Predictability of Mediterranean climate variables from oceanic
variability. Part I: Sea surface temperature regimes
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Abstract The determination of specific sea surface tem-
perature (SST) patterns from large-scale gridded SST-fields
has widely been done. Often principal component analysis
(PCA) is used to condense the SST-data to major patterns
of variability. In the present study SST-fields for the period
1950-2003 from the area 20°S to 60°N are analysed with
respect to SST-regimes being defined as large-scale oce-
anic patterns with a regular and at least seasonal occur-
rence. This has been done in context of investigations on
seasonal predictability of Mediterranean regional climate
with large-scale SST-regimes as intended predictors in
statistical model relationships. The SST-regimes are
derived by means of a particular technique including
multiple applications of s-mode PCA. Altogether 17 sta-
tionary regimes can be identified, eight for the Pacific
Ocean, five for the Atlantic Ocean, two for the Indian
Ocean, and two regimes which show a distinct co-vari-
ability within different ocean basins. Some regimes exist,
with varying strength and spatial extent, throughout the
whole year, whereas other regimes are only characteristic
for a particular season. Several regimes show dominant
variability modes, like the regimes associated with El Nifo,
with the Pacific Decadal Oscillation or with the North
Atlantic Tripole, whereas other regimes describe little-
known patterns of large-scale SST variability. The deter-
mined SST-regimes are subsequently used as predictors for
monthly precipitation and temperature in the Mediterra-
nean area. This subject is addressed in Part II of this paper.
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1 Introduction

Despite the impossibility to exactly predict the short-term
weather conditions beyond a couple of days, it is possible
to provide seasonal forecasts in terms of mean conditions
and associated uncertainties and probabilities (Dix and
Hunt 1995). This is due to the fact that on this time scale
slowly varying boundary conditions, especially the sea
surface temperatures (SSTs), control the general charac-
teristics of climate. There is already fair evidence for useful
climate predictability in equatorial and tropical regions
where the noise level is small, but there is only little evi-
dence for it in mid-latitudes. According to a study based on
GCM simulations by Rowell (1998), SSTs can generally be
used for predictions of precipitation in the northern hemi-
sphere mid-latitudes, mainly in the winter and spring
months (with lowest predictability in autumn).

The SST field has been shown to have influence on
extratropical circulation patterns and climate, as for
example through the tropical El Nifio/Southern Oscillation
(Moron and Plaut 2003; Lloyd-Hughes and Saunders 2002)
and through regional response patterns for extratropical
SSTs (Rodriguez-Fonseca et al. 2006, Rodwell et al. 1999,
Colman and Davey 1999). To account for the possible
effects from different oceanic regions it is necessary to
incorporate the SST-patterns preferably on a global scale.
Thus, Barnston and Smith (1996) and Hwang et al. (2001)
have demonstrated that in the scope of seasonal predictions
global SST-fields yield better results compared to the use
of local SST-fields.
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A considerable number of studies already exist regard-
ing the determination of specific SST-patterns. The El Nifio
Southern Oscillation (ENSO) is known as the most pro-
minent pattern of inter-annual variability in the global
climate system, and a great deal of progress has been
made in understanding and predicting ENSO (An 2009;
Alexander et al. 2002; Mason and Mimmack 2002; Neelin
et al. 1998). Besides ENSO, statistical analyses of SST
variations have been performed for particular ocean basins,
e.g. by Deser and Blackmon (1993, 1995) for the Atlantic
Ocean and for the Pacific Ocean. Often SSTs are studied in
combination with an investigation of ocean—atmosphere
couplings and associated climate variables, e.g. for the
North Pacific region by Zhang et al. (1998) and Wallace
et al. (1992), for the North Atlantic region by Cassou et al.
(2004), Peng et al. (2003), Czaja and Frankignoul (2002),
and for the Indian Ocean for instance by Webster et al.
(1999).

Most studies concentrate on the dominant modes of
SST-variation. Secondary patterns which do not explain a
major fraction of SST variance are not considered. Fur-
thermore, the focus is mostly on a particular season, a
tracking of specific SST-modes throughout the year has
only rarely been done (e.g. by Garcia-Serrano et al. 2008).
In addition, the majority of investigations does not include
relations on a global scale and considers only a specific
ocean basin.

In the present study SST-fields in the whole area from
20°S to 60°N are analysed during all months of the year.
The focus of the investigation is on the spatial and temporal
structuring of the SST-variations by means of principal
component analysis (PCA). The resulting SST-regimes
characterize the intra- as well as the inter-annual evolution
of those SST-patterns which clearly step out from the
random variations. Thus, a synopsis of the SST-patterns in
the Pacific Ocean, Atlantic Ocean, and Indian Ocean in all
months of the year for the period 1950-2003 is achieved.
The SST-regimes are compiled against the background of
using them as predictors for monthly precipitation and
temperature in the Mediterranean area.

2 Data

For the characterization of oceanic variability, the global
SST data set ERSST, Version 2 (Extended Reconstruction
Sea Surface Temperatures, Smith and Reynolds 2003) has
been analysed. It is available with a 2° horizontal resolu-
tion. ERSST is based on the Comprehensive Ocean
Atmosphere Data Set of Woodruff et al. (1998). A com-
parison of the ERSST data with the HadISST-dataset from
the Hadley Centre by Rayner et al. (2003) indicates that
both data are highly correlated (correlation coefficients

greater than 0.7) after the year 1950, major differences are
limited to areas with sparse observational data (southern
hemisphere oceans south of 20°S). The ERSST data is also
in good agreement with the satellite- and observation-based
data of the NOAA OI-Analysis (Reynolds et al. 2002). The
high northern latitudes north of 60°N and the southern
hemisphere latitudes south of 20°S have been excluded
from the present study, considering the relatively low
quality and density of the observational data. From the
4,965 grid boxes between 20°S and 60°N only 4,943 are
taken for further investigation, because 22 grid boxes at the
northern boundary of the study area do not show any
temporal variance in the 1950-2003 period (due to the fact
that in the original dataset the value of —1.8°C is assigned
to a grid box in case of SSTs being lower than this value).

The starting year (1950) of the following analyses
results from the availability of high-quality SST-data, the
ending year (2003) has been the last complete year at the
beginning of this investigation.

3 Determination of sea surface temperature regimes

Figure 1 provides a simplified scheme of the methodology
for the determination of the SST-regimes. The assignments
of principal components to specific SST-regimes within
this scheme are completely arbitrary and have been
included only for illustration purposes. The entire proce-
dure includes several steps of analyses:

In a first step s-mode PCA is separately applied to
monthly mean, 2-monthly mean, and 3-monthly mean SST
fields to obtain specific patterns of SST-variation
throughout the year. The multiple-month analyses refer to
the overlapping 2-month periods (January/February, Feb-
ruary/March,...) and 3-month periods (January/February/
March, February/March/April,...). The extraction of prin-
cipal components (PCs) is based on the correlation matrix
of the input variables. The determination of the number of
PCs to be extracted follows the approach of Philipp et al.
(2007) and is based on the criterion that each PC has to be
uniquely representative for at least one input variable.
Representativeness is assumed when the maximum loading
of a variable on a particular PC is at least one standard
deviation greater than the other loadings of this variable on
the remaining PCs; additionally, this maximum loading has
to be statistically significant at the 95% level. The number
of extracted PCs varies between 7 (October—-December)
and 22 (June/July) with overall explained variances (EVs)
between 64 and 87%. Subsequently, the PC loading pat-
terns of the different analyses (for 1-, 2-, and 3-month sub-
periods) are compared with each other to identify patterns
which appear for several months thus being relevant not
only for one particular month, but for an extended period of



Fig. 1 Scheme of the
methodology for the
determination of the SST
regimes. The assignments of
PCs to specific SST-regimes are
arbitrary and have been
included only for illustration
purposes. For detailed
information see Sect. 3

the year or even for the whole year. The term ‘regime’ is
used in this context for those large-scale patterns of SST
variation persisting at least for a two-month season and
showing a regular occurrence (a recurrent state). This can
basically be transferred from the definitions of atmospheric
modes, patterns, and regimes by Stephenson et al. (2004).
One problem that may arise with this approach is the
variability in strength and geographical location of the
centres of SST variation for a particular regime from one
sub-period to another. This can hamper the determination
of distinct regimes and has to be accounted for by adequate
techniques:

To classify the individual PC loading patterns into dis-
tinct regimes, a further PCA is performed. The input matrix
consists of all PC loadings from the monthly mean,
2-monthly mean, and 3-monthly mean analyses, with the
PCs as variables and the grid boxes as cases. This addi-
tional PCA groups the original PCs with similar loadings
on the grid boxes, hence the PCs representing a similar SST
variation. These new PCs generated within this PCA of the
original loading patterns can be regarded as different SST
regimes. The loading patterns from the PCAs of the ori-
ginal fields are assigned to the SST regimes by looking for
the highest absolute loading of a variable among all new
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PCs and by searching for the highest absolute loading of a
new PC on the different variables. If both values coincide,
the original loading pattern of a sub-period correlates best
with a particular regime (i.e. the original loading pattern is
mostly similar to the regime loading pattern) and this
loading pattern is the best fit for this sub-period.
Different runs of the PCA of the loading patterns are
performed with different numbers of PCs to be extracted
including all solutions between 2 and 39 PCs (the latter
corresponds to approximately 95% of explained variance).
This is done to rule out the possibility that the choice of a
certain number of PCs affects the assignment of the loading
patterns to the regimes. Results indicate that when
extracting only a small number of PCs, loading patterns of
different sub-periods are sometimes pooled in one regime,
even though they cannot represent the seasonal cycle of the
same regime due to the dissimilarity of the loading patterns.
On the other hand, when extracting a large number of PCs it
may happen that loading patterns of different months which
definitely represent the same regime, are split into separate
regimes. This splitting is due to a continued seasonal dif-
ferentiation of a regime. In general, the uncertainties related
to a correct assignment are the result of the intra-annual
variability of a regime. This variability can be attributed to a
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set of varying characteristics (like the dominance and
intensity of a regime changing from month to month) as
well as to internal variations such as the spatial position and
strength of the particular centres of variation. Altogether,
uncertain assignments of loading patterns to a regime
concern about 5% of all loading patterns.

To decide whether a loading pattern belongs to a par-
ticular regime and whether certain seasonal regimes can be
merged into one common regime, all possible solutions
from 2 up to 39 PCs are taken into consideration. The final
decision is made by generating prototypical loading pat-
terns and by looking at the scores (time coefficients) of the
corresponding PCs.

The prototypical loading pattern of a regime is defined
as the mean loading pattern, averaged over all loading
patterns belonging to this regime. Loading patterns which
are candidates for a particular regime, but cannot be clearly
assigned by using the above-described method, are corre-
lated with the prototypical loading pattern. However, due
to the large sample size (about 5,000 grid boxes) even
relatively low amounts of correlation coefficients are sta-
tistically significant. Therefore, the significance of corre-
lation coefficients cannot be used to decide on the
similarity of two patterns. For that reason a method of
Bland and Altman (1986), who compared medical test
series, is adapted. At first the correlation coefficient of two
loading patterns is calculated. As a minimum criterion of
correspondence its absolute amount has to be >0.7 (com-
mon variance greater than approximately 50%). If this is
the case, the mean difference of the loadings and the
standard deviation of the differences between the two
patterns are calculated. No substantial difference between
the two loading patterns is assumed if less than 5% of all
grid boxes are outside an area of agreement. The upper and
lower boundaries of the area of agreement are determined
by adding or subtracting twice the standard deviation from
the mean difference. This method aims at the detection of
strong differences between the correlated patterns regard-
ing the spatial location and strength of the centres of
variation (areas with high positive or negative loadings). If
no differences can be identified, the loading pattern in
question is assigned to the corresponding regime and a new
prototypical loading pattern is calculated for this regime
including this additional loading pattern. The finally
resulting prototypes of all regimes indicate the mean
characteristics of the prevailing tropical and northern
hemisphere extratropical SST variation in the period 1950—
2003. Altogether 21 SST-regimes can be identified by this
approach, eleven for the Pacific Ocean, six for the Atlantic
Ocean, two for the Indian Ocean, and two regimes with co-
variations in different oceans. However, since there has
been a major climatic shift observed in the Pacific region in
the 1970s (Trenberth 1990, Miller et al. 1994, Wang 1995),

the question arises whether these SST-regimes are sta-
tionary through time. This question is focussed in Sect. 4
leading to the exclusion of four non-stationary regimes.
The remaining regimes are reproduced in Fig. 2 and
described in Sect. 5.

Finally, the PC scores (time coefficients) are also taken
into account, because we expect a certain temporal per-
sistence for a regime. Therefore, the scores of those PCs of
consecutive sub-periods being candidates for a particular
regime are correlated to confirm the results obtained. A
temporal persistence over several months is evident for
most regimes, and the consideration of scores works well
as an additional tool for the identification of SST regimes,
in such a sense that the correlation of the scores confirms
the results obtained by the techniques described above. But
it is not unusual for the regimes that there are breaks during
the seasonal progression. Such breaks are specified in more
detail at the beginning of Sect. 5 based on examples
reflecting the El-Nifio variation and the North Atlantic
Tripole.

4 Stationarity of SST-regimes

In order to address this issue, the whole study period from
1950 to 2003 is separated in two sub-intervals, leaving out
the 1970s when the climate shift in the Pacific region has
taken place. For each of the two 20-year sub-intervals
(1950-1969, 1980-1999) the SST-regimes are re-deter-
mined, following the same methodology as described in
Sect. 3.

Concerning four SST-regimes (three of the Pacific
Ocean and one of the Atlantic Ocean), not all of the cor-
responding PCs can be identified in both sub-periods. The
affected regimes are secondary regimes in such a sense that
they only become apparent in a particular season and that
the PCs being assigned to the regimes have explained
variances of <3% in a particular month or monthly com-
bination. Three of the non-stationary regimes have their
centres of variation in the Pacific Ocean. More precisely
one regime has its centre of variation in the North Pacific
Ocean at around 30°N and 140°W-150°W. It is only evi-
dent during the summer months. The spatial focus of the
other two Pacific regimes is in the tropical Pacific Ocean,
one in the eastern Pacific Ocean, the other one in the
western Pacific Ocean, being only existent from January to
March. The fourth non-stationary regime has its centre of
variation in the North Atlantic Ocean around the British
Isles and occurs in the spring and autumn months. None
of the four regimes shows higher cross correlation coeffi-
cients to indices of atmospheric modes. To account for
the temporal non-stationarity of these four regimes, they
are excluded from further analysis. Therefore, only 17
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Fig. 2 Prototypical loading patterns of the SST-regimes, defined as the mean loading patterns averaged from the corresponding loading patterns
of s-mode PCAs of monthly mean, 2-monthly mean and 3-monthly mean SST data in the period 1950-2003

SST-regimes are included in Fig. 2 and characterized in ~ have different importance in these two intervals, indi-
detail in the following section. cated by differing amounts of explained variance of the

The analysis reveals that most of the SST-regimes are =~ PCs belonging to a certain regime. For the North Pacific
operating in both sub-periods. But some of the SST-regimes  Ocean for instance, the Pacific Ocean Regime II (see
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Fig. 2) which describes parts of the tropical and sub-
tropical SST-variability in the central North Pacific
Ocean (see Sect. 5), gains importance in winter
(December—February) during the later sub-period. This is
indicated by an increase of explained variance of the
corresponding PC from approximately 6% in 1950-1969
to 9.5% in 1980-1999 in relation to the total of explained
variance of approximately 87% for the whole SST-vari-
ability in the study area from 20°S to 60°N. For the
Atlantic Ocean, the corresponding Regime II gains
importance during winter in the period 1980-1999
compared to 1950-1969, indicated by an increase of
explained variance of the corresponding PCs of about 4%
(from approximately 7% in the earlier sub-period to 11%
in the later one). This may be explained by the
strengthening of the positive mode of the North Atlantic
Oscillation (NAO) in the later period, since the atmo-
spheric NAO pattern is regarded to be strongly connected
to the Atlantic Ocean Regime II.

Additionally, some regimes show varying PC-loadings
outside the main centres of variation. This can be found for
example for the Pacific Ocean Regime I which reflects the
ENSO-phenomenon. In the years 1950-1969 higher posi-
tive loadings (besides the maximum in the eastern tropical
Pacific Ocean) are present in the northern and central
Indian Ocean dropping to distinctly lower values in the
later sub-period from 1980 to 1999. In contrast to that, the
centre of variation with opposite sign in the western
tropical Pacific (centred around 10°N and 150°E-170°E) is
more pronounced in the later sub-period. Regarding the
loadings in extra-tropical latitudes, higher negative values
are present in the North Atlantic Ocean during the period
1950-1969, but in the North Pacific Ocean during the
period 1980-1999.

In conclusion, it should be pointed out that the variations
of SST-regimes in the two sub-periods do not systemati-
cally affect the skill of monthly forecasts in temperature
and precipitation of the Mediterranean area (being the
ultimate aim of this study). The four examples which will
be presented in detail in Sects. 5.1, 5.2, 6.1 and 6.2 of part
II of this paper, do not show any significant differences
regarding the mean skill of the forecasts in the two
sub-periods 1950-1960 and 1980-1999. In fact, forecast
performance does not indicate a major shift in the regime—
climate-relationships in the 1970s, but rather seems to vary
on intra- to inter-decadal timescales (see part II of this
paper). This can be related to the forecast procedure
selecting not only one SST-regime, but a combination of
several regimes as predictors, so that specific variations in
the SST-regime—climate-relationships can interfere with
each other.

5 Characterization of SST-regimes

After excluding four non-stationary regimes (see Sect. 4),
17 SST-regimes remain to describe the prevailing SST
variability. The centres of variation (areas of high absolute
loadings) of eight regimes are located in the Pacific Ocean.
These regimes can further be distinguished into one regime
essentially describing the El-Nifio-phenomenon, five
regimes for the SST variation in the Northern Pacific, and
two regimes with their centres of variation in the tropical
and subtropical Western Pacific. For the Atlantic Ocean the
SST variation is described by five regimes, one of them
depicting a tropical anomaly in the southern hemisphere
Atlantic Ocean, and four regimes characterizing the SST
variation in the North Atlantic Ocean. Furthermore, two
regimes are defined for the Indian Ocean, and two regimes
show a distinct simultaneous SST variation in different
ocean basins. Figure 2 shows the spatial patterns of these
17 SST-regimes, and Fig. 3 gives an overview of the
regime occurrences (including percentages of explained
variance) in all 1-, 2-, and 3-month periods of the year.

Some of the regimes exist, with varying strength and
spatial extent, throughout the whole year, whereas other
regimes are only characteristic for a particular season.
Furthermore, the seasonal progression of regimes often
shows distinct characteristics. For the example of the
Pacific Ocean Regime I which reflects the ENSO-phe-
nomenon, results of correlation analysis of consecutive
sub-periods are presented in Fig. 4a. Obviously the load-
ing patterns which belong to this SST regime, exhibit a
high temporal persistence from early northern summer
until the beginning of the next year, but from January to
April there is a low correlation level of the time series,
coinciding with the time of reorganisation of the tropical
Pacific Ocean state in spring. However, the loading pat-
terns of these months likewise display the ENSO-regime,
indicated by high correlation coefficients with well-
established Nifio-Indices (Nifio 1 + 2 Index, Extreme
Eastern Tropical Pacific SST, 0°S-10°S, 90°W-80°W, and
Nifo 3 Index, Eastern Tropical Pacific SST, 5°N-5°S,
150°W-90°W).

As a further example, the correlation coefficients refer-
ring to the loading patterns of the Atlantic Ocean Regime II
are displayed in Fig. 4b. The centres of SST variation of
this tripole regime are located in the North Atlantic Ocean
at approximately 10°N, 30°N, and 50°N (opposite sign of
the loadings in the central part). This regime exhibits a high
temporal persistence throughout most of the year with the
exception from September to November. This low intra-
annual persistence in the autumn months might be due to a
seasonal modification of the factors governing the SST
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Fig. 3 Occurrence of the SST-regimes (colour scale) and percentages of explained variance of the corresponding PCs (black numbers) during

1-, 2-, and 3-month periods of the year

regime, e.g. caused by the disintegration of the seasonal
thermocline (Cassou et al. 2004).

Further relevant characteristics of the SST-regimes will
be summarized according to the different ocean basins.

5.1 Pacific Ocean regimes

The Pacific Ocean Regime I can be tracked over the whole
year, i.e. its loading patterns are identified for all sub-
periods of the year. It represents the ENSO-phenomenon as
confirmed by correlation coefficients around 0.9 with the
Nifio 1 4 2 and Nifio 3 Indices. The Pacific Ocean Regime
I reproduces some of the well-known connections of ENSO
to the atmospheric circulation of the North Pacific sector
(e.g. Trenberth et al. 1998, Wang and Fu 2000, Liu and
Alexander 2007), indicated by stronger cross correlation
coefficients (>0.5/<—0.5) with various atmospheric indices
for this region like the Pacific/North American Pattern
(PNA), the East Pacific—North Pacific Pattern (EP-NP) and
the West Pacific Pattern (WP) according to definitions from
the NOAA Climate Prediction Center CPC (http://www.
cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml). Inter-
estingly, higher correlations can also be established with
the so-called Mediterranean Oscillation MO (Conte et al.
1989) during late summer and early autumn, in accordance
with relationships between ENSO and the MO reported by
Seubert and Jacobeit (2007). On the other hand, there is
only a low correlation (not greater than 0.35) of the Pacific
Ocean Regime I with the Tropical Northern Hemisphere
pattern (TNH) which can be seen as an atmospheric fin-
gerprint of ENSO in the northern extratropics. This might

be due to the nonlinear relationship between ENSO and
TNH, with a dominant connection of warm ENSO events
to negative phases of the TNH. This nonlinear link may
hamper a clear identification via linear correlation analysis
used in the present study.

The Pacific Ocean Regime II which exists over the whole
year is characterized by two centres of variation with
opposite sign in the North Pacific Ocean. The time coeffi-
cients of this regime do not show higher correlations to the
established SST-indices of this region like the Nifio-Indices
or the Pacific Decadal Oscillation (PDO, Mantua et al.
1997). The southern centre of variation which extends from
the eastern North Pacific to the equatorial West Pacific,
seems to trace the location of the North Equatorial Current
and its upstream extensions. From April to June, and from
November to December, its spatial location reveals some
longitudinal variability with highest PC-loadings varying
between 130°E and 160°E. This results in an elongated area
of high PC-loadings in the mean loading pattern of Fig. 2.
The northern centre of variation is located north of Hawaii
between 30°N—40°N and 170°E~150°E. This second Pacific
Ocean Regime might describe parts of the tropical and
subtropical SST-variability in the central North Pacific
Ocean which is not connected to the ENSO-variability
represented by the first regime.

The centre of variation of the Pacific Ocean Regime III
is located in the northern part at around 50°N and has a
representative loading pattern in every sub-period of the
year. Nakamura et al. (1997) point out that parts of
the North Pacific SST variability are concentrated at the
subarctic front. This region corresponds to the area with the
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Fig. 4 Correlation coefficients of the SST regime time coefficients
from consecutive 1-, 2-, and 3-month sub-periods. a Pacific Ocean
Regime I. b Atlantic Ocean Regime II

highest SST-gradients in the North Pacific Ocean and is
connected to the Subpolar Gyre. In the autumn months the
Pacific Ocean Regime III develops higher correlations
(>0.5) to atmospheric circulation patterns which are related
to the Pacific polar Jetstream. Thus, it is generally located
in an area of strong oceanic and atmospheric temperature
gradients.

The Pacific Ocean Regime IV is linked to the Pacific
Decadal Oscillation (PDO, Mantua et al. 1997) with cor-
relation coefficients of about 0.8. In late summer and early
autumn (July—September) the regime does not exist or
becomes inconsistent. This intra-annual behaviour is also
described by Alexander et al. (1999). The mean loading
pattern of the regime also corresponds to the second
Empirical Orthogonal Function from an EOF-analysis of
the Pacific SSTs by Deser and Blackmon (1995). Various
studies point to a correlation of the PDO with ENSO-var-
iability (Alexander et al. 2002, Trenberth and Hurrell 1994)
and with the (atmospheric) Pacific North American pattern
(PNA; Wallace et al. 1992). In the present study higher
cross correlation coefficients of about 0.6 become evident
in winter with a lead time of about 1-2 months of the PNA
pattern with regard to the Pacific Ocean Regime IV.
However, correlation coefficients with the Nifio-Indices are
rather low (not exceeding 0.35).

The Pacific Ocean Regime V is characterized by a
centre of variation aligned from southwest to northeast
over the Pacific Ocean with its maximum at approxi-
mately 20°N. It can be identified mainly in the spring and
summer months. The centre of variation is located
between the North Equatorial Current and the Kuroshio-
Current. Hence it can be seen to describe the temperature
variation in the area of the oceanic subtropical front in
these months. In summer the atmospheric patterns EP-NP
and WP cross-correlate (coefficients of 0.5-0.6) with the
time series of this SST-regime 1-2 months later, thus
indicating an atmospheric influence on the regime
development.

The centre of variation for the Pacific Ocean Regime VI
is located around 40°N and 160°W. This regime is only
present in the summer months. It appears to constitute the
summertime counterpart of the PDO (corresponding to the
Pacific Ocean Regime IV), when only the westerly centre
of variation is developed in the surface layer (Alexander
et al. 1999).

The Pacific Ocean Regime VII has an extended centre of
variation in the tropical West Pacific existing throughout
most of the year except of February and March when a
second centre arises in the eastern Indian Ocean. This
regime is somewhat related to the atmospheric circulation
of the North Pacific sector, indicated by correlation coef-
ficients of about 0.5 with the PNA and the East Pacific—
North Pacific patterns in some months.

The centre of variation of the Pacific Ocean Regime
VIII in the subtropical West Pacific with its focus in the
South China Sea is only existent in the winter months. The
time series of this ocean regime in March correlates with
the atmospheric WP (West Pacific) pattern in the preceding
months of January and February (correlation coefficient
about 0.6). A connection of the SST-variation in this region



to the WP pattern in winter is also reported by Wallace
et al. (1990).

5.2 Atlantic Ocean regimes

For the Atlantic Ocean, five SST regimes are included in
Figs. 2 and 3. A first one, persisting during the whole year,
has its centre of variation in the southern hemispheric
tropical Atlantic Ocean at approximately 10°S (Atlantic
Ocean Regime I). This centre of variation is also described
by Houghton and Tourre (1992) as the leading mode of
tropical Atlantic SST-variability. Several studies (Hirst and
Hastenrath 1983, Zebiak 1993, Ruiz-Barradas et al. 2000,
Keenlyside and Latif 2007) find that main characteristics in
this region (increasing SSTs accompanied by an eastward
shift of warm water, a relaxation of the equatorial trade
winds in the central basin, and a southward shift of con-
vection) resemble the EI-Niflo phenomenon of the Pacific
Ocean, though weaker and with some distinguishing fea-
tures. Therefore, this mode has been referred to as the
Atlantic Nifio. Its maximum SST anomalies occur in boreal
summer, instead of boreal winter as in ENSO. Zebiak
(1993) and others find no connection of the Atlantic Nifio
mode with ENSO. But Hékkinen and Mo (2002) suggest
that SST-variability in this region is influenced by tele-
connections with the Pacific area (mainly in spring and
summer), and also Keenlyside and Latif (2007) obtain a
significant correlation of Pacific and Atlantic SSTs in
boreal spring mainly since the 1970s. Regarding ocean—
atmosphere-couplings, Keenlyside and Latif (2007) point
out that the atmosphere is primarily sensitive to eastern
Atlantic SSTs only during spring and early summer. On the
contrary, Héikkinen and Mo (2002) suggest that SST-vari-
ability in this region is influenced by the NAO mainly in
winter. In the present study a correlation coefficient of
about 0.6 can be established between the Atlantic Ocean
Regime I in summer and the atmospheric East Atlantic
Pattern with its major centre of variation above northern
mid-latitudes in the preceding winter.

A second prominent pattern of Atlantic SST-variability
(Atlantic Ocean Regime II) depicts two centres of variation
in the North Atlantic Ocean between 10°N and 20°N and at
approximately 50°N. In between a third centre with oppo-
site sign is located in the western North Atlantic Ocean at
about 30°N. This regime can be traced (with changing
intensity) throughout the whole year, but with a low intra-
annual persistence in autumn (see second paragraph at the
beginning of Sect. 5). The two northern centres of variation
correspond to a dipole pattern described by Deser and
Blackmon (1993) based on an EOF-analysis of wintertime
SSTs of the North Atlantic Ocean. The southern centre
of variation can be seen in accordance with the second
principal component of tropical Atlantic SST-variability
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identified by Houghton and Tourre (1992). Comprehen-
sively, the Atlantic Ocean Regime II can be described as the
North Atlantic Tripole Pattern incorporating parts of the
tropical as well as of the northern hemispheric extratropical
variability. The regime correlates with the Atlantic Tripole-
Index of the Earth System Research Laboratory (Deser and
Timlin 1997) with a coefficient of about 0.7 (averaged over
all months). The Atlantic Tripole Pattern results as the first
EOF of the SSTs in the area 10°N-70°N, 0°W-80°W and is
seen in close relationship to the NAO (Peng et al. 2003).
Czaja and Frankignoul (2002) find that the North Atlantic
Tripole pattern in November—January is forced to a certain
extent by the NAO with maximum covariance when the
atmosphere leads the ocean by 1 month. This finding is also
confirmed by Garcia-Serrano et al. (2008). However, Peng
et al. (2003) depict that in GCM-simulations the North
Atlantic SST tripole can also induce a strong NAO-like
response in the late cold season (February—April).

The Atlantic Ocean Regime III has a centre of variation
in the eastern North Atlantic Ocean between 30°N and
50°N, next to the coast of North Africa and the Iberian
Peninsula. This regime occurs in all seasons except winter.
A similar pattern has been identified by Watanabe and
Kimoto (2000) as the leading EOF-pattern in the North
Atlantic Ocean during summer (June—August). Czaja and
Frankignoul (2002) also identify a similar SST-pattern and
describe it as the North Atlantic horseshoe (NAH) pattern.
In Fig. 2 the centres of variation of the Atlantic Ocean
Regime III are more centralized due to the calculation of an
average prototypical pattern, but when looking at the indi-
vidual loading patterns belonging to this regime,
the resemblance to the NAH pattern becomes obvious. The
NAH pattern in summer has an influence on the NAO in
winter with an optimum lead time of the SST-pattern of
4 months (Czaja and Frankignoul 2002). Cassou et al.
(2004) propose an intra-annual cycle with the NAH pattern
as a bridge over summer for the year-to-year persistence of
the NAO in winter. According to the present study the
Atlantic Ocean Regime III in spring seems to be forced to a
certain extent by the atmospheric circulation of the North
Atlantic sector, indicated by cross correlation coefficients of
about 0.7 with the NAO and the Mediterranean Oscillation
(time lags of 1 month). In summer, the SST-regime can be
related to the Scandinavian Pattern with negative geopo-
tential height anomalies over Scandinavia and positive ones
over Western Europe being linked with its positive mode.

The centre of variation for the Atlantic Ocean Regime
IV is located in the central northern part at approximately
40°N. This regime exists throughout the whole year, but it
reveals a low temporal persistence from April to June and
from September to October. Cassou et al. (2004) document,
that negative SST anomalies in this region in late summer
are associated with the negative phase of the NAO in the
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subsequent early winter. Garcia-Serrano et al. (2008)
derive a regression of the NAH pattern (corresponding to
the Atlantic Ocean Regime III) onto the Atlantic SSTs
from summer to winter. Thereby also cold SST anomalies
over the central North Atlantic emerge in the same region
where the centre of variation of the Atlantic Ocean Regime
IV is located. In the present study a correlation with the
Atlantic Multidecadal Oscillation (areal mean of 25°N-—
60°N and 7°W-75°W, Enfield et al. 2001) during winter
with coefficients of about 0.65 is found. In addition, the
SST regime shows cross correlations with time lags of
1 month in summer and about 5 months in winter with the
atmospheric circulation of the North Atlantic region,
mainly with respect to the East Atlantic Pattern.

The Atlantic Ocean Regime V includes various centres of
variation in the North Atlantic Ocean. Positive anomalies in
the positive mode are located in the Caribbean region as well
as in the region around the British Isles and Europe. A centre
of variation with opposite loadings is located offshore
Newfoundland. This regime appears to reflect the SST-
variations due to the existence of the Gulf Stream. The
Caribbean centre is located in the area of origin of the Gulf
Stream, the opposite anomaly at Newfoundland marks the
northern boundary where the Labrador Current is integrated,
and the centre in the eastern North Atlantic shows the
extensions of the Gulf Stream. This regime is only existent
in the late winter and spring months, during the time when
the ocean mixed layer has produced large thermal anomalies
in response to wintertime storms (Czaja and Marshall 2001);
at the same time Gulfstream and Labrador Current exhibit a
relatively low intensity and are shifted southwards in their
preferred location (Hogg and Johns 1995).

5.3 Indian Ocean regimes

For the Indian Ocean, two SST regimes are included in
Fig. 2. The Indian Ocean Regime I depicts its centre of
variation in the western and central parts of the ocean. This
regime has a very high spatial and temporal persistence
from July to October, for the other months variations in the
location of the centre are evident, representing a seasonal
shifting of the loading maximum from south of the equator
in winter to the northern Indian Ocean in summer. This
spatial shifting may be seen in the context of the seasonal
characteristics of the Indian monsoon system. In addition,
cross correlation coefficients absolutely >0.5 can be
observed with the Nifio 3 Index (Eastern Tropical Pacific
SST, 5°N-5°S, 150°W-90°W) and with the Nifio 4 Index
(Central Tropical Pacific SST, 5°N-5°S, 160°E-150°W).
This indicates a relationship with lag times from three up to
6 months of the Indian Ocean SSTs to the large-scale
dynamics of the tropical Pacific region which is also
reported, e.g. by Yu and Lau (2005) based on a study with

a coupled global circulation model. Correlations with other
atmospheric indices point to some further teleconnections
to the circulation over the North Pacific as well as the
North Atlantic area. A response of the extratropical cir-
culation in the North Atlantic sector to Indian Ocean SSTs
is supported by atmospheric general circulation model
experiments of Hoerling et al. (2004).

The Indian Ocean Regime II reveals a centre of varia-
tion in the western Indian Ocean which is only realised in
summer. The spatial location of the centre can be seen in
correspondence to the north-western pole of the Indian
Ocean Dipole whose south-eastern pole is weaker and of
opposite sign. The Indian Ocean Dipole represents the
second Empirical Orthogonal Function (EOF) in the scope
of an EOF-analysis of the Indian Ocean SSTs (Yamagata
et al. 2003).

5.4 Co-variability ocean regimes

The Atlantic/Mediterranean/Pacific Regime is a first one
with co-variations in different ocean basins. The centres of
variation are located in the central North Atlantic Ocean,
the eastern Mediterranean Sea and in the western North
Pacific Ocean. The SST regime can be traced throughout
the whole year with the exception of February and March.
In the months from April to June mainly the centres of
variation in the eastern Mediterranean and in the North
Atlantic Ocean are distinctive. In late summer and autumn
(from August to November) the regime is developed with
all three centres. A distinct correlation (coefficient of about
0.6) of this regime in August with the East Atlantic (EA)
pattern 1 month earlier indicates an atmospheric forcing of
the SST regime. A visual comparison with the EA-pattern
in July (http://www.cpc.noaa.gov/data/teledoc/ea_map.shtml)
confirms a great similarity regarding the location and the
sign of the centres of variation in the Atlantic and Pacific
regions. Only the atmospheric centre over western North
America and the adjacent Pacific Ocean is not reproduced
in the SST-pattern.

A further regime which contains co-variations in dif-
ferent oceans is the Atlantic/Pacific Regime. The centres
of variation are located in the subtropical western areas of
both ocean basins. Thus, they are located in the area of
origin of the Gulfstream and the Kuroshio Current,
respectively. This regime only exists during summer from
May to September. In these months the currents reach their
maximum intensity in the areas of origin (Fuglister 1951).

6 Conclusions

SST-regimes—defined as large-scale patterns with a regular
and at least seasonal occurrence—have been identified by


http://www.cpc.noaa.gov/data/teledoc/ea_map.shtml

the multiple application of s-mode PCA to monthly,
2-monthly and 3-monthly mean SST-fields in the area
20°S—-60°N. By this way not only the well-known dominant
patterns of SST-variation became apparent, but also little-
known regimes could be identified. The SST-regimes were
studied in particular with respect to their temporal evolu-
tion throughout the whole year. After testing the stationa-
rity of the SST-regimes by comparing two 20-year
sub-periods, 17 regimes were maintained for the charac-
terization of the SST-variations in the period 1950-2003.
These regimes reflect stationary SST-variations, inter-
annual modes modulated on decadal timescales or factors
related to global warming are not considered.

For the Pacific Ocean eight SST-regimes have been
identified. The first one strongly resembles the El Nifio-
phenomenon thus being the most prominent one. Five SST-
regimes are related to the North Pacific Ocean. Some of
them can be traced throughout the whole year (like the
Pacific Ocean Regimes II and III), whereas the Regime IV
(which is similar to the PDO) shows a break in the intra-
annual progression. The Regimes V and VI even are
characteristic only for specific seasons. Finally, two Pacific
Ocean Regimes have been identified having their centres of
variation in the tropical and subtropical western Pacific.

For the Atlantic Ocean five SST-regimes have been
confirmed by the statistical analyses. One regime has its
centre of variation in the tropical Atlantic Ocean, the other
four regimes focus on the SST-variations in the North
Atlantic. They include patterns which can be seen in con-
nection to well-known modes of variation like the North
Atlantic Tripole (reflected by Regime II) and the North
Atlantic Horseshoe (corresponding to Regime III). The
Atlantic Ocean Regime IV with its centre of variation in
the central northern Atlantic at approximately 40°N can
also be set in context to the intra-annual evolution of
extratropical Atlantic SSTs. In contrast to that, Regime V
describes a less-known pattern of variation, appearing in
specific seasons of the year.

The SST-variations of the Indian Ocean are described by
two regimes. The first one can be associated with the
Indian monsoon system as well as with ENSO. The second
regime includes some features of the Indian Ocean Dipole.

Finally, two SST-regimes have been identified which
show co-variations in different ocean basins. One regime
has its centre of variation in the Atlantic Ocean, the
Mediterranean Sea, and the Pacific Ocean. It appears to
depend on the atmospheric circulation of the North
Atlantic/North Pacific sector. The other regime exhibiting
co-variations in the North Atlantic and the North Pacific
Oceans might be related to the western boundary currents,
the Gulf Stream and the Kuroshio, respectively.

Despite the fact that the detection of specific modes of
SST-variation has experienced considerable progress, there
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is still a major lack of knowledge how these patterns are
forced in detail. Many results point to an atmospheric
forcing of the SST-patterns (e.g. for the Pacific Ocean by
Trenberth and Hurrell 1994, Wallace et al. 1992, Emery
and Hamilton 1985, for the Atlantic Ocean by Czaja and
Marshall 2001, Palmer and Zhaobo 1985, for the Indian
Ocean by Luis and Kawamura 2001). This is also indicated
in the present study by cross-correlations of SST-regimes
to specific atmospheric circulation patterns with the
atmosphere mostly leading the ocean. Nevertheless, par-
ticular SST-patterns can also be identified influencing the
atmosphere, see for example Yulaeva et al. (2001) for the
Pacific Ocean, Czaja and Frankignoul (2002) and Peng
et al. (2003) for the Atlantic Ocean, Yuan et al. (2008) and
Hoerling et al. (2004) for the Indian Ocean. The latter
relationships are of special interest regarding seasonal
predictions of regional climate. Therefore, the time coef-
ficients of the SST-regimes have also been analysed with
respect to their suitability as predictors for monthly pre-
cipitation and temperature in the Mediterranean area. This
is described in part II of this paper.
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