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Abstract. Analyses indicate that the Atlantic Ocean sea- 
surface tempera ture  (SST) was considerably colder at 
the beginning than in the middle of  the century. In pa- 
rallel, a systematic change in the Nor th  Atlantic sea- 
level pressure (SLP) pat tern was observed. To find out 
whether  the SST and SLP changes analyzed are consis- 
tent, which would indicate that the SST change was real 
and not an instrumental  artifact, a response exper iment  
with a low-resolution (T21) a tmospheric  G C M  was per- 
formed. Two perpetual  January simulations were con- 
ducted, which differ solely in the Atlantic Ocean 
(40 ° S-60 ° N) SST: the "cold" simulation utilizes the 
SSTs for the per iod 1904-1913; the "warm"  simulation 
uses the SSTs for the period 1951-1960. Also, a "con- 
trol" run with the model ' s  standard SST somewhat  be- 
tween the "cold" and "warm"  SST was made. For the 
response analysis, a rigorous statistical approach  was 
taken. First, the null hypothesis of  identical horizontal  
distributions was subjected to a multivariate signifi- 
cance test. Second, the level of  recurrence was esti- 
mated. The multivariate statistical approaches  are 
based on hierarchies of  test models. We examined three 
different hierarchies: a scale-dependent  hierarchy 
based on spherical  harmonics  (S), and two physically 
motivated ones, one based on the barotropic  normal  
modes of  the mean 300 hPa flow (B) and one based on 
the e igenmodes of  the advection diffusion opera tor  at 
1000 hPa (A). The intercomparison of  the "cold" and 
"warm"  experiments  indicates a signal in the geostrop- 
hic s tream function that in the S-hierarchy is signifi- 
cantly nonzero and highly recurrent. In the A-hierar- 
chy, the low level temperature  field is identified as be- 
ing significantly and recurrently affected by the altered 
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SST distribution. The SLP signal is reasonably similar 
to the SLP change observed. Unexpectedly,  the upper  
level s t reamfunction signal does not appear  to be sig- 
nificantly nonzero in the B-hierarchy. If, however,  the 
pairs of  experiments "warm versus control" and "cold 
versus control" are examined in the B-hierarchy, a 
highly significant and recurrent signal emerges. We 
conclude that the "cold versus warm" response is not a 
"small disturbance" that would allow the signal to be 
described by eigenmodes of  the linear system. An anal- 
ysis of  the three-dimensional  structure of  the signal 
leads to the hypothesis that two different mechanisms 
are acting to modify  the model ' s  mean state. At low lev- 
els, local heating and advection are dominant ,  but at 
upper  levels the extratropical signal is a remote re- 
sponce to modifications of  the tropical convection. 

Introduction 

Decadal changes of  North Atlantic S S T  and S L P  

The time series of  Atlantic Ocean sea-surface tempera-  
tures (SST) shows marked large-scale low-frequency 
variations in decadal  time scales (H6flich 1974). This is 
exemplified by the dominant  first two empirical  ortho- 
gonal functions (EOFs) of  SST in January  (Fig. la, b) 
and their ampli tudes f rom 1860 to 1960 (Fig. lc, d). 
Both the patterns and the ampli tudes for the other 
months  are very similar to the January  patterns and am- 
plitudes. The pattern of  the first EOF implies that its 
ampli tude is related to an area average of  the anoma-  
lous SST field over the Atlantic between 7 0 ° N  and 
40 ° S. A period of  anomalous  low temperatures  is ob- 
served f rom the beginning of the century until around 
1920 while a period of  positive temperature  anomalies 
is found between 1950 and 1960. There is evidence that 
these changes are not an instrumental  artifact but are in 
part  real: the HSST ["historical sea-surface tempera-  
ture";  H6flich (1974)] data set is fairly homogeneous ,  as 
it includes only bucket  reports. Also, similar tempera-  
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HSST-EOF 1 January  1 6 2 %  
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HSST-  EOF 2 January  8 .8% 
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Fig. l a - c .  The first two January, EOFs of the historical sea-sur- 
face temperature (HSST: H6flich 1974). a EOFI (16%); b EOF2 
(9%). Pattern of EOFs is normalized to have an absolute maxi- 

mum value of 10; contour lines are drawn in subjectively for better 
visualization, e Time amplitude of EOF1; d time amplitude of 
EOF2 
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Fig. 2. Observed air-temperature anomaly in January at Funchal 
(Madeira). After the World Meteorological Station Climatology. 
According to Jones et al. (1985), the time series does not suffer 
from inhomogeneities. Dashed line: raw data; continous line: 10- 
year running mean. Units: °C 

ture changes are reflected in air temperature records at 
Funchal on Madeira (Fig. 2). 

Parallel to these oceanic changes, changes in the at- 
mosphere have also been observed, in particular in the 
January sea-level pressure (SLP) field over the North 
Atlantic. This is demonstrated in Fig. 3, which shows 
the (filtered, see below) decadal mean difference be- 
tween surface pressure in the beginning and in the mid- 
dle of the present century. This difference exhibits a 
large-scale and coherent signal over the whole Atlantic- 
European sector (see discussion below). 
The questions to be asked are: 
1. Are the changes real or artificial due to instrumental 

inhomogeneities and insufficient sampling? 
2. Are the atmospheric changes a response to changed 

oceanic conditions or vice versa? 
If  we can further establish a reasonable agreement 

between observed and simulated decadal changes, one 
may also conclude that the T21 climate is probably 
good enough to infer conclusions from the model to the 
real atmosphere. 

General approach 

A first at tempt to find an answer to the above questions 
through the help of  a model study is reported in this 
paper. Three extended general circulation model 
(GCM) runs were performed, each using a different 
SST distribution in the Atlantic Ocean. One run was 
done with the model 's standard SST that is typical for 
the 1970s and two runs with the distributions averaged 
for the above-mentioned decades: 1903-1914 and 
1951-1960. Because of  computer-time limitations, the 
experiments are performed in the "permanent  January 
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Fig. 3. Significant and recurrent signal in the difference between 
the observed sea-level pressure decadal means January 1904-13 
and 1951-60. Units: 10 -2 hPa; contour interval 1 hPa. Negative 
anomalies are dashed 

mode".  The first experiment is called "control"  and the 
other two "cold" and "warm". We are aware that the 
omission of  the annual cycle may restrict the compari- 
son with observations since one can expect different re- 
sponses when imposing a steady anomalous forcing 
onto a steady background instead of onto a seasonal 
varying background (Zwiers and Boer 1987). 

The expected result is that the differences between 
the atmospheric circulation in the GCM experiments 
are comparable to the observed changes. Systematic 
model errors have a non-neglible component  on the 
"broad pattern" of the atmosphere;  therefore, the coin- 
cidence of the observations and of the GCM simula- 
tions will be only in their broad pattern. 

It is well known that in this type of G CM sensitivity 
experiments the signal is often masked by the strong 
"weather noise" at midlatitudes. Therefore, it is inap- 
propriate to compare naively the observed decadal 
change and the mean simulated difference "cold minus 
warm". Instead, the stochastic character of  the random 
variable "January mean flow" must be taken into con- 
sideration by testing the null hypothesis: 

"The simulated patterns of  the hemispheric winter 
circulation associated with anomalous low and high At- 
lantic SSTs are identical." 

If  such a statistical test yields the positive result of a 
nonzero signal (i.e., the rejection of the null hypothe- 
sis), the following questions regarding the physics of 
the signal must be asked: 
1. Is the response statistically stable, i.e., is it asso- 

ciated with a large probability of appearance in indi- 
vidual January means? 

2. What is the three-dimensional structure of  the sig- 
nal ? 

3. Can we specify reduced models that allow us to un- 
derstand the modelled changes in terms of  simplify- 
ing physical theory? 
The last question and the test of  the null hypothesis 

mentioned above may conveniently be treated jointly. 
Since the random variable "January mean flow" is a 
vector random variable, a multivariate statistical test 
must be used (Hasselmann 1979). This may be done in 
terms of  a series of tests (Barnett et al. 1981) using a 
hierarchy for "guess patterns" that are specified prior 
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to the test without using information from the GCM ex- 
periments except the time mean fields. The GCM fields 
are projected onto the guess patterns and the test is 
done in the low-dimensional subspace spanned by the 
guess patterns. The rejection of the null hypothesis is a 
statistical proof that the guess patterns are useful in ex- 
plaining the model's response. 

Studies that have used the guess pattern/hierarchy 
approach successfully have been published by Hanno- 
sch6ck and Frankignoul (1985), Hense (1986), Storch 
and K_ruse (1985), Frankignoul and Molin (1988a, b) 
and Lautenschlager et al. (1988). They have primarily 
used scale arguments to specify the guess patterns, i.e., 
surface spherical harmonics or, with little success, the 
response of physical models linearized around a zon- 
ally symmetric basic state. In the present study, in addi- 
tion to the problem-independent surface-spherical har- 
monics, we use two physically motivated sets of guess 
patterns: the eigenfunctions of the barotropic vorticity 
equation linearized around the (zonally nonsymmetric) 
mean state for explaining the anomalies in the upper 
troposphere and the eigenmodes of the advection-diffu- 
sion operator for the flow at 1000 hPa for explaining 
the temperature response of the layer 850/1000 hPa. 

The question of the statistical stability of the re- 
sponse may be adressed by the concept of "recurrence 
analysis" (von Storch and Zwiers 1988; Zwiers and yon 
Storch 1989). We use both the univariate "local" recur- 
rence analysis and the pattern-oriented multivariate 
"global" analysis. 

After having found a significant "cold versus 
warm" signal, it is an interesting question to ask if the 
signal depends linearly on SST forcing. We may ad- 
dress this question by examining experiments "cold 
versus control" and "warm versus control" that operate 
with the same SST anomaly pattern. For "cold vs con- 
trol" the intensity of the SST anomaly is strongly nega- 
tive, and for "warm vs control" it is moderately posi- 
tive. The analyses of the "cold vs control" and "warm 
vs control" experiments are done in the same manner 
as the "cold vs warm" analysis. 

Purpose and organization of the study 

The purpose of the paper is threefold: 
1. To demonstrate the consistency of observed changes 

in SST and SLP on decadal time scales and to show 
that the observed SLP changes may partially be un- 
derstood as atmospheric response to changing 
boundary conditions (SST) 

2. To show the usefulness of reduced models to inter- 
pret the output of GCMs, which usually have as 
complex a behavior as the real atmosphere 

3. To study the linearity of the atmospheric response to 
large-scale SST anomalies 
We do not consider two related questions in this pa- 

per: the abrupt change of temperature in the northern 
part of the North Atlantic (e.g., van Loon and Rogers 
1978; Rogers 1985) and the slow increase of interan- 
nual variability from the beginning to the middle of the 
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present century (van Loon and Madden 1983). Our SST 
data set do not resolve the northern part of the North 
Atlantic so that information on SST in that area is not 
available. To address the variability problem the hori- 
zontal resolution (T21) of the GCM is likely to be too 
coarse. 

The paper is organized as follows. In section 2 the 
GCM and the experiments with it are described; in sec- 
tion 3 the general statistical approach is briefly sum- 
marized. The hierarchies of guess patterns and their 
physical motivation are presented in section 4. The fil- 
tering of the statistically significant signal in the "cold 
vs warm" experiment, its physical plausibility and its 
statistical stability are presented in section 5. The lin- 
earity of the model's response to anomalous Atlantic 
SST is examined in section 6. The physics of the iden- 
tified signal are discussed in the final section - section 
7. 

Data 

GCM experiments 

The Hamburg version of the low-resolution ECMWF 
T21 atmospheric GCM was used to perform the experi- 
ments. For details of the structure, physics and general 
performance of the model, see Fischer (1987) and von 
Storch (1988). The perpetual January model runs were 
identical except for the prescribed SST field in the At- 
lantic between 70 ° N and 35 ° S. The first run was inte- 
grated over 13 months ("control") using the model's 
standard SST climatology of Alexander and Mobley 
(1976), which is representative for the 1970s. The other 
two runs, named "warm" and "cold", were integrated 
over 24 months each and used the January Atlantic SST 
averaged over the decades 1904-1913 ("cold") and 
1951-1960 ("warm"). The first month in each run was 
considered as the spin-up phase needed by the model 
to reach its equilibrium. 

The Atlantic SST fields were derived from the irreg- 
ularly spaced HSST data set (H6flich 1974) by an EOF 
analysis. EOFs and their amplitudes have been calcu- 
lated from the January SST. The first two EOFs (Fig. 1) 
that explain 25% of the total interannual variance were 
considered relevant in describing the decadal changes. 
Therefore, the anomaly distribution described by the 
first two EOFs was reconstructed and, after decadal av- 
eraging, used as an anomalous boundary condition. 
Figure 4 shows the resulting difference between the 
"cold" and "warm" SST fields. There is an anomaly of 
1.2 ° C in the tropical Atlantic and a structured anomaly 
between 1 and 0.3°C in the North Atlantic while a ne- 
gative anomaly occurs in the South Atlantic. The "cold 
vs control" ("warm vs control") SST anomaly is roughly 
two thirds (one third) of the "cold vs warm" anomaly. 
The SST anomaly patterns in the "cold vs control" and 
"warm vs control" experiments are identical and are 
broadly similar to that in "cold vs warm". 
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Verification data 

No upper-air data are available from the first decades 
of this century, so the verification of the GCM results is 
limited to SLP, which is available to us for the period 
from 1881 to 1984. The different data sources and er- 
rors in this SLP data have been discussed by Glowienka 
(1985). Time series of station data (World Meteorologi- 
cal Station Climatology, available at NCAR) are also 
available but are of limited value since the expected 
signal is large scale while the point measurements are 
likely to be influenced by local peculiarities and inho- 
mogeneities. 

Statistics 

As mentioned in the Introduction, we will use statistical 
techniques to evaluate the GCM response in a noisy en- 
vironment. We consider the 30-day mean of a certain 
variable, e.g., stream function at 300 hPa or sea-level 
pressure, as a random variable, that is, each 30-day 
mean obtained from the three runs, control, warm and 
cold, is considered to be a random sample of a random 
vector variable. These samples may be used to test 
whether the data contradict the null hypothesis of a 
zero signal (significance test) and to estimate the level 
of global or local recurrence (level of recurrence). The 
(multivariate) significance test and the estimation of the 
level of recurrence will be done in a hierarchy (guess 
patterns). 

Significance test 

The null hypothesis to be tested is: 

Ho: #i =/-tj (1) 

where #~ is the expectation of the vector random varia- 
ble x~. The index i (and j) identifies the experiment, i.e., 
the cold, warm or control experiment may be tested 
conveniently by the Hotelling Ho statistic if one as- 
sumes that the underlying ensemble is a multivariate 
normal distributed one [e.g., Hannosch6ck and Fran- 
kignoul (1985) or Hense (1986)]: 

T2 - ninj  D2 (2) 
ni -[- nj 

with 

D 2 = (xi - x j ) ' S - '  (x, - x j )  (3) 

Here,  the sample mean of experiment i is denoted 
by x~. S is the pooled estimate of the variance/covar- 
lance matrix E, and n~ the number of independent sam- 
ples available from experiment i. To get an invertible S 
the dimension of the random variable, d, has to be 
smaller than the total number of available independent 
samples, n~ + nj - 2. 
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If H0 is true, the function 

F -  n ~ + n j - d - 1  T2 (4) 
d(n~ + nj - 2) 

is Fisher-F distributed with d and ni + n j -  d -  1 degrees 
of freedom: If  F exceeds the ( l - a )  quantile of the 
Fisher-F distribution, Ho may be rejected at a risk of a. 
That is the probability to observe such a large F by 
chance if/,t~ =/,tj is less than a. 

Estimation of the level of  recurrence 

The rejection of the null hypothesis Ho is equivalent to 
the acceptance of the alternative hypothesis "/-ti +#j".  It 
does not indicate if the signal, i.e., the difference/_ti - # j ,  
is large or small. In fact, the power of the Hotelling test 
depends on the number of available samples, n~+nj: 
the more samples, the better the chances to detect a 
nonzero signal. In other words, "significance" is in part 
a property of the considered random variables, but also 
depends on the sample size, which has no practical 
consequences for the physical problem under consider- 
ation but is a characteristic of the experimental design 
(Fig. 5a). 

If  the considered random variables, xi and xj, are 
univariate and Gaussian, another view of the problem 
is the following. The alternative hypothesis "#i =#j  is 
wrong" is equivalent to the probability statement 

P(xj >xi) > q (5) 

The probability q will be large if the separation of 
the two variables is large, i.e., if the signal/& - # j  is phy- 
sically significant. A q close to 50% is indicative that the 
difference is not relevant. If, however, q is, say 51% the 
test will reject Ho if the sample size is large enough, 
that is, statistical significance is a necessary but not suf- 
ficient condition for physical significance. 

This somewhat unsatisfactory situation may be 
overcome by "recurrence analysis" [von Storch and 
Zwiers (1988) and Zwiers and von Storch (1989)]. Using 
multivariate discriminant analysis, it is possible to de- 
fine a ( d -  1) dimensional hyperplane x, which divides 
the whole R ~ in two subsets Si and Sj such that 

P(x~ E S,) = P(x, G Sj) < 1 - p  (6) 

(see Fig. 5b). Since S i u S j = R  a, (6) is equivalent to 
P(xj ESj )= P(& ESi)=p.  I fp  is large (or small), the sep- 
aration of the probability densities of the two random 
variables x~ and xj is large, and i fp  is close to 50%, the 
separation is small. 

In the present paper we estimate the level of recur- 
rence "globally" in the low-dimensional subspace used 
for the significance test and "locally" at each grid 
point, after having found significantly nonzero signals 
with the Hotelling test. If  we suppose that the two ran- 
dom variables xi and xj are normally distributed with 
identical covariance matrix, x~ = N(p~, Z) and 
xj = N(#j, Z), the level of recurrence p may conveniently 
be estimated using the "OS method" [Zwiers and von 
Storch (1989); Page (1985); Okamoto (1963)]: 
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, p e r r ( 7 )  

n, nj 1)_) (7) 

d - 1  ( ( n , - 3 n j ) ( n i + n j - 2 )  DS2) ) 
4DS \ ni nj 

where ~b denotes the Gaussian probability density func- 
tion, erf(x) the error function, and DS 2 the "shrunken 
D": 

DS 2 = (n, +nj - d -  3) D2 (8) 
(ni + nj - 2) 

In the univariate case (8) is the difference of sample 
means measured in units of the estimated standard de- 
viation. A level of p=84% corresponds to the well 
known "2or" rule of thumb. The difference between the 
two means is larger than twice the standard deviation. 
p = (60,66, 84)% in (6) corresponds to q = (70, 80,98)% in 
(5) [von Storch and Zwiers (1988), their Table 2]. 

The estimation of the level of recurrence may be 
done without any reference to the significance of the 
distance of the climates, D, and any nonzero D will give 
a recurrence different from 0.5. However, from the ar- 
guments of the preceding section, it is clear that a cer- 
tain level of recurrence is only meaningful after having 
rejected the null hypothesis of a zero signal with a suf- 
ficiently small risk. 

labelled as Hko, is rejected for certain k's at an error 
level of 10%, we chose as the best model the one with 
maximum k and an estimated level of recurrence 
p ~ 80%. 

There are essentially three strategies to derive se- 
quences of useful guess patterns (von Storch 1987): 
1. A priori information on the expected signal. This in- 

formation may originate from independent observa- 
tions or numerical experiments. In our case no such 
information is readily available. 

2. Patterns that are known to be effective in repre- 
senting data but are not specifically related to the 
problem under consideration. In this study we use 
surface spherical harmonics. The advantage of this 
specific hierarchy is that it may be applied without 
any restrictions to all horizontal fields generated by 
the GCM. For the verification study on sea-level 
pressure EOFs calculated for the Atlantic-European 
region from all January data between 1881 and 1984 
are also used. 

3. Patterns obtained from some simplified theory that 
is supposed to describe the considered problem to 
some extent. We use two simple models to anticipate 
the GCM experiment signals: the eigenfunctions of 
the linearized barotropic vorticity equation and the 
eigenmodes of the advection diffusion operator for 
the flow at 1000 hPa. 

S-hierarchy: scale-dependent hierarchy of  surface 
spherical harmonics 

Guess patterns and hierarchies of test models 

The dimension of the vectors xi and xj considered in 
this study is the number of gridpoints on the northern 
hemisphere, i.e., of the order of 103. On the other hand, 
the numbers of independent samples, ni and nj, are of 
the order of 30. Therefore, the sample covariance ma- 
trix in gridpoint space cannot be inverted and the test 
statistic D 2 cannot be calculated. To overcome this 
problem, the data are projected into a low-dimensional 
subspace with dimension d <  30. The subspace is speci- 
fied by a linear basis {91,... 9d}. The high-dimensional 
vectors, 9k, which can be displayed as maps covering 
the whole northern hemisphere, are called guess pat- 
terns. 

There are two advantages of the guess pattern con- 
cept that was suggested by Hasselmann (1979). First, it 
is possible to increase the power of the test, i.e., the 
probability to identify a signal confidently by selecting 
patterns that are & priori known or are believed to rep- 
resent the signal. Second, when using indexed guesses 
the analysis may be done using the method of hierar- 
chical ordering of certain ~ priori chosen test models 
(Barnett et al. 1981): The test is done sequentially on 
subspaces of increasing dimension {91,--. gk}, k<d.  In 
this way for each k one "model" is fitted to the data, 
namely, the projection of the full signal on the sub- 
space spanned by the first k guesses. If the null hypo- 
thesis, which depends now on the number k and is thus 

The surface spherical harmonics Y~, which formally 
are defined as the eigenfunctions of the Laplacian on 
the sphere, are known to represent data on a sphere. 
They may conveniently be indexed by the "total" wave 
number l and the zonal wave number m. I is indicative 
of the horizontal scale of the function and m of the 
zonal scale. The scales decrease with increasing indices 
l and m. 

From the scale of the anomalous forcing (Fig. 4), we 
anticipate that the signal will be a larger scale one. 
Therefore the "S-hierhchy" of spherical harmonics is 
specified by the indices l and m [Hannosch6ck and 
Frankignoul (1985), Hense (1986)] with the ordering ac- 
cording to I and, at a fixed/, with increasing zonal wave 
number m (</). Thus, the large-scale modes are being 
tested first. 

Considering hemispheric fields alone, we limit the 
analysis to either odd (stream function) or even (sea- 
level pressure, temperature) modes. Since we are inter- 
ested in difference patterns and not so much in changes 
of the hemispheric mean, the superrotation mode 
yo is disregarded. 

B-Hierarchy: barotropic normal modes 

The quasigeostrophic barotropic vorticity equation is 
supposed to model small disturbances of the midlati- 
tude atmospheric flow to first order. 
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Fig. 4. Decadal difference field of the Atlantic Ocean SST in Jan- 
uary between 1904-1913 ("cold" experiment) and 1951-1960 
("warm" experiment). The field is reconstructed from the first two 
January EOFs shown in Fig. 1. Lightly shaded areas indicate ano- 
malies less than - 1  K; dark shaded areas indicate anomalies 
larger than +0.25 K; units 10 -20 C;  contour interval 0.25 ° C 

~ V2 ~ +  J(qz, V2 ~ + f )  = - aV2 qz+ F (9) 
0t 

where ¢ is the geostrophic streamfunction, Y(a, b) is the 
Jacobian operator and F represents all processes not 
represented by the barotropic model. 

We use the eigenvectors of a linearized version of 
Eq. (9) to establish one set of problem-dependent guess 
patterns. In contrast to the S-hierarchy, this set of pat- 
terns has the advantage of providing physically based 
suggestions for the mechanism of circulation changes. 
Due to the barotropicity it has the disadvantage of be- 
ing limited to the non-tropical middle troposphere. 

To derive the eigenvectors we follow Simmons et al. 
(1983) and Branstator (1985 a, b). After writing the state 
qJ as a sum of a mean state q~ and a perturbation q/(t), 
qz= q~+ q/, and linearization, the following equation is 
obtained: 

0t ¢' + M[q)l gt' - F' (10) 

The matrix M arises from the Jacobians and the Ek- 
man damping in (9) and is readily calculated using 
pseudo-spectral methods, as suggested by Simmons et 
al. (1983). The notation M[~t] indicates that the matrix 
M depends on the mean state qZ 

The matrix M has (complex) eigenvalues 2j and ei- 
genvectors ej. Each state ~' and F' may be expressed by 
the eigenvectors. 

¢ ' =  aj . e; 
J 

(11) 
F'= y fj. 

J 

with the coefficients 

a; = 4" ~t ' /g • e; (12) 
f~=~ .F'/d~.ej 

The vectors ~ are the adjoint vectors of the ej (i.e., 
M~dj=,~ * dj) that form a biorthogonal basis such that 
4" ei = 0 if i =kj. Inserting these expressions into (10), we 
find as the stationary response ~' to the anomalous 
forcing F'. 

~'--- ~ ~fj.e~ (13) 

The response is stationary if the eigenvalues have 
positive real parts. It turned out that a damping rate of 
a =  1/10 days -1 was sufficient to guarantee that all ei- 
genvalues had positive real parts. 

In view of the above consideration, it appears rea- 
sonable to use the eigenvectors ej to guess the response 
of the GCM experiment. To do so, the eigenanalysis is 
done in the R l l  (antisymmetric modes only) spectral 
space. The mean state q? is specified by the geostrophic 
streamfunction in 300 hPa. 

If we define q~ to be the average of two simulations 
(e.g., cold and warm or warm and control), (10) is for- 
mally equivalent to an anomaly general circulation 
model (Navarra and Miyakoda 1988; Schneider 1988). 
If q? is the average of only one experiment, (10) is for- 
mally a perturbation GCM experiment with the chosen 
basic flow being disturbed by the anomalous boundary 
conditions. 

The remaining question is how to define an ade- 
quate hierarchy. The most important patterns are asso- 

ciated with large coefficients aj = - ~ .  Clearly the o p -  
. - j  

timal choice of the pattern would be obtained by order- 
A A ing the patterns by the weights: ~- > ~ > ... Unfortu- 

nately, the forcing is not known. The connection be- 
tween anomalous SST and anomalous vorticity forcing 
F' at 300 hPa is highly nonlinear and complex. Another 
ordering would be Ildlll > Ild2l] > . . .  : If dj is large, then 
one can expect f~ to be large also. We tried this ap- 
proach and found that is was not succesful. 

The finally ordering chosen 

]]~lH < H/~zH < . . .  (14) 

is based almost solely on the imaginary (frequency) 
part of the eigenvalue. Those gravest modes are consid- 
ered to be most probably affected by stationary forc- 
ing. 

Thus, the barotropic normal mode "B-hierarchy" is 
defined by the sequence of eigenmodes of a specified 
basic flow q) ordered according to the modulus of their 
respective eigenvalues. This hierarchy is similar to the 
one used by Hannosch6ck and Frankignoul (1985), but 
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differs in one essential aspect:  they used a zonally aver- 
aged mean state whereas we use a zonally asymmetr ic  
mean state. 

Hierarchy A: normal modes of the temperature advection 
model. 
Egger (1977) suggested that the a tmospher ic  response 
to midlati tude SST anomalies is mostly confined to the 
lower t roposphere  and that the addit ional heating Q is 
balanced mainly by horizontal advection and an diffu- 
sive eddy transport:  

- -  T =  - J(gt, T ) + e V  2 T +  Q (15) 
0t 

A similar concept  is that of  the "advective limit" 
p roposed  by Webster (1981), Defining as above a mean 
T and an anomaly  T',  we get the following model  for 
the anomaly  

Hense et al.: Atmosphere response to ocean temperature changes 

T'= -J(92, T ' ) - J ( ~ ' ,  T ) + e V 2 T ' + Q  ' (16) 
0t 

Since no & priori information on J(q/,  7") is availa- 
ble, this term must be dropped.  The model  (16) cannot  
explain stationary solutions for the hemispheric-aver-  
aged temperature  anomaly  unless the area-averaged 
anomalous  heating is zero, neglecting heat fluxes across 
the equator. Consequently,  we must again drop the q/o 
mode. Then (16) is formally identical to (10) and the 
guess patterns are chosen to be the eigenvectors of  a 
matrix M[92], which is derived from the advection and 
diffusion terms in (16). The same principle that led to 
the B hierarchy is used to define the A hierarchy, i.e., 
the modes are ordered according to the modulus of  the 
eigenvalues. The mean flow at 1000 hPa is used to spe- 
cify q2. The diffusion coefficient e is set to 100 m2/s. 
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Fig. 5 a, b. O n  the  concep t  o f  recurrence,  a M i n i m u m  di f fe rence  
o f  means ,  in uni t s  o f  s t a n d a r d  devia t ions ,  which  is ident i f ied  by a 
t-test with  a p robabi l i ty  o f  at least  90% if  the  s amp l e  size o f  bo th  
ensembles increases (horizontal axis), b Schematic diagrams to il- 
lustrate the subdivision of the d-dimensional space into two com- 
plementary sets, S, and Sj with Si U Sj = R d. Left: d = 1 ; the curves 
show the probability densities. The d - 1  = 0 dimensional hyper- 
plane ~ is a point on the horizontal axis. Right: d = 2, contour plot 
of the probability densities. The 1-dimensional hyperplane x is the 
straight line. After von Storch and Zwiers (1988) and Zwiers and 
von Storch (1989) 

Analysis of the "warm versus cold" experiment 

Technical details 

The G C M  output  variables investigated were daily val- 
ues of  the spherical harmonic  coefficients of  the geopo- 
tential height at 300, 500 and 850 and 1000 hPa, the last 
one derived f rom SLP. With the help of  the linear bal- 
ance equation, the geostrophic s treamfunction was de- 
rived. The low level temperature  was approximated  by 
the 850 hPa over 1000 hPa thickness: 
T'ot(gt(850 hPa) - gt(1000 hPa)) = Ass0,1ooo q/. 

From these daily values, geostrophic stream function 
and lower-level temperature,  30-day averages were 
formed. The first 30 days were omitted to avoid initial 
transients. Adjacent  30-day periods were separated by 
10-day periods in order to obtain approximate ly  inde- 
pendent  realizations of  a mean January climate. A 10- 
day gap was chosen as a t rade-off  between sufficient 
independency and a sufficient sample size. 

This procedure  resulted in two sets of  size 17 
"warm"  and "cold" monthly means that form the sam- 
ples on which to perform, the statistical analysis in the 
three hierarchies, S, B and A. For the barotropic  mode  
B-hierarchy the mean flow at 300 hPa, averaged over 
the warm and the cold experiment,  is used (Fig. 6a). 
Similarly, the mean stream function at 1000 hPa, aver- 
aged over the two experiments,  serves as 92 in the A- 
hierarchy (Fig. 6b). 

Once a significant model is identified in the hierar- 
chy (maximum number  of  parameters  with risk less 
than 10% and level of  recurrence > 80%), its mean dif- 
ference is projected back into grid-point space to ob- 
tain a statistically filtered version of  the response. This 
will be called the significant and recurrent pattern. The 
multivariate analysis was per formed in the low-dimen- 
sional subspace spanned by the guess patterns. There- 
fore, the grid point  representation of the significant and 
recurrent signal must not be interpreted locally. To al- 
low for regional assessment of  the signal's statistical 
stability, an additional local recurrence analysis is per- 
formed. 
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Fig. 6a, b. Long-term average geostrophic stream function in the 
warm and cold experiment, a 300 hPa: the mean flow to derive 
the barotropic normal modes of the B hierarchy; units m2/s; con- 
tour interval 107 m~-/s, b 1000 hPa: the mean flow to derive the 
temperature advection normal modes of the A hierarchy; units 
m2/s, contour interval 5.0 106 mZ/s 

Results, 

The results of statistical analysis of  the "cold versus 
warm" experiment are summarized in Table 1. 

Low-level temperature. As an example, the risk of the 
statistical test and the estimated level or recurrence are 
displayed in Fig. 7 as a function of the level of  the hier- 
archy for 850/1000 hPa layer temperature in the A-hier- 

0.75 t ~ / ~ - 8 4 %  

0150 ] 
0.25 ] -PrOS-estimate 

i i i 

5 to 15 4 & 3'0 
Number of Parameters 

Fig. 7. Test statistic T 2 (top) and estimate of recurrence (bottom) 
as a function of A hierarchy parameters for the 850/1000 hPa 
layer temperature in the "cold vs warm" experiment. The contin- 
uous lines in the top panel are the indicated error levels for T 2 if 
the null hypothesis holds. The arrow marks the model selected as 
being "significant and recurrent" 

archy. Only odd parameter  numbers enter the diagram 
because one stationary mode (Im(Zk)= 0) contributes to 
the hierarchy with one degree of freedom whereas all 
other modes add two parameters each [see Simmons et 
al. (1983) and Branstator (1985 a, b)]. The model even- 
tually chosen has 27 parameters. At this number of pa- 
rameters the risk of falsely rejecting the null hypothesis 
is less than 5% and the level of recurrence is clearly 
maximum. An alternate choice could have been 17 pa- 
rameters, yielding a model of less than 1% error level 
and 80% level of recurrence. 

The 850/1000 hPa layer temperature Aaso, looo gt con- 
tains a significant and recurrent signal in both applica- 
ble hierarchies A and S (see Table 1). In Fig. 8 the re- 
constructed A and S signals are shown together with 
the full signal and the level of  local recurrence. The A 
signal describes much more detail than the S signal, 
which is restricted to very large-scale guess patterns. 
With respect to "cold" cooling of the Atlantic-Eurasian 
hemisphere (30 ° W-150 ° E) and warming in the Pacific 
hemisphere are observed. Additonally, there are var- 
ious small-scale features, many of which reflect weather 
noise and random sampling. The same large-scale fea- 
ture is present in the two filtered maps as well. The S 
and A signals also correspond largely with respect to 
details. In the cold experiment, the lower t roposphere 
over the eastern North Atlantic and most of  midlatitude 
Eurasia was cooler than in the warm experiment. Si- 
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Table 1. Summary of the statistical analysis of the "cold vs warm" experiment using the hierarchies S, B and A. LH, Level of hierarchy 
which is identified as being significant and recurrent (=number of modes); R, risk=probability of equal means; LR, level of recur- 
rence=probability of correctly classifying one sample as being from the warm or the cold experiment; EV, part of the total signal's 
variance explained by the significant and recurrent signal (%), - indicates that the hierarchy is not applicable and numbers in parentheses 
that the signal is significant but its estimated level of recurrence is less than 80% 

Variable Hierarchy S Hierarchy B Hierarchy A 

LH R LR EV LH R LR EV LH R LR EV 

Stream function 
1000 hPa 23 5% 81% 75% -- -- 
850 hPa (10 5% 70% 45%) -- -- 
500 hPa (10 5% 70% 46%) -- -- 
300 hPa 7 1% 75% 55% (11 5% 70% 45%) -- 

850/1000 hPa layer 
temperature 12 10% 74% 51% -- 27 5% 90% 46% 

multaneously,  there is a positive anomaly  over midlati- 
tude Pacific and Nor th  America,  with a m ax i m um situ- 
ated over eastern Canada.  

The high local recurrence levels indicate a stable 
tempera ture  change over the eastern Atlantic and over 
Europe. The probabil i ty of  negative temperature  ano- 
malies over  the midlati tude Atlantic or Central Asia ap- 
pearing in an individual January  mean in another  Jan- 
uary simulation with "cold" Atlantic SST is est imated 
to be up to 85% or more when we compare  it with the 
existing "warm"  ensemble. 

Stream function. A significant and recurrent signal is 
identified in the S hierarchy at 1000 hPa and in 300 hPa 
(Table 1). The signals at 850 hPa and 500 hPa are sig- 
nificant at the 5% error level, but the level of  recurrence 
is only 70%. The same holds for the barot ropic  eigen- 
mode  hierarchy at 300 hPa where the recurrence level 
is always less than 70%. Therefore,  only the signals at 
1000 and 300 hPa are shown in Figs. 9 and 11. 

The S-filtered signal at 1000 hPa picks up roughly 
75% of  the total field variance of  the raw signal "cold 
vs. warm".  The S reconstruction shown in Fig. 9a exhi- 
bits basically wave number  1 response:  a positive ano- 
maly has developed over and downst ream of  the cooler 
Atlantic SST with an opposite response for continuity 
reasons in the remaining part  of  the hemisphere.  The 
local stability analysis (Fig. 9b) results in a fairly patchy 
pat tern with max imum  P values of  88%. 

The low-level temperature  and s tream-funct ion 
anomaly  are synopticMly consistent. The anomalous  
anticyclonic flow over the Nor th  Atlantic is connected 
with a southeasterly wind anomaly  in the western par t  
of  the ocean, advecting anomalously  warm mari t ime air 
masses to the cold land while a northerly wind anomaly  
in the European  sector leads to negative temperature  
anomalies in that area. 

The upper-level  signal (S-hierarchy) (Fig. 11) at 300 
hPa is considerably different form the low-level signal. 
In the cold simulation a dipole over North  America in- 
dicates a reduced jet over the East Coast  of  the U.S. 
and an intensified zonal flow over the Atlantic. At the 
same time the Asian jet appears  to be strengthened in 

the cold run. The univariate recurrence analysis sug- 
gests that both  features are stable, in particular with re- 
spect to the meridional  gradient over North  America 
(q = 85%). 

Discussion 

In the Introduct ion we questioned if the observed de- 
cadal changes of  SST were real and, if  so, whether the 
s imultaneously observed changes of  the a tmospher ic  
circulation can be unders tood in part  as an atmospheric  
response to the altered Atlantic SST. To answer these 
questions tentatively on the basis of  our experiment  we 
have to compare  the model  results with observations. 
For practical reasons, i.e., data availability, we have to 
limit this verification to SLP or the 1000 hPa stream 
function. 

From the SLP observations a significant and recur- 
rent pattern (5% and 80%) can be established for the 
difference in the average January  fields between 1904- 
1913 and 1951-1960 (Fig. 3). This is based on the same 
methods as presented above except that we used as a 
hierarchy the regional EOFs of  the Atlant ic-European 
sector estimated f rom all January fields between 1881 
and 1984. Compar i son  with the simulated ~qooo pattern 
(Fig. 9) yields a gross similarity: in both  maps  there are 
two maxima  over the midlati tude Atlantic and Western 
Europe and anomalous  westward flow north of  approx-  
imately 60 ° N. The regional data EOF hierarchy used to 
derive the observed signal can also be applied to the 
simulated SLP fields in the Atlantic European sector. 
In this case we find a significant and recurrent signal in 
the difference between cold and warm (1% and 78% us- 
ing 10 EOFs). The reconstructed pattern is shown in 
Fig. 10. The compar ison reveals that the simulated pat- 
tern is shifted relative to the observed pat tern by about  
30 ° of  longitude to the east, and by about  10 ° to the 
north. 

When comparing the simulated field and the ob- 
served changes we keep in mind that:  
1. The model  is not perfect in reproducing climatology 

in the Atlantic sector and with respect to the Nor th  
Atlantic Oscillation (Glowienka-Hense 1988). 
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Fig. 8a-d. 850/1000 hPa layer-temperature signal in the "cold vs 
warm" experiment, a Total difference field; units m2/s; contour 
interval 105 m2/s. b Level of local recurrence p; P= 77 (84)% cor- 
responds to q=93 (98)% in von Storch and Zwiers (1988) and Eq. 

(5); units %; contour interval 5%; bold contour 75%. c "Signifi- 
cant and recurrent" signal in the S hierarchy; contour interval as 
in a. d "Significant and recurrent" signal in the A hierarchy; con- 
tour interval as in a 

2. The imposed SST anomaly in the Atlantic is proba- 
bly part of a global anomaly (Folland et al. 1986); 
thus the response in SLP in the Atlantic-European 
region could change if for example, North Pacific 
anomalies are also introduced. 

3. We disregard the annual cycle by the perpetual Jan- 
uary conditions; thus, the model response to a 
steady anomalous forcing in a steady background 
field could be different from that in a seasonal vary- 
ing climatology. 

In view of these limitations, we conclude that the 
G C M  largely reproduces the atmospheric changes ob- 
served as a response to modified Atlantic SST, at least 
in terms of  low-level circulation and temperature. 

We anticipated two more questions that would be 
asked if a significant signal were to be identified, nam- 
ley, about the signal's three-dimensional structure and 
the possibility of  explaining part of  the signal in terms 
of simplified theory. 

The statistical analysis identified stable signals in 
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Fig. 10. "Significant and recurrent" sea level pressure signal in the 
"cold vs warm" experiment applying the data EOF hierarchy used 
in Fig. 3, units 10 -z hPa, contour interval 1 hPa, negative con- 
tours dashed 

Fig. 9a, b. 1000 hPa stream-function signal in the "cold vs warm" 
experiment, a "Significant and recurrent" signal in the S-hierar- 
chy, units mZ/s, contour interval 5.0 105 m2/sec; 1.5 10 6 m2/s cor- 
respond to 2 hPa; b level of local recurrence p, P=77 (85)% cor- 
responds to q=93 (98)% in yon Storch and Zwiers (1988) and Eq. 
(5), units %, contour interval 5%; bold contour 75% 

the S hierarchy at 1000 and 300 hPa (Figs. 9a and l l a )  
and less well-defined signals at 500 and 850 hPa (not 
shown). Figure 12 displays the meridional  average of  
the S-filtered stream function anomalies within three 
zonal belts: low, middle and high latitudes. The struc- 
ture of  the signal at low levels differs strongly f rom that  
at upper  levels. The near-surface level anomalies,  be- 
tween 850 and 1000 hPa, rarely exceed 10 6 m 2 / s  in the 
At lant ic-European region and the response in that re- 

gion (Fig. 12b) appears  to be local and shallow. Within 
the high latitude strip where no local forcing exists the 
response is restricted to the upper  layers. The upper  
t ropospher ic  response, however, appears  to be out of  
phase or unrelated to the surface anomalies. This is 
most  p ronounced  in the low latitude belt but also visi- 
ble in the middle- and high-latitude strip with the ex- 
ception of the Pacific region. 

Thus the vertical structure of  the signal in the extra- 
tropics can be described as a two-layer response of the 
lower t roposphere  (1000 and 850 hPa) against the upper  
t roposphere  (500 and 300 hPa). We suggest two possi- 
ble explanations for this result. 
1. The "baroclinic" hypothesis:  the additional local 

heating f rom the ocean excites a baroclinic atmos- 
pheric response in which upper  and lower levels are 
coupled. 

2. The "two mechanisms"  hypothesis:  at lower levels 
the extratropical anomalies are the local response to 
the thermal changes, whereas at upper  levels we see 
the remote response to tropical flow anomalies,  and 
upper  and lower layers tend to be decoupled at mid- 
latitudes. 
We favor the "two mechanisms"  hypothesis for sev- 

eral reasons. First, the notion of a baroclinic response 
to extratropical SST anomalies would conflict with 
many  G C M  experiments (e.g., Rowntree 1979), with the 
finding of  Barnett et al. (1984) that Atlantic SST ano- 
malies tend to excite only local and regional down- 
stream atmospher ic  responses and also with the notion 
of  the "advective limit" (Webster 1981). The latter is 
suppor ted  by the success of  the A hierarchy based on 
the eigenmodes of the low-level temperature  advection 
equation: about  one-half  of  the low-level temperature  
response can be explained by the linear advection and 
diffusion of  the anomalous  heating, a result in line with 
Egger 's  (1977). 

The failure of  the B hierarchy (Table 1) was fairly 
unexpected for us, especially in view of  the result pre- 
sented next (!inearity of  the response). There appear  to 
be several possible reasons for this: 
1. The basic term leading to the B hierarchy is an inad- 

equate description of  the governing physics, i.e., the 
notion of  the response being a small disturbance is 



Hense et al.: Atmosphere response to ocean temperature changes 

Fig. l la ,  b. 300 hPa streamfunction signal in the "cold vs warm" 
experiment, a "Significant and recurrent" signal in the S-hierar- 
chy, contour interval, units m2/s, contour interval 5.0 105 m2/s; b 
level of local recurrence p, P=77 (85)% corresponds to q=93 
(95)% in yon Storch and Zwiers (1988) and Eq. (5), units %, con- 
tour interval 5%; bold contour 75% 

not applicable.  We will see that this is p robably  
true. 

2. The normal  modes,  and thus the result of  the statisti- 
cal analysis, depend strongly on the choice of  the 
model  parameters  such as reported in Frankignoul  
and Molin (1988b). Deriving - as a sensitivity test - 
normal  modes  f rom all possible combinat ions of  the 
mean flows, warm, cold and control, al lowed us to 
reject this hypothesis.  The eigenmodes,  as well as the 
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Fig. 12a-c. Meridional average, as a function of longitude and 
height, of the S-filtered streamfunction anomalies in the "cold vs 
warm" experiment units m2/s, contour interval 5.0 105 m2/s; a 
0 ° N-30 ° N; b 30 ° N-60 ° N; c 60 ° N-90 ° N 

statistical results, are only marginally sensitive to the 
variations of  the average flow, which may be under- 
s tood as an ~ posteriori  justification of  the lineariza- 
tion. 

3. The hemispheric  formulat ion of the barotropic  
model  (9) restricts all e igenmodes to be ant isymmet-  
ric. Therefore,  the model is of  value only if only an- 
t isymmetric  forcings are present. In particular,  we 
have to expect the model  to fail if strong distur- 
bances of  tropical heating, which are not symmetric  
to the equator,  appear.  To check this possibility, we 
analyzed the global distribution of 300 hPa velocity 
potential.  Based on a global S hierarchy, we found a 
significant and recurrent signal in this quantity (Fig. 
13). The pattern is certainly not very symmetric.  

4. The quasigeostrophic formulat ion of the model  com- 
pletely ignores the advection of eddy vorticity by the 
mean divergent wind field, which has been shown to 
be of  importance,  especially in the subtropics (Sar- 
deshmukh and Hoskins 1988; Held and Kang 
1987). 
For the sake of completeness we have to mention 

that  we per formed a sensitivity analysis for the A eigen- 
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Fig. 13. Significant and recurrent signal form 
a global S hierarchy of the 300 hPa velocity 
potential in the "cold vs warm" experiment, 
units m2/s, contour interval 2.0 105 rnZ/s 

modes as well. The statistical results are almost unal- 
tered by moderate changes in the configuration of  the 
basic flow qT. The sensitivity to the diffusion constant e 
is such that an increase by two orders of  magnitude de- 
creases the significance and the level of  recurrence but 
hardly alters the reconstructed variance. 

An interesting question is whether our model results 
are in accord with the outcome of  other GCM experi- 
ments on the effect of  nontropical SST anomalies. We 
found a rising (lowering) of sea level pressure over and 
downstream the lowered (increased) SST. Similar be- 
havior was found by Chervin et al. (1980), who consid- 
ered the effect of  subtropical and midlatitude SST ano- 
malies in the Pacific. Using different versions of  the 
GISS model,  HannoschSck and Frankignoul (1985) and 
Frankignoul and Molin (1988a, b) found conflicting re- 
sponses to North Pacific SST anomalies, namely, either 
a response similar to ours or a nonsignificant low-level 
response. Palmer and Sun (1985) and Pitcher et al. 
(1988) simulated the effect of  SST anomalies in the 
North Pacific and the North Atlantic and found a qual- 
itatively different response, namely, negative, largely 
equivalent barotropic height anomalies downstream of  
negative SST anomalies, although in the latter two 
cases the imposed SST anomalies are about twice the 
amplitude of  "cold vs warm". 

The linearity of  the response: analysis of  the "warm vs 
control" and the "cold vs control" experiments 

The third experiment "control"  provides us with the 
possibility of  studying the T21 response with respect to 
the strength of  the imposed boundary changes. With re- 
spect to "control"  both anomaly experiments, "warm" 
and "cold",  opera te  with the same SST anomaly pat- 
tern. The strength of the SST anomaly pattern in the 
"cold" ("warm") experiment is about two-thirds (one- 
third) of  the "cold vs warm" experiment. Therefore,  the 
"warm" experiment is considered as being a "small dis- 

turbance" experiment and the "cold" as a "medium dis- 
turbance" experiment. 

Low-level temperature 

In the small amplitude disturbance experiment, "warm 
vs control",  no signal is identified in both the S and the 
A hierarchies. In the "medium disturbance" experi- 
ment, a significant and recurrent signal appears in the 
A hierarchy but  not in S. The A-filtered response pat- 
terns of  the "cold vs control" and the "cold vs warm" 
experiments are very similar (not shown). We conclude 
that the low-level anomalous heating in our experi- 
ments is linear with respect to the imposed changes in 
SST and that the anomalous heating is balanced at low 
levels by anomalous advection. 

300 hPa Stream function 

Testing the response of  the 300 hPa stream function to 
the small SST anomaly (warm vs control) yields a weak 
signal in the S hierarchy (risk: 10%; level of  recurrence: 
80%), which explains 45% of  the total variance. The B 
hierarchy, however, leads to a considerable amplifica- 
tion of  the signal, explaining more than 60% of  the full 
signal, with a risk of  5% and a recurrence level of 90%. 
This result is insensitive to small variations in the basic 
flow. Both the B- and S-filtered pattern are broadly 
similar and only the B-dependent reconstruction is 
shown in Fig. 14a. It differs markedly from the signifi- 
cant and recurrent pattern identified in the "cold vs 
warm" experiment (Fig. 11), in particular over the At- 
lantic sector and over Asia. Concerning the tropical 
forcing mechanism, we also found a (weak) signal in a 
global S hierarchy for "warm vs control" in the 300 mb 
velocity potential. The reconstructed pattern (Fig. 14b) 
exhibits a monopole-like structure with anomalous out- 
flow over the tropical Atlantic. The pattern is almost 
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Fig. 14a, b. Results from the 
"control vs warm" experiment, a 
"Significant and recurrent" 300 hPa 
geostrophic streamfunction signal 
in the B-hierarchy, units m2/s, 
contour interval 5.0 105 m2/s;  b 
"significant and recurrent" 300 hPa 
velocity potential signal in the 
S-hierarchy, units m2/s, contour 
interval 2.0 105 m2/s 

symmetric to the equator, thus allowing mostly anti- 
symmetric vorticity forcing. 

The "cold vs control" signal appears weak in the S 
hierarchy (risk: 10%; level of  recurrence: 75%). A sig- 
nificant and recurrent signal is identified in the B hier- 
archy (risk: 5%; level of  recurrence: 81%). In contrast to 
the previous results, however, the latter result shows 
some sensitivity to the choice of  the basic flow. Al- 
though this may introduce some arbitrariness in the in- 
terpretation, we present Fig. 15a for completeness. The 
B patterns (as well as the S-filtered patterns not shown) 
exhibit some similarity to the "cold vs warm" experi- 

ment. The tropical forcing, in terms of  upper-air  veloc- 
ity potential (Fig. 15b), is very asymmetric. 

From the performance of  the B hierarchy in the 
three experiments, "cold vs warm", "cold vs control" 
and "warm vs control",  we conclude that the upper-air 
stream-function response may be well represented by 
the linear barotropic model only in the "warm vs con- 
trol" experiment, i.e., only the "warm vs control" SST 
anomaly leads to a "small disturbance", which would 
allow for the linearization of  the physics. This is in con- 
trast to the results for the lower layers and supports our 
"two mechanisms" hypothesis. 
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Fig. 15. Results from the "'control 
vs cold" experiment, a "Significant 
and recurrent" 300 hPa geostrophic 
streamfunction, signal in the 
B-hierarchy, units m2/s, contour 
interval 5.0 105 m2/s; b 
"significant and recurrent" 300 hPa 
velocity potential signal in the 
S-hierarchy, units m2/s, contour 
interval 2.0 105 m2/s 

Summary 

We can make the following points regarding the mod-  
elled response to anomalous  Atlantic SST: 
1. The changes imposed in Atlantic SST lead to a 

change in surface pressure, which is in broad  agree- 
ment  with the observations. Thus, the observed de- 
cadal changes in SST are linked to a tmospher ic  
changes that  were both observed and modelled.  Cer- 
tainly, the G C M  used is not capable  of  delivering a 
reliable regional climatic "forecast".  However,  we 
are convinced that the model is capable  of  de- 

2. 

scribing adequately an informed first guess of  what 
the real changes might be. 
The imposed midlati tude SST changes induce an 
anomalous  surface heating, which is balanced by ho- 
rizontal linear advection of the mean flow at 1000 
hPa, thereby altering the low-level temperature  
structure of  the G C M  ("mechanism 1"). The rela- 
t ionship between imposed SST changes and temper-  
ature appears  to be linear as far as one can see on 
the basis of  three samples. This result is in agree- 
ment  with the theoretical works by Egger (1977) and 
Webster (1981), the observational study by Barnett et 
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al. (1984) and  with m a n y  G C M  exper iments  (Rown-  
tree 1979). It is in confl ic t  with the G C M  studies by  
Pa lmer  and  Sun  (1985) and  Pitcher et al. (1988) who 
f o u n d  their  G C M s  to generate  vert ical ly pene t r a t ing  
responses  to mid la t i tude  SST anomal ies .  One  could  
specula te  tha t  the lat ter  results show the s ignature  of  
a d i f ferent  regime since the SST anomal ies  of  those 
two s tudies  are of  larger amp l i t ude  t han  those im- 
posed  in  our  exper iments .  

3. The response  of the uppe r  t ropospher ic  flow seems 
to resul t  f rom changes  in  the convect ive activity tha t  
are due  to the imposed  SST var ia t ions  and  in  t u rn  
change  the uppe r  t ropospher ic  divergence pat terns .  
This acts as an  a n o m a l o u s  vort ici ty forcing for the 
m e a n  f low at 300 hPa. It ini t iates small,  a lmos t  l in- 
ear var ia t ions  in  the flow for the weak a n o m a l y  case 
"con t ro l  vs warm"  bu t  appa ren t ly  a more  complex  
re la t ionsh ip  for the s t ronger  a n o m a l y  cases "cont ro l  
vs cold"  and  "cold vs warm"  ( "mechan i sm  2"). 
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