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Abstract. Several 19-year integrations of the Hamburg
version of the ECMWEF/T21 general circulation mode!l
driven by the monthly mean sea surface temperature
(SST) observed in 1970-1988 were examined to study
extratropical response of the atmospheric circulation
to SST anomalies in the Northern Hemisphere in wint-
er. In the first 19-years run SST anomalies were pre-
scribed globally (GAGO run), and in two others SST
monthly variability was limited to extratropical regions
(MOGA run) and to tropics (TOGA run), respective-
ly. A canonical correlation analysis (CCA), which se-
lect from two time-dependent fields optimally corre-
lated pairs of patterns, was applied to monthly anomal-
ies of SST in the North Alantic and Pacific Oceans and
monthly anomalies of sea level pressure and 500 hPa
geopotential height in the Northern Hemisphere. In
the GAGO run the best correlated atmospheric pat-
tern is global and is characterized by north-south di-
pole structures of the same polarity in the North At-
lantic and the North Pacific sectors. In the MOGA and
TOGA experiments the atmospehric response is more
local than in the GAGO run with main centers in the
North Atlantic and North Pacific, respectively. The ex-
tratropical response in the GAGO run is not equal to
the sum of the responses in the MOGA and TOGA
runs. The artificial meridional SST gradients at 25°-
30°N probably influence the results of the MOGA and
TOGA runs. The atmopsheric modes found by the
CCA were compared with the normal modes of the ba-
rotropic vorticity equation linearized about the 500
hPa. winter climate. The normal modes with smallest
eigenvalues are similar to the model leading variability
modes and canonical patterns of 500 hPa geopotential
height. The corresponding eigenvectors of the adjoint
operator, which represent an external forcing optimal
for exciting normal modes, have a longitudinal struc-
ture with maxima in regions characterized by enhanced
high frequency baroclinic activity over both oceans.

1 Introduction

The problem of large-scale air-sea interaction in mid-
dle latitudes frequently attracts the attention of me-
teorologists and climatologists attempting to use sea
surface temperature (SST) anomalies as a significant
predictor of climate on time scales of a month to a sea-
son. Namias (1964, 1978), for example, tried to relate
the activity of blocking events in 1958-1960 over north-
ern Burope to an anomalously cold SST off Newfound-
land, and SST anomalies in the North Pacific to an
anomalous winter circulation over North America. The
subject of the role of extratropical SST anomalies in
atmospheric circulation is rather controversial. Some
authors have reported feedback relationships between
Atlantic SST anomalies and monthly atmospheric cir-
culation anomalies over Western Europe. In particular,
Ratcliffe and Murray (1970) showed that cold SST

.anomalies in a key area in the North Atlantic south of

Newfoundland are associated with blocking patterns
over northern and Western Europe the following
month whereas a warmer than usual ocean in the same
area favors a more zonal circulation. On the other
hand, Barnett et al. (1984) did not find statistsically sig-
nificant indications that SST anomalies in North Atlan-
tic could serve as a good predictor for seasonal surface
air temperature anomalies over Europe and Asia.
Many papers published during recent years have
been devoted to the study of atmosphere/ocean inter-
actions in midlatitudes on seasonal and annual time
scales by means of different techniques of statistical
analysis (Dymnikov and Filin 1985a; Wallace and Jiang
1987; Wallace et al. 1990; Wallace et al. 1992; Zorita et
al. 1992, to name a few). Summarizing the results of
these studies, one might conclude that there is a large-
scale nonlocal relation between the atmosphere and
the ocean in midlatitudes on these time scales. Leading
patterns of atmospheric extratropical variability are
statistically significantly correlated with extratropical
SST anomalies. Lag correlations between observed
time series of SST and different atmospheric paramet-
ers indicate that the atmosphere mainly leads the
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ocean on seasonal and annual time scales (Davis 1978;
Wallace and Jiang 1987; Zorita et al. 1992). Atmos-
pheric modes obtained by means of a singular vector
decomposition technique {Wallace et al. 1992) or a ca-
nonical correlation analysis (Zorita et al. 1992) are
similar to well-known North Atlantic and West Atlan-
tic teleconnection patterns identified by Wallace and
Gutzler (1981).

Numerous publications in which the sensitivity of
the atmopsheric circulation to SST anomalies in midla-
titudes is assessed by means of general circualtion
models (GCMs) of different complexity (Pitcher et al.
1988; Palmer and Sun 1985; Lau and Nath 1990; Kush-
nir and Lau 1992) have shown that the physical proc-
esses involved in the formation of the atmospheric re-
sponse are complicated. The theory of stationary Ross-
by-wave dispersion (e.g., Hoskins and Karoly 1981;
Webster 1981) supplies us with a theoretical back-
ground on a possible stationary atmospheric response
to stationary heating. The relation between SST ano-
malies and the heating in midlatitudes is, however, not
obvious. Moreover, several experimental studies
(Palmer and Sun 1985; Dymnikov and Filin 1985a,b;
Lau and Nath 1990) suggested that transient eddies
could play an essential role in the formation of large-
scale atmospheric anomalies. The geographical locali-
zation of zones of high baroclinicity due to zonal asym-
metry of the basic atmospheric flow seems to be impor-
tant, too (Ting 1991).

The problem of the relative importance of extratro-
pical and tropical SST anomalies for the extratropical
atmospheric circulation has been recently considered
by a number of authors (e.g., Graham et al. 1994; Lau
and Nath 1994). Graham et al. (1994) studied atmos-
pheric variability in three GCM experiments which
were made with the observed 1970-1988 monthly mean
SST as the lower boundary condition for the atmos-
pheric circulation. One GCM experiment was made
with the globally prescribed SST (the GAGO run). In
another two experiments the SST variability was lim-
ited to tropical regions (the TOGA run) and to extra-
tropical regions (the MOGA run). Similar experiments
but with another GCM and for a slightly different time
period were carried out by Lau and Nath (1994). They
produced four independent realisations, for each type
of SST forcing (global, tropical and extratropical), in-
creasing the statistical value of their results. A partical
emphasis in both studies was made on the Pacific sec-
tor where the model atmospheric variability was com-
pared with observations.

All of the GCM experiments mentioned were able
to reproduce different aspects of the observed circula-
tion variability with the best agreement if the tropical
SST anomalies wered included. Graham et al. (1994)
found some indications that the atmospheric response
to SST anomalies in Pacific midlatitudes is still detecta-
ble. Particularly, the decadal shift in the mid-1970s was
reproduced in each experiment with best results over
the North Pacific in the TOGA run and over the North
Atlantic and Europe in the GAGO and MOGA ex-
periments.

The present study can be considered as a comple-
mentary one to the paper of Graham et al. (1994). The
main motivation was to extend the analysis of coupled
air-ocean modes in the GCM experiments to the North
Atlantic region which was mainly neglected in the
studies mentioned. Secondly, the atmospheric variabil-
ity and the best correlated coupled modes in the GCM
experiments are compared not with the observed var-
iability as Graham et al. (1994) did but with each other.
This allows the possibility that the atmospheric re-
sponse to SST anomalies is still detectable but might
be different or not correctly reproduced by the GCM
compared to observed atmospheric anomalies. In this
case the similarity between the observed and the mod-
el atmospheric anomalies would be weak.

Of particular interest is the question whether the at-
mospheric response depends linearly on the SST forc-
ing in different regions, or whether the atmospheric re-
sponse in the GCM experiment with the global SST
forcing is a linear combination of the responses in the
GCM experiments with locally limited SST variability.
The assumption of linear behavior of the atmosphere
with respect to SST variability in different geographi-
cal regions is indirectly implied when performing ex-
periments like GAGO/MOGA/TOGA. If it is not the
case, the atmospheric response found in GCM experi-
ments with locally limited SST variability might inade-
quately describe the response in the GCM run with
globally prescribed SST variability. The role of the
meridional SST gradient in subtropical regions is also
addressed in this study.

The possible dynamical mechanisms for the atmos-
pheric response in the GCM experiments are discussed
in the present study. To explain the discrepancies be-
tween the model and observed variability modes the
barotropic normal mode analysis was performed (see
e.g., Branstator 1985a,b). Normal modes are computed
both for the model and observed basic states and com-
pared with the leading modes of the atmospheric varia-
bility and with the atmopspheric response.

The receptor is organized as follows. Section 2 gives
a short description of the GCM and of the experiments
made with this model. The statistical method which
were applied are also presented in this section. The at-
mospheric response in the North Atlantic area is exam-
ined in Section 3. The leading modes of the model at-
mospheric variability and the results of the canonical
correlation analysis in the Northern Hemisphere are
demonstrated in Section 4. Barotropic normal modes
arc described in Section 5 followed by a concluding
discussion.

2 Experimental design

The Hamburg low resolution version of the ECMWF
(European Center for Medium Range Weather Fore-
casts) spectral general circulation model ECHAM?2
with triangular truncation of the spectral harmonic
representation at wave number 21 was used for a num-
ber of multi-year integrations. The detailed description
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of the GCM can be found in Roeckner et al. (1992).
The physical processes, such as radiation, cloud cover,
large-scale condensation and deep convection schemes,
turbulent vertical diffusion are parameterized. The
deep convection and large-scale condensation schemes
account for precipitation as rain or snow.

There were several 19-year GCM runs available for
the analysis. These have aiready been described in de-
tail by Graham et al. (1994). Here only a briefsummary
of the GCM experiments is presented. In the first ex-
periment referred to as the GAGO (Global Atmos-
phere — Globe Ocean), run the observed sea surface
temperatures from the National Meteorological Center
(USA) analysis were specified globally in 1981-1988
and near-globally in 1970-1980 for each month. The
other integration, the MOGA (Midlatitude Ocean —
Global Atmosphere) run, was conducted in the same
manner as the GAGO experiment, but the SST anom-
alies were prescribed only in midlatitudes (northwards
of 30°N and southwards of 30°S), whereas in the trop-
ics the climatological values of SST were used. In the
TOGA (Tropical Ocean — Global Atmosphere), run,
the observed SST was prescribed in the tropics (25°S~
25°N) and the climatological SST elsewhere. In addi-
tion, a 19-year CONTROL run with the climatological
SST prescribed everywhere for each calendar month
was also available for estimating the internal atmos-
pheric variability in the absence of interannual SST
forcing.

Monthly means in winter (December, January, Fe-
bruary), altogether 57 months, were used in the analy-
sis of the atmospheric variability. To verify the stability
of the results to sampling errors the analysis war re-
peated for a five month winter season (November—
March). The annual cycle defined as the 19-year mean
for each calendar month was eliminated from the
data.

The ECHAM2/T21 model reproduces the mean
winter circulation in the Northern Hemisphere quite
well. The climatology and the interannual atmospheric
variability in the ECHAM?2/T21 has been thoroughly
studied by several authors (e.g., Roeckner et al. 1992;
Barnett et al. 1991). All the runs deliver nearly the
same long-term mean atmospheric circulation in the
extratropical troposphere, and this is close to the ob-
served winter climate. Ponater and Konig (1991)
showed that the ratio of interannual atmospheric varia-
bility in the middle latitudes polewards of 30°N +S la-
titude in the GAGO run to that in the CONTROL run
exceeds unity at a statistically significant level only in a
few regions, and there are even regions where the var-
iance in the GAGO run is less than in the CONTROL
run. Thus, the effect of the global SST forcing on the
total extratropical variability seems to be small.

A canonical correlation analysis (CCA) with a lim-
ited number of Empirical Orthogonal Functions
(EOFs) (e.g., Barnett and Preisendorfer 1987) was
used to obtain the best correlated patterns of two
fields, one of which was a SST anomaly field and to the
other an atmospheric parameter. The result of the
CCA depends on the number of EOFs retained. In

particular, the canonical correlations tend to be artifi-
cially high if the number of EOFs is too large. One has
to find a compromise between the wish to retain as
much explained variance and consequently, as much of
the potential signal as possible and the neced to elimi-
nate noise from the data. A number of preliminary
tests with the CCA with different numbers of EOFs
suggested that the first five leading EOFs retained for
each field could be appropriate in our case.

A number of CCAs were produced with sea level
pressure (SLP) in the North Atlantic region and 500
hPa geopotential height (H500) over the Northern
Hemisphere and SST anomalies in different geographi-
cal regions such as the North Atlantic, North Pacific
and the near global region northwards of 25°S where
the observed SSTs were specified through the whole
19-year period. The statistical significance of the CCA
results is defined by means of Monte-Carlo simula-
tions. Two hundred CCAs for each GCM run with the
data which were randomly rearranged in time were
performed to estimate the level of correlations that
would appear in the CCA by chance. The results of
these simulatons are collected in Appendix A. To esti-
mate systematical errors in canonical correlations due
to sampling errors and to drive corrected unbiased val-
ues for canonical correlations a technique proposed by
Glynn and Muirhead (1978) was applied. Appendix B
gathers the results of this test for all GCM runs.

3 The atmospheric response in the North Atlantic
region

Zorita et al. (1992) applied the canonical correlation
analysis to observed SLP and SST monthly anomalies
in the North Atlantic in winter 1951-1986, and ob-
tained basically two meaningful pairs of canonical pat-
terns. Since in the previous studies of Graham et al.
(1994) and Lau and Nath (1994) the air-sea interac-
tions were discussed in detail only in the Pacific sector,
in this section the results of the CCA applied to SLP
and SST from the GCM experiments for the North At-
lantic region are presented. The SST field covers the
area 14°N-64°N 90°W-5°W. Nearly the same regions
were used in the observational study of Zorita et al.
(1992). The SLP field covers the area 0°N-90°N
100°W-10°E.

Since there is no interannual SST variability almost
in the whole region in study in the TOGA run, only
the GAGO and MOGA experiments are considered in
this section. The results of the CCA applied to SST in
the tropical Atlantic (25°S-25°N) and SLP in the
North Atlantic region in the TOGA run appeared to
be statistically insignificant. The first canonical correla-
tion in this case is 0.49 which is statistically significant
only at the level below 70%. Thus, in the TOGA run
there is no statistically stable relationship between
North Atlantic SLP and tropical Atlantic SST.

The first five EOFs in the GAGO run explain about
87% of the total SLP variability and 72% of the SST
variability in the region in study. In the MOGA run
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Fig. 1a—-d. The SLP and SST first canonical patterns in the North
Atlantic area in the GAGO run a, b, canonical correlation 0.66
and in the MOGA run ¢, d, canonical correlation 0.54. They ex-
plain 32% (a, SLP) and 21% (b, SST) of the total variance in the

the amount of the variance explained by the first five
EOFs is 80% for SLP and 78% for SST. The obtained
first pairs of canonical patterns of SLP and SST are de-
picted in Fig. 1. The canonical patterns in the both ex-
periments appeared to be stable with respect to the
number of the EOFs retained in the analysis. Pattern
correlations between the first canonical maps of SLP
and SST obtained in the CCA with five EOFs retained
for both fields and the corresponding maps obtained in
the CCA with the EOF number in the range 4-7 ex-
ceed in all cases 0.99. Pattern correlations are still high
(=0.92) if the results of the CCA for the 3-month wint-
er season (December-February) are compared to the
corresponding results of the CCA for the S5-month
winter season {November-March).

The best correlated patterns in the GAGO run with
canonical correlation 0.66 (99.5% statistically signifi-
cant) are very similar to the first pair of canonical pat-
terns calcualted for the observed data. The SLP pat-
tern (Fig. 1a) explains 32% of the total variance and is
basically the first EOF in this region. It is characterized
by a large scale north-south dipole with one center of
about 8 mb over south Greenland and another one in
the central North Atlantic at 30°N. Another positive

{
90w 60W 30w 0

GAGO run and 15% (¢, SLP) and 25% (d, SST) of the total var-
iance in the MOGA run. Contour interval is 1 mb for SLP and
0.1 K for SST

SLP anomaly of 3 mb is over Europe. The atmospheric
signal was found to be equivalent barotropic. The
structure of the linear regression map of 500 hPa geo-
potential height (H500) in the North Atlantic obtained
on the base of the first canonical time component of
SST (not shown) in very similar to the structure of the
SLP pattern with a pattern correlation above 0.8.

The SST canonical pattern (Fig. 1b) explains 21%
of the total variance and contains three regions with
SST anomalies of high amplitude. Negative SST ano-
malies are placed south of Greenland at 55°N 40°W
and west of North Africa+ Europe at 15°N. A positive
center is situated at the American coast between New-
foundland and the Florida peninsula.

From observational studies (e.g., Zorita et al. 1992)
it is known that the atmospheric anomalies lead the
SST anomalies in the extratropics on monthly time
scales. The results of the GCM runs with prescribed
SST, where the atmosphere anomalies occur at best si-
multaneously with SST variations or lag behind them,
demonstrate the possible feedback from the SST on
the atmospheric circulation. Assuming that the atmos-
pheric response found in the North Atlantic in the
GAGO run in terms of the first canonical pair of pat-
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terns represents correcly the atmopsheric reaction then
such a response would support the atmospheric ano-
malies which are known from observarions to be re-
sponsible for the SST anomalies in the North Atlantic
of the same structure as in the first SST pattern.

The linear relationship between SLP and SST in the
North Atlantic in the MOGA run is weaker than in the
GAGO run. The canonical correlation for the first pair
of SLP and SST patterns in the MOGA run is 0.54
which is statistically significant only at the 80% level.
The SLP pattern (Fig. 1c) explains 15% of the total
variance and differs significantly from the SLP pattern
in the GAGO run. A positive large scale SLP anomaly
of 5 mb is located over the central North Atlantic with
the center at 45°N 30°W. A negative SLP anomaly of
3mb is found over Northern Europe. The first SST
pattern (Fig. 1d) is responsible for about 25% of the
total SST variability in the North Atlantic northwards
of 25°N. This pattern resembles the first canonical SST
map in the GAGO run in the corresponding region.
However the SST anomalies in the MOGA run are
more zonally orientated than in the GAGO run. The
positive SST anomaly is compactly located at the US
coast. The negative SST anomaly is placed slightly
east- and southwards of the position of the negative
anomaly in the GAGO pattern.

Since the first canonical correlation in the MOGA
run is relatively weak, one might think that a statisti-
cally stable linkage between SLP and SST anomalies in
the North Atlantic occurs only in the GAGO run. In
the following section we will show that the atmospheric
patterns found in the North Atlantic are parts of the
global atmospheric signal. Thus, the atmospheric re-
sponse found in the North Atlantic region can be, at
least partly, a remote response to SST anomalies in
other geographical regions.

4 Atmospheric signal in the Northern Hemisphere

4.1 The leading modes of atmospheric variability in
the GCM runs

Before the results of the CCA are presented we exam-
ine the leading modes of the winter time atmospheric
variability in the Northern Hemisphere in the GCM
runs in terms of EOFs and compare them with the ob-
served variability modes. The EOFs were calculated as
the eigenvectors of the covariance matrix. The princi-
pal components have been normalized by unity so that
the EOF maps represent the “typical” strength of the
atmospheric variability.

The first EOFs of Northern Hemisphere H500 in
the GAGO, MOGA, TOGA and CONTROL runs are
depicted in Fig. 2. The general structure of the ali
EOFs is similar, having negative geopotential height
anomalies over the northern parts of the oceans and in
the polar regions and positive height anomalies rough-
ly southwards of the negative anomalies. Anomalies of
maximal amplitude are located in the North Atlantic
sector. The pattern correlation between the first EOF

in the CONTROL run and the other first EOFs ex-
ceeds in all cases 0.9. A more thorough analysis reveals
some differences in the structure of the EOFs. In the
GAGO run the zero line between positive and nega-
tive anomalies in the North Atlantic is placed slightly
further south than in the other runs. The first EOF of
the MOGA run has a more zonally symmetric struc-
ture. In the TOGA run the positive height anomaly in
the North Pacific has the largest amplitude over
40 gpm.

The absolute and relative explained variances of the
first 10 EOFs in the GCM experiments are shown in
Fig. 3. In the GAGO run the first EOF has the largest
amplitude and explains the largest portion of the total
variance in relative units (26%) as well as in absolute
values. The second EOF in the GAGO run explained
less the half the variance (14%). The EOF spectra in
the MOGA and TOGA runs are flatter. The amplitude
of the first EOF (19% of the total variance) in the
MOGA run is the smallest among all the GCM experi-
ments. The first EQF of the TOGA run is of larger
amplitude than in the MOGA run but is weaker than
in the GAGO and CONTROL experiments and is re-
sponsible for 22% of the total variability. The leading
in the MOGA and TOGA runs are less dominant than
in the GAGO run. The ratio of the variance explained
by the first EOF to the variance explained the second
EOF in the MOGA and TOGA runs is about 1.5 com-
pared to 1.9 in the GAGO experiment. The first five
EOFs explain about 60% of the total variability in all
GCM runs.

The second EOFs in the GAGO, TOGA and
MOGA runs (not shown) have the strongest anomalies
in the North Pacific/North America sector. They are
similar to the PNA pattern described by Wallace and
Gutzler (1981). Positive height anomalies are located
in the tropical North Pacific and over the northern part
of the North American continent, and negative height
anomalies are placed over the northern part of the
North Pacific and over southeast North America. Such
a pattern is missing in the CONTROL run. The second
EOF in the CONTROL experiment has a wave train
structure with anomalies spreading from the western
North Pacific over the north pole to the central North
Atlantic.

For comparison the first two EOFs calculated for
observed monthly means of H500 in the region north
of 20°N in 1970-1987 in winter (provided by NCAR)
are shown in Fig. 4. The first EOF of the observed at-
mospheric variability has the main center over the
North Pacific and differs significantly from the leading
EOQOFs in the GCM runs. The amplitude of the positive
anomaly in the North Pacific is over 90 gpm which ex-
ceeds substantially the amplitude of the height anomal-
ies in this region in the GCM runs. The negative ano-
maly in the northern part of the North ‘Atlantic is, on
the contrary, of much smaller amplitude than in the
GCM experiments. The second observed EOF has
some similarity with the model first EOFs in the North
Atlantic region. The pattern correlation between the
observed second EOF and the first EOF in the CON-



364 V. V. Kharin: Sea surface temperature anomalies and atmospheric circulation

135W

Noll‘ch 135E 135w No‘rth 135E
- EOF1 26,1% (21.3gpm)*% b EOF1 19.2% (17.4gpm)2’7€
2 | | o
- {,-g?\ -
90w " (S 90E 90W o /S 90E
g‘rl L \ )\:},J \ i \
A &, Y
| , 20 2 e s
o ‘ GAGO A ° 01 MOGA
45W 0 45E 45W 0 - 45E
135W No[rth < 135E 135W N?rth 135E
o EOF1 21.6% (18.9gpm)* a EQF1 \2§.7fm19.4gpm)2“%;
20 43 42’
(# , (F
9OW 0 (S 90E 90W /S 90E
Yq' Py 3 ° ‘\ P N \
! 4 . 4 &té) | !:)“‘
TOGA CONTROL
45W 0 45E 45W 0 45E

Fig. 2a~d. The first EOFs of Northern Hemisphere H500 in winter in the a GAGO; b MOGA; ¢ TOGA and d CONTROL ruas. They
explain 26.1%, 19.2%, 21.6% and 24.7%, respectively. Contour interval 10 gpm
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Fig. 3. The explained variances of the first 10 EOFs of Northern
Hemisphere H500 in winter in absolute values gpm? (bars) and in
relative units % (lines) in the GAGO, MOGA, TOGA and
CONTROL runs

TROL run is 0.68 in the Northern Hemisphere north
of 20°N. The first EOF is not as dominant compared to
the GCM experiments. The explained variances of the
first two EOFs are 21% and 16%, respectively.

Thus, the leading modes of atmospheric variability
in the GCM differ significantly from those in the obser-
vations. A variability mode like PNA is the first EOF
in the observations and the second EOF in the GAGO,
MOGA and TOGA runs. A variability mode with the
strongest anomalies in the North Atlantic is the first
EOF in the GCMs and only the second EOF in the
observations. In view of this fact the spatial structure
atmospheric response in the GCM experiments might
be improperly reproduced compared to the observed
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Fig. 4a, b. The first and the second EOFs of Northern Hemisphere H500 variability in winter in the observed in 1970-1987 data provided
by NCAR. They explain 21% and 16% of the total variance, respectively

atmosphere. Therefore, the results of the GCM experi-
ments might be of little relevance if compared directly
with the observed atmospheric anomalies. Neverthe-
less, it still might be interesting to know the potential
effect of the SST forcing in different geographical re-
gions on the atmospheric variability in the GCM and
to understand the dynamical mechanisms which could
be important for the atmospheric response in the ob-
served atmosphere/ocean coupled system.

4.2 Atmospheric response in the GAGO run

The first two best correlated pairs of canonical patterns
of Northern Hemisphere H500 and near global SST
are shown in Fig. 5. The SST field was taken north of
25°N where the observed SST anomalies were pre-
scribed during the whole 19-year period. The canonical
patterns appeared to be relatively stable and do not
change significantly if the number of EOFs retained in
the CCA is varied in the range of 3-7. The results of
the CCA for the 5-month winter season are also essen-
tially the same.

The first H500 canonical pattern (Fig. 5a) explains
21% of the total variance. It has the same structure in
the North Atlantic sector as the SLP pattern shown in
Fig. 1a. Negative height anomalies are found over the
northern parts of the North Atlantic and North Pacific
and in the polar regions. Positive anomalies are located
over North America, over Europe and in the subtropi-
cal regions over both oceans. In the first SST pattern
(Fig. 5b) one can recognize three centers of action in
the North Atlantic which have already been found in
the North Atlantic SST pattern in the previous analy-
sis. A negative SST anomaly in the North Pacific is lo-

cated in the northeastern part of the ocean with the
maximum at 40°N 175°E. Positive SST anomalies are
placed south of the negative SST anomaly in the 20°-
30°N latitude band and at the Pacific coast of the USA.
Another SST maximum of 0.5 K is located in the east-
ern tropical Pacific. The extratropical SST anomalies in
the North Atlantic and North Pacific at the eastern
continental coasts are basically associated with the var-
iations of the meridional SST gradient. The explained
variance of the first canonical SST pattern is less than
9% . This map is not a typical El Nifio pattern which is
the dominant mode of the global interannual SST var-
iability.

In the following the first canonical coupled H500-
SST mode will be referred to as the GAGO1 mode.
The first canonical correlation is over 0.66 which is sta-
tistically significant at the 98.5% level. The corrected
unbiased estimate of this value, according to Glynn
and Muirhead’s test (1978), is 0.54 with 95% signifi-
cance interval 0.33-0.70. The first canonical mode in
the GAGO run does not change significantly if the
CCA is applied to Northern Hemisphere H500 and to
SST anomalies in the North Atlantic or in the North
Pacific, or to tropical or extratropical SST anomalies.
The pattern correlation between first canonical maps
in all cases is of order of 0.8-0.9 for H500 maps in the
Northern Hemisphere and 0.7-0.9 for SST maps in the
corresponding regions. Both the North Atlantic and
North Pacific SST anomalies in midlatitudes contribute
to the atmospheric response as in the GAGOI1 pat-
tern.

Since the first canonical pattern of H500 in the
GAGO experiment is very similar to the leading EOF
in this run (the pattern correlation is 0.89) one might
think that this pattern is only an artificial result of lin-
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Fig. Sa—d. The patterns of the first two canonical pairs of North-
ern Hemisphere H500 (a, ¢, contour interval 10 gpm) and SST
north of 25°S (b, d, contour interval 0.1 K) in the GAGO run.

ear projections on the dominant mode of the GCM. To
estimate the probability of the fact that canonical pat-
terns are similar to the dominant variability modes by
chance, we computed Monte-Carlo simulations, as de-
scribed in Appendix A, pattern correlations between
the first canonical pattern of H500 and the first EOF of
H500. In more than 97% of all cases the obtained spa-
tial correlation was smaller than 0.89. The probability
of high spatial correlation between the first canonical
pattern and the first EOF and high canoncial correla-
tion in Monte-Carlo simulations was even lower. In
particular, none of 200 CCA cases exhibited a first ca-
nonical correlation higher than 0.60 and a spatial cor-
relation higher than 0.75.

The typical El Nifio pattern in the SST field ap-
peared to be the second canonical pattern (Fig. 5d)
which explains more than 40% of the total SST var-
iance. There is a strong positive SST anomaly up to
1 K over the central and eastern tropical Pacific and a

The first canonical patterns explain 21% (H500) and 9% (SST) of
the total variance. The second canonical patterns explain 9%
(H500) and 40% (SST) of the total variance

negative SST anomaly in central midlatitudes of the
North Pacific Ocean. The atmospheric signal related to
this SST pattern with the canonical correlation 0.60 is
shown in Fig. 5¢. The second canonical H500 pattern
explains about 9% of the total variance and consists of
negative anomalies of 40 gpm in the North Pacific area
and over the Barents Sea and weaker positive anomal-
ies over the North Atlantic and over the east Sibirian
Sea. In the North Pacific/North America sector the sec-
ond canonical pattern remains the Pacific North Amer-
ica (PNA) pattern with the positive height anomalies
in the tropical North Pacific and over northern North
America and negative anomalies in the extratropical
North Pacific and in the subtropical area of North
America. Hereafter this mode will be called the
GAGO?2 mode.

The GAGO1 mode is only weak related to the
prominent SST anomalies in the tropical Pacific. The
correlation between the SST index defined as SST av-
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eraged each month over the region 150° W-90°W, 5°5-
5°N (the ENSO3 region) and the corresponding ca-
nonical time series of SST and H500 is only about 0.2
0.3. The second canonical time component of SST is,
on the contrary, very well correlated with the SST in-
dex (~0.9). The correlation of the second canonical
time series of H500 with the SST index is somewhat
weaker (~0.5) but still higher than for the first canon-
ical mode.

A characteristic feature of the extratropical SST
anomalies in the GAGO1 mode is their longitudinal
structure in the eastern parts of the both basins. These
regions are known for the most significant transport of
vorticity and heat into the extratropics. Lau (1988)
showed on the base of observations that the barotropic
forcing by synoptic scale disturbances is positively cor-
related with the monthly averaged flow patterns. The
variations of the SST meridional gradients associated
with the SST anomalies in these regions are presuma-
bly related to the variability of the storm tracks which
are expected to exert a considerable influence on the
seasonal and interannual circulation.

The development of the atmospheric response to
SST anomalies during the first several weeks and the
establishment of the stationary response in the
ECHAM?2/T21 model was examined by Kharin (19953).
The SST anomalies used in the SST sensitivity experi-
ments were derived from the first canonical SST pat-
tern in the North Atlantic in the GAGO run. The sta-
tionary atmospheric signal in these experiments was
consistent with the GAGO1 mode. In the first 1-2
weeks the atmospheric response is located in the vicin-
ity of the heat source and is highly baroclinic with po-
sitive (negative) height anomalies over and down-
stream of positive (negative) SST anomalies in the up-
per troposphere and height anomalies of opposite sign
at the surface. After 2-3 weeks the atmospheric re-
sponse reaches its final amplitude. The equivalent-
barotropic component becomes dominant in the sta-
tionary signal far away from the heat sources. The
structure of the equivalent-barotropic response de-
pends on the internal atmospheric normal modes and
on the structure of the external forcing. This point in
addressed in Section 5.

4.3 Atmospheric response in the MOGA and TOGA
runs

With respect to the signal found in the GAGO run
there are several possibilities for the atmospheric re-
sponse behavior in the MOGA and the TOGA runs:

1. If only extratropical SST anomalies are essential for
exciting the global dominant GAGO1 mode then
one would expect the same signal in the MOGA
run.

2. If, on the contrary, tropical SST anomalies play the
most important role for the GAGO1 mode, then the
TOGA run should reproduce this signal.

3. If none of these runs reproduces the GAGO1 mode
then both tropical and extratropical SST anomalies

contribute to the atmospheric response as in the

GAGOI1 mode. In the case of the linear behavior

one would expect that the linear combination of at-

mopsheric anomalies in the MOGA and TOGA
runs would result in the same signal as in the

GAGO experiment.

4. If the last possibility still fails to explain the
GAGO1 mode then the problem becomes more
complicated, since nonlinear interactions between
midlatitudes and tropics are important for the at-
mospheric response.

5. An incorrect representation of the SST gradient at
25°N-30°N in the MOGA and TOGA runs could
also influence the atmospheric response in these ex-
periments.

The first canonical patterns of Northern Hemis-
phere H500 and of extratropical or tropical SST in the
MOGA and TOGA runs are shown in Fig. 6. The ca-
nonical correlation between corresponding time serics
in the MOGA run is 0.61. This is weaker than in the
GAGQO run but still statistically significant at the 97%
level. The corrected unbiased correlation (Appendix
B) is 0.49 which is also smaller than in the GAGO run.
The H500 pattern (Fig. 6a) has strong anomalies in the
North Atlantic sector and explains variance less (13%)
than the first canonical pattern in the GAGO experi-
ment. It will be called hereafter the GAGO1 mode. In
the North Atlantic region the structure of the H500
pattern is similar to the structure of the first canonical
SLP pattern shown in Fig. 1c.

Although the distribution of SST anomalies in the
first canonical pattern in the MOGA run (Fig. 6b) is
similar in the extratropics to that in the first SST ca-
nonical pattern in the GAGO run, more thorough
analysis reveals some differences. The SST anomalies
in the first canonical pattern in the MOGA run are
more zonally oriented compared to the extratropical
SST anomalies in the first canonical SST map in the
GAGO run. The positive SST anomaly in the western
North Pacific is stronger in the MOGA run than in the
GAGO experiment. The zero line between positive
and negative SST anomalies in the western North Pa-
cific in the MOGA run is situated slightly north of its
position in the GAGO experiment. The meridional
SST gradients associated with the SST anomalies in the
GAGO1 and MOGAL1 SST patterns are substantially
different, especially in the 25°N-30°N latitude band.

The strongest atmospheric response in the MOGA
run has a quite different structure from that in the
GAGO experiment. It seems that the heat and vortici-
ty forcing associated with a slightly different SST ano-
maly distribution in the MOGA run excites a com-
pletely different type of atmospheric mode than in the
GAGO run. The SST anomalies in the MOGA run are
only weakly, if at all, related to the like GAGO1 mode
of atmospheric variability. Correlation coefficients be-
tween SST anomalies at each grid point and the time
series associated with the GAGO1 mode obtained are
less than 0.2 in the MOGA experiment.

The strongest signal in the TOGA run is again from
the GAGO1 mode. The first canonical H500 pattern in
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Fig. 6a-d. The patterns of the first canonical pairs of Northern
Hemisphere H500 and extratropical (tropical) SST in the MOGA
(TOGA) run. They explain 13% (a, H500) and 11% (b, SST) of

the TOGA run (Fig. 6¢) is similar to the second canon-
ical pattern in the GAGO experiment (the GAGO?2
mode in Fig. 5c) which is supposed to be associated
with the El Nifio phenomenon. This mode will be
called the TOGA1 mode. The negative atmospheric
anomaly over the North Pacific in the TOGA run is
stronger than in the GAGO experiment and its center
is shifted slightly northwards compared to the GAGO2
mode. The positive atmospheric anomaly over North
America is more strongly developed than in the
GAGO2 mode, increasing the resemblance of this
mode to the PNA pattern of Wallace and Gutzler
(1981). The structure of atmospheric anomalies over
the North Atlantic sector in both experiments is also
different. The first canonical SST pattern in the TOGA
run (Fig. 6d) looks like the second SST canonical pat-
tern in the GAGO experiment. Both patterns have
strong positive SST anomalies in the central and east-
ern tropical Pacific. The correlations of the time series

the total variance in the MOGA run and 14% (¢, H500) and 41%
(d, SST) of the total variance in the TOGA run. Contour interval
is 10 gpm for H500 and 0.1 K for SST

of the TOGA1 mode with the ENSO3 SST index de-
fined above are 0.51 for H500 and 0.78 for SST.

The MOGA and TOGA runs do not reproduce the
atmospheric signal found in the GAGO run as the first
canonical pair of patterns. Assuming that the influence
of SST on the atmosphere is linear, i.e., the atmospher-
ic response to the SST anomalies in the GAGO run is
the sum of the responses to SST anomalies in the mid-
dle latitudes and in the tropics, one might expect the
same results as in the GAGO run if the CCA is applied
to the sum of the atmospheric anomalies from the
MOGA and the TOGA runs and to the global SST
field. However, the first canonical pattern of the lin-
early combined H500 fields (not shown) appeared to
be quite different from the GAGO1 mode. It is rather
similar to the GAGO2 mode or to the TOGA1 mode.
The corresponding SST pattern resembles the El Nifio
mode. Therefore the atmospheric response in the lin-
early combined data is different from the GAGO1



V. V. Kharin: Sea surface temperature anomalies and atmospheric circulation 369

Fig. 7a,b. The distribution of linear regression coefficients be-
tween the time component of the first canonical pattern of North-
emm Hemisphere H500 and meridional SST gradient in a the
GAGO run and between the time component of the first canoni-

mode and it seems that nonlinear interactions between
midlatitudes and tropics play an important role in the
atmospheric circulation and its response to SST ano-
malies.

4.4 Atmospheric circulation and SST gradient

Palmer and Sun (1985) assumed that the transient ed-
dies could be of decisive importance for the extratropi-
cal atmospheric response. Since the baroclinic activity
depends partly on the SST gradients, a wrong repre-
sentation of the meridional SST gradient near 30°N in
the MOGA and the TOGA runs could distort the at-
mospheric response in these experiments. At this lati-
tude the observed and climatological SST values come
together in these runs so that artificial meridional SST
gradients arise in this region.

To clarify the relationship between atmospheric
anomalous circulation and the SST gradient, the linear
regression coefficients between the time series of the
first canonical patterns of H500 in the GAGO and
MOGA runs and the meridional SST gradient at each
grid point in the Northern Hemisphere were com-
puted. The obtained distributions of the region coeffi-
cients are shown in Fig. 7. The GAGO run reveals a
relatively strong relation between the GAGO1 atmos-
pheric mode and SST gradients in the North Atlantic
at 20°N-30°N and at about 45°N off Newfoundland as
well as in the central and western North Pacific at 15°N
and at 30°N (Fig. 7a). The MOGA1 mode is related to
a relatively strong SST gradient anomaly in the west-
ern North Atlantic and the central North Pacific north
of 30°N.

135E 135W North 135E
b 7
I/;
j {
90W ; b : 90E 90W [=2 90E
45W 45K, 45F,

cal pattern of Northern Hemisphere 500 hPa geopotential height
and meridional SST gradient in b the MOGA run. Contour inter-
val is 0.5-10 77 K/m. Labels are multiplied by 107

The main anomalies of the SST gradient which are
related to the MOGAIL mode are placed slightly fur-
ther northwards of their position in the GAGO run.
Particularly, the negative SST gradient anomaly in the
western and central North Pacific in the MOGA is lo-
cated fully north of 30°N whereas in the GAGO run it
is spreading from about 20°N to 45°N. A strong posi-
tive SST gradient anomaly in the MOGA run is lo-
cated in the North Atlantic at the US coast and in the
central North Pacific at 25°N-30°N, i.e., exactly in the
regions where the observed SST anomalies occur to-
gether with the climatological SST values. In the
GAGO run the subtropical SST gradient anomaly in
the North Atlantic is of more moderate amplitude than
in the MOGA run and covers the whole area between
the North American coast and the African continent at
15°N-30°N.

5 Normal modes of the barotropic operator

The atmospheric anomalies produced in the GCM ex-
periments are of large scale and equivalent barotropic.
Thus, one might expect that the main dynamical fea-
tures of the atmospheric response can be captured by a
nondivergent barotropic vorticity equation model.
Branstator (1985a,b), for example, found that a linear
barotropic model could reproduce the structure of the
midlatitude atmospheric response of NCAR’s Commu-
nity Climate Model to central tropical Pacific SST
anomalies if it is forced by a vorticity source/sink in
approximately the same geographical location as the
SST anomaly.
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For stationary solutions, or in the case of very low
frequency variability, one can neglect in the first ap-
proximation the time derivative in the linear baro-
tropic equation resulting in the linear problem
A() ¢’ =F" where .4 is the barotropic operator lin-
earized about the basic state ¢, ¢’ is the deviation of
the stream function from the basic state and .#” is the
anomalous forcing due to SST anomalies. The solution
can be written in the form " = ¥ ;a;; with scalar coef-
ficients a;= ¢;/w; where w; and ¢; are the eigenvalues
and the eigenvector of the operator .-% and scalar coef-
ficients ¢; are the projections of the forcing term #”
on the eigenvectors yiof the adjoint opertor .4*. Thus
the magnitude of the coefficients g; of the solution is
proportional to the amplitude of the projection of the
forcing .%” onto the adjoint eigenvector *and is in-
versely proportional to the amplitude of the corre-
sponding cigenvalue.

To compute normal mode of the linear barotropic
operator the stream function at 500 hPa averaged over
winter months in the GCM experiments was used for
the basic state . The eigenvalue problem was solved
for the constant linear drag coefficient 1/7 days ~! and
for the horizontal diffusion coefficient which corre-
sponds to damping times for the shortest model scales
of 0.65 days. Numerical tests indicated that the general
structure of the normal modes is rather insensitive to
the value of the horizontal diffusion. The fields were
represented in spectral form and truncated at wave
number 21 analogously to the ECHAM?2/T21 model.
The barotropic normal modes in the Northern Hemis-
phere, the basic state was antisymmetrically extrapo-
lated into the Southern Hemisphere and only antisym-
metric spherical harmonics were retained in the spec-
tral presentation of all fields. By doing so we reduced
the size of the complex nonsymmetric matrix to
231 x231.

The normal modes presented in the following sub-
sections are ordered according to the amplitude of the
corresponding eigenvalues. Normal modes with smal-
lest eigenvalues would mainly contribute into the solu-
tion of the linearized barotropic equation under the
condition that the magnitude of projections of forcing
onto the adjoint eigenvectors ¢; is of the same order
for all j. For better comparison with the results from
previous sections the stream function of normal modes
was transformed to geopotential height by means of
the balance equation V> @=V-f V.

5.1 Normal modes of the operator &

The first two normal modes of the linear operator .4
computed for the winter climate in the GAGO experi-
ment and the first normal mode of the observed cli-
mate are shown in Fig. 8. All normal modes appeared
to be stable.

The first normal mode is nearly stationary with a
time period T=300 days. The real part of it (Fig. 8a)
resembles very much the first canonical patterns of
H500 found in the GAGO run as well the first EOF of

H500 in the GAGO run. Negative anomalies are lo-
cated over the northern parts of the North Atlantic
and North Pacific Oceans. Positive anomalies are
placed south of the negative anomalies as well as over
the North American continent, southern Europe and
over the Japan Sea. These aspects are common to the
leading variability modes found in the GCM runs. The
imaginary part (Fig. 8b) has a positive anomaly around
the north pole and negative anomalies over North
America, the North Sea and eastern Siberia.

The second normal mode in the GAGO run (Fig.
8c) is stationary. It is located mainly in the North At-
lantic sector. Apart from a rather strong feature
around the North Pole, the structure of the second nor-
mal mode is similar to the structure of the real part of
the first normal mode in the North Atlantic. The sec-
ond mode in moderate latitudes is also similar to the
first canonical mode found in the MOGA run. The first
two normal modes computed for the other GEM runs
are very similar to the normal modes described. It
seems that they contribute mainly to the monthly at-
mospheric variability and to the atmospheric response
to the SST in the GCMs.

The first normal mode computed for the observed
climate is shown in Fig. 8d. There is no obvious corre-
spondence between this mode and the observed lead-
ing EOFs in Fig. 4 as it is the case for the GCM cli-
mate. Some similarity with the PNA-type pattern can
still be found in the east Pacific/North America sector.
In particular, negative anomalies are placed in the sub-
tropical North Pacific and over the north of North
America. Positive anomalies are found in the northeast
of the North Pacific and in the southwest of the North
Atlantic. The negative center over the east of Russia
has, however, a much stronger amplitude and is placed
further south and east as it is the case in the first ob-
served EOF. The second normal mode (not shown) is
nearly stationary and is similar to the first normal
mode in the GAGO run.

Remarkably, the gencral structure at least of the
first two barotropic normal modes is common to the
structure of the leading variability atmospheric modes.
Especially in the GCMs, where the first EOF is clearly
dominant, the correspondence is relatively good. For
the observed climate the results are less satisfactory.
Note, however, that the observed basic state in the
tropical area south of 20°N was derived in this study
from the CONTROL climate so that the details of the
basic flow in this region can influence the results of the
normal mode analysis.

5.2 Eigenvectors of the adjoint operator -&*

The scalar coefficients ¢; in the expansion of the exter-
nal forcing %’ in terms of the eigenvectors of the op-
erator .4’ are the projectons of the forcing onto the
adjoint eigenvectors ¢ Thus, the spatial structure of
the adjoint eigenvectors represents an anomalous vor-
ticity forcing which excites the corresponding normal
modes most efficiently.
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ond (¢, stationary mode) normal modes of the barotropic opera-
tor linearized about the winter climate of the GAGO run and the

The eigenvectors of the operator _4* which corre-
spond to the normal modes presented above are shown
in Fig. 9. The real part of the first eigenvector (Fig. 9a)
has anomalies with large amplitudes over the western
North Pacific. The anomalies have the form of zonally
oriented belts. In the imaginary part of the first adjoint
mode (Fig. 9b), in the second adjoint eigenvector (Fig.
9¢) in the GAGO run and in the first adjoint mode of
the observed climate (Fig. 9d) anomalies of large am-
plitude are found over the western parts of the both
basins. The centers of action in the adjoint eigenvec-
tors are in the vicinity of zones of strong baroclinic ac-
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tivity over both oceans. Shifting of the storm tracks in
the north-south direction, and/or, intensification/wea-
kening of transient eddy activity in these regions due
to SST anomalies would lead to variations of the tran-
sient forcing of the time meqn circulation.

Metz (1989) investigated the relation between low-
frequency atmospheric variability and transient forcing
on the base of six winters of ECMWF analysis. He ap-
plied canonical correlation analysis to the low-pass fil-
tered stream function and the pattern that results from
the effects of cyclone-scale eddies on the mean circula-
tion. Low freugency counterparts of the first two ca-
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nonical modes were of planetary scale. Canonical pat-
terns, which represented the eddy effects, were locally
concentrated over the North Pacific and North Atlan-
tic. The canonical patterns of eddy forcing had a simi-
lar elongated structure as the adjoint eigenvectors de-
scribed above.

6 Summary and discussion
The atmospheric winter time interannual variability in

several 19-year GCM runs with different types of SST
forcing was examined by means of the EOF analyis.
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The leading modes of atmospheric variability in GCMs
were found to be substantially different from the ob-
served ones. In particular, the first model EOF of H500
has a global structure with negative anomalies over the
northern parts of the North Atlantic and North Pacific
and in polar regions and positive anomalies roughly
south of the negative ones. The first observed EOF, on
the contrary, has its main anomalies over the North Pa-
cific. In addition, the first two EOFs in the GCM are
more strongly separated than in the observations.
Thus, the details of the atmospheric response in the ex-
tratropics are probably not quite correctly reproduced
compared to the observations. Nevertheless, the GCM
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results still demonstrate the potential effect of the SST
forcing in different geographical regions on the atmos-
pheric circulation.

The CCA was used to find the best correlated pair
of patterns of SST in the North Atlantic and Pacific
and atmospheric circulation in the Nothern Hemis-
phere. In the GAGO and MOGA experiments the at-
mospheric response over the North Atlantic area was
found to be a part of global patterns. The best corre-
lated pattern of Northern Hemisphere geopotential
height at 500 hPa in the GAGO run is global and is
related to SST anomalies in the North Atlantic and the
North Pacific. It resembles the leading variability mode
in the GAGO run. The statistical significance of the
canonical correlation for the GAGO1 mode is very
high. The variance explained by the first canonical pat-
tern of H500 is much higher than for the other experi-
ments (1.6 times as large as in the CONTROL run and
almost twice as large as in the MOGA and the TOGA
runs). This mode is quite robust and insensitive to the
number of the EOFs and the choice of geographical
regions or SST anomalies used in the CCA.

In the MOGA experiment the atmospheric signal in
the Northern Hemisphere is weaker than in the
GAGQO run. The first canonical pattern of H500 differs
from the GAGO1 mode, despite the fact that the cor-
responding canonical pattern of SST is similar in mid-
latitudes to the first canonical SST pattern in the
GAGO run. The variance explained by the MOGA
mode is approximately the same in all GCM integra-
tions, including the CONTROL run. It seems that in
the MOGA run another type of atmospheric variabili-
ty mode is excited by extratropical SST anomalies.
However the signal is weak and probably not very sta-
ble.

The El Nifio type mode was found as the first ca-
nonical pair of patterns in the TOGA run and as the
second canonical mode in the GAGO run. The var-
iances explained by the GAGO2 and the TOGAI at-
mospheric modes in both runs are about twice as large
as the magnitude of those in the CONTROL integra-
tion and the MOGA run. It seems that for the El Nifio
mode, tropical SST anomalies are of essential impor-
tance which is consistent with the previous results (e.g.
Graham et al. 1994). The tropical SST anomalies in the
Pacific associated with the Fl Nifio phenomenon have,
on the contrary, no influence on the GAGO1 mode in
the GAGO experiment.

Neither the MOGA and the TOGA runs alone, nor
their linear combination is able to reproduce the signal
found in the GAGO run as the first canonical mode.
The nonlinear effects and the interactions between
midlatitudes and tropics seem to be important. Artifi-
cial meridional SST gradients at 25°N-30°N in the
MOGA and the TOGA runs probably influence the at-
mospheric response in these GCM experiments. The
last effect represents a real problem in experiments
such as GAGO-MOGA-TOGA that attempt to inves-
tigate the relative importance of the SST forcing in the
middle latitudes and in the tropics. In particular, in the
MOGA run the first canonical pattern of H500 seems

to be related to the artificial SST meridional gradients
in the North Atlantic and North Pacific at 25°N-
30°N.

A normal mode analysis was performed in order to
explain the discrepancies between the leading atmos-
pheric variability modes in the GCM and in the obser-
vations. The leading normal modes of the barotropic
operator linearized about the winter climate at 500 hPa
in the GCMs were compared with the canonical modes
and the EOFs. The first two normal modes in the
GCM runs were found to have some similarity to the
leading variability modes in the GCMs. In particular,
the spatial structure of the real part of the first nearly
stationary mode is very similar to the structure of the
GAGO1 mode. The second normal mode is, at least
qualitatively, similar to the MOGAI1 canonical mode.

The first normal mode for the observed winter cli-
mate differs significantly from the first two normal
modes in the GCMs. The resemblance of the observed
first normal mode to the leading mode of the observed
variability is, however, relatively weak. The largest
anomalies in the observed first normal mode are lo-
cated in the North Pacific. Some similarity to the ob-
served first EOF is found in the eastern North Pacific/
North America sector.

Eigenvectors of the adjoint operator display the
structure of the forcing which excites the normal mode
most efficiently. Leading adjoint vectors have strong
zonally elongated anomalies over the eastern parts of
the North Pacific and the North Atlantic oceans in the
extratropics i.e. in the regions where the strongest
transport of the heat and momentum occur in the tro-
posphere. The variability of the storm tracks which is
partly related to the SST variability in the extratropics
can significantly influence the variability of nearly re-
sonant barotropic normal modes.
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Appendices

A Monte-Carlo significance tests for canonical
correlations

To define the statistical significance of canonical corre-
lations 200 CCAs were performed for each GCM run
under exactly the same conditions as described in Sec-
tion 3 and 4 (December, Janury, February, 5 EOFs for
each variable) and with the same data except tha the
data field were randomly rearranged in time so that
the correlations between two fields were caused by
chance. The significance level x% of the first, or any
other, canonical correlation r was defined as the per-
centage of all 200 CCA cases with the corresponding
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Table 1. The values of the first and the second canonical correla- significance levels (in brackets), as obtained from Monte-Carlo

tions and of the pattern correlation between the first atmospheric simulations
canonical pattern and the first EOF together with the statistical
CCA GAGO: MOGA: GAGO: MOGA: TOGA:
SLP (NA) SLP (NA) H500 (NH) HS00 (NH) HS500 (NH)
vs. SST (NA) vs. SST (NA) vs. S§T (GL) vs. SST (ML) vs. SST (TR)
1st 0.66 (99.5%) 0.54 (80%) 0.66 (98.5%) 0.61 (97%) 0.66 (98.5%)
2nd 0.38 (70%) 0.44 (90%) 0.61 (100%) 0.47 (98%) 0.40 (80%)
pat. cor. 0.92 (100%) 0.35 (50%) 0.89 (97.5%) 0.66 (70%) 0.06 (50%)

NA, GL, ML and TR are the abbreviations for North Atlantic, Global, Middle Latitudes and Tropics, respectively

Table 2. The first and the second canonical correlations in the GCM runs and their corrected unbiased values

CCA GAGO: MOGA: GAGO: MOGA: TOGA:
SLP (NA) SLP (NA) H500 (NH) H500 (NH) H500 (NH)
vs. SST (NA) vs. SST (NA) vs. SST (GL) vs. S§T (ML) vs. SST (TR)
+95% 0.73 0.59 0.70 0.67 0.73
1st unbiased 0.66 0.58 0.54 0.39 0.66 0.54 0.61 0.50 0.66 0.58
-95% 0.38 0.15 0.33 0.27 0.27
+95% 0.45 0.59 0.64 0.68 0.49
2nd unbiased 0.38 0.21 0.44 0.39 0.61 046 0.47 0.50 040 027
—95% -0.05 —0.10 0.23 0.29 0.01

The 95% significance intervals are depicted above and below the unbiased correlations. NA, GL, ML and TR are the abbreviations for

North Atlantic, Global, Middle Latitudes and Tropics, respectively

canonical correlations smaller than r. For example, in
the case of the CCA of North Atlantic SST versus
North Atlantic SLP in the GAGO run the first canoni-
cal correlation was smaller than 0.66 in 199 CCAs, i.e.
in 99.5% of all CCA cases. Thus, this value was consid-
ered to be 99.5% significant in this particular case.

Another test was performed to estimate the expec-
tation of the fact that the leading mode of the atmos-
pheric variability would appear as the first canonical
pattern in the CCA. For this purpose the pattern corre-
lations between the first EOF of the atmospheric varia-
bility and the first canonical patterns obtained in the
Monte-Carlo CCA simulations described above were
claculated. The statistical significance of the pattern
correlation was defined in the same way as the statisti-
cal significance of the canonical correlations. Particu-
larly, in the case of North Atlantic SST versus North
Atlantic SLP in the GAGO run the pattern correlation
between the first EOF of SLP in the North Atlantic
and the first canonical pattern was smaller than 0.92 in
all 200 CCAs (100%).

Table 1 summarizes the results of the Monte-Carlo
simulations for the GAGO, MOGA and TOGA runs.

B Glynn and Muirhead’s test

Since the data sets are limited in time, covariance ma-
trices involved in the calculation of canonical correla-
tions are estimated only approximately. Thus, the ca-
nonical correlations obtained as eigenvalues of a ma-

trix which is the product of the covariance and inverse
autocovariance matrices are estimated with errors.

Glynn and Muirhead (1978) proposed a technique
which provides corrected unbiased estimates of canoni-
cal correlations and their significance intervals. Input
parameters for this procedure are the length of time
series, the number of EOFs retained in the CCA and
the values of all canonical correlations. In Table 2 the
corrected values and their 95% significance intervals
for the first and the second canonical correlations in
the GAGO, MOGA and TOGA runs are presented.
For example, the unbiased value of the first canonical
correlation between SLP and SST in the North Atlan-
tic in the GAGO run is 0.58 compared to its original
value 0.66. The +95% interval in this case in 0.38-
0.78.
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