 1 - 1 ~ ~  vredlction ofligllt benil- 
Germany ~, 

J Stache, Departlnent of Pi-ys~cs. Boston Un~versty, illg lva3 confirlned 1919 by 
Boston. MA 3221 5, USA. solar eclipse expedition led by Eddington. 
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