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Abstract

A ‘regime shift’ is characterized by an abrupt transition from one quasi-steady climatic state to an-
other, and its transition period is much shorter than the lengths of the individual epochs of each climatic
state. In the present study, we investigate when regime shifts occurred and what was the difference in

-climatic states before and after the shifts, using the wintertime sea surface temperature (SST) field in
the Northern Hemisphere. The relationship between changes in the SST field, and those in the atmo-
spheric circulation, is also investigated.

In order to detect organized patterns of the SST variations, we apply an empirical orthogonal func-
tion (EOF') analysis. As the results, the first mode is identical to El Nifio/Southern Oscillation (ENSO)
and so-called Pacific Decadal Oscillation (PDO), and corresponds to the Pacifi/North American (PNA)
pattern. The second mode, which relates to the Arctic Oscillation (AO), has a zonally elongated signal in
both the North Atlantic, and North Pacific. EOF analyses to each oceanic basin are made separately, and
the robustness of these modes is confirmed.

In the present study, we define the regime shifts as the ‘significant’ and ‘systematic’ changes between
the two quasi-steady states, continuing more than 5 years. Then, in order to identify the years when re-
gime shifts occurred in the SST field, we-carefully inspect the time series of original gridded SST data
and those of the EOF modes. As a result, six regime shifts are detected in the study period from the
1910s to the 1990s: 1925/26, 1945/46, 1957/58, 1970/71, 1976/77 and 1988/89. It is ascertained that the
shifts at almost all grids are completed within one year. All regime shifts having similar SST and atmo-
spheric circulation pattern, including the changes in an intensity of the Aleutian Low (AL), and the cor-
responding SST changes in the central North Pacific. All regime shifts can be well described by the
combination of the first and the second EOF modes. The duration between each regime shift is about 10
years, which are identical to the PDO. The simultaneous shifts in the first, and the second EOF modes,
imply that the change in the AL activity associated with the PNA pattern, might have some connection
with that of the AO.

1. Introduction reversals of such long-term variations appear

The climate system in the North Pacific, and like a step function rather than a sir:ugoidal
North Atlantic, represented by sea level pres- 9:5{ ?h::::‘ f::glzzl:h?g? ?I‘f;zr: fsal;egea'r;l;?}?itfi
sure (SLP), and sea surface temperature (SST) jump, &l ) ’ &1

fields, exhibits long-term variations with deca- st;z:(rils c?ﬁn:zzu;tatzrigsafg&ef:o; dortllsjsq;a;\s;:
dal or interdecadal time scales. Since the phase Y ’

sition period is much shorter than the length of
the individual epochs of each climatic state.
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Low (AL) was strengthened (e.g., Nitta and
Yamada 1989; Trenberth 1990; Tanimoto et al.
1993). These conditions lasted to the late 1980s
(Trenberth and Hurrell 1994). It is known that
this regime shift occurred not only in the SST
and atmospheric circulation fields, but also in
the ecosystem in the North Pacific (e.g., Man-
tua et al. 1997). It is also pointed out that the
similar regime shifts occurred in the 1920s, and
the 1940s (Minobe 1997, 1999; Zhang et al.
1997).

Several studies argued that the regime shifts
can be regarded as several periodic variations
inherently existing in the climate system.
Minobe (1999) insisted that the regime shifts
observed in the North Pacific index (NPI;
mean SLP anomaly in the central North Pacific
in cooling season), resulted from simultaneous
phase reversals between the pentadecadal (a
period of about 50 years), and the bidecadal
(about 20 years) oscillations. However, as
pointed out by Zhang et al. (1997), each shift is
not perfectly analogous to the others.

The abrupt transition of climate states has -

also been found in the North Atlantic. Actually,
the North Atlantic Oscillation (NAO) index
which is defined by the SLP difference between
the Icelandic Low (IL) and the Azores High
(AH), had a sharp reversal in the 1980s (Hur-
rell 1995).

In most of the previous studies, analyses of
long-term SST variations have focused on each
basin separately, and any attention has not
been paid on the relationship between climate
changes in the North Pacific and those in the
North Atlantic. However, as pointed out by
Yasunaka and Hanawa (2001), there exist the
SST variations having signals both in the
North Pacific and the North Atlantic, which
is closely related to the activity of the Arctic.
Oscillation (AO). They also argued that this
SST mode showed an abrupt change in the late
1980s.

In the previous studies, the regime shifts
have also been detected by using several indi-
ces, such as the NPI, spatially averaged SST
or records of fish stocks (e.g., Mantua et al.
1997; Minobe 1999; Hare and Mantua 2000).
Although the usage of indices means that the
spatial pattern associated with the regime shift
is a-priori prescribed, there was no enough dis-
cussion whether these indices are suitable as
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the representation of the regime shifts or not.
In the present study, in order to examine when
regime shifts occurred, and what was the dif-
ference in climatic states before and after the
regime shift without any assumption, we focus
on the SST field instead of some indices.

In order to detect the ‘significant’ and ‘sys-
tematic’ regime shifts in the SST field, two dif-
ferent methods are applied. The first method
is devoted to detect the year when significant
shifts occurred in the large area of the SST
field, without any prescribed spatial patterns
due to the regime shift. The second method is to
detect the year when large shifts occurred with
the inherent spatial pattern of the SST vari-
ability using the empirical orthogonal function
(EOF) modes. If the years of the regime shifts
detected by both of the two methods are the
same, we can say that the significant and sys-
tematic regime shifts occurred in those years.
Then we describe characteristic patterns in
these regime shifts.

Our investigation is made to the Northern
Hemisphere SST field in winter, when an air-
sea interaction is most vigorous through the
year. The relationship between changes in the
SST field, and those in the atmospheric circu-
lation, is also investigated. ,

The remainder of this paper is organized as
follows. The data used are outlined in section 2.
In section 3, the results of an EOF analysis to
the SST field, and regression analyses to the
SST and the other atmospheric variables are
described, preparatory to the detection of
regime shifts. In section 4, regime shifts are
detected, and descriptions and trials of recon-
struction of regime shifts are made. Section 5
gives our conclusions and discussions.

2. The data used

Various kinds of data are used in the present
study: SST, SLP, 500 hPa geopotential height,
sea surface wind (SSW) and several indices
representing atmospheric, or SST anomaly pat-
terns.

The monthly mean 5° x 5° (lat. x lon.) SST
data are prepared by the authors. The data
span the period from 1854 to 1997, but in the
present study we use only the data after the
1910s, when the data coverage spreads over
basins along the main ship routes. The in-
dividual ship-reported SST data archived in
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the Comprehensive Ocean-Atmosphere Data Set
(COADS; Woodruff et al. 1987), and in the re-
cently released Kobe Collection (Manabe 1999),
are used in computation. Although this SST
dataset is covered in the world oceans, there
are many blank grids, especially in the equato-
rial area and the oceans in the Southern Hemi-
sphere in space and during the two World Wars
in time. The details of data processing proce-
dures of this new SST dataset are described in
the appendix. : '

The monthly mean 5° x 5° SLP data from
1899 to 1998 are those prepared by Miyamoto
(2000). These SLP data are based on those
originally complied by Trenberth and Paolino
(1980). Although this original data have many
blank grids, Miyamoto (2000) filled those blank
grids using the technique developed by Ward
(1989) for preparation of the Global Ice and Sea
Surface Temperature (GISST) dataset.

The monthly mean 2.5° x 2.5° 500 hPa geo-
potential height data, are those of the National
Center for Environmental Prediction (NCEP)-
National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al. 1996). The
data cover the period from 1948 to 1998.

The monthly mean 5° x 5° SSW data used
are those of the NCEP-NCAR reanalysis, and
those produced by Hanawa and Yasuda (2000).
The NCEP-NCAR reanalysis data (T62 Gaus-
.sian grid) cover globally, and the period from
1948 to 1998. This reanalysis data are re-
sampled to a 5° x 5° grid by using a Gaussian
filter (e-folding scale of 2.1°). When an analysis

period expands prior to 1948, we use Hanawa"

and Yasuda (2000)s SSW data, which are
reconstructed using the SLP field. These data
cover the North Pacific north of 20°N for the
period from 1899 to 1995. The details of this
data can be referred to Hanawa and Yasuda
(2000). v

The monthly teleconnection pattern in-
dices, such as the Pacific/North American
(PNA) pattern index and. the NAO pattern
index from 1951 to the present, are cited
from the web site of Climate Prediction Center
(CPC) at NCEP (http:/www.cpc.ncep.noaa.
gov/data/teledoc/telecontents.html). These in-
dices are the standardized amplitudes con-
structed from the leading modes of rotated
EOF analyses for the 700 hPa geopotential
height fields for each month (Barnston and
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Livezey 1987; Bell and Halpert 1995). We also
use the AO index by Thompson and Wallace
(2000) (http://www.atmos.colostate.eduw/ao/Data/
ao_index.html), and the PDO index by Mantua
et al. (1997) (http:/tac.atmos.washington.edu/
data_set/pdo/). The AO index is the stan-
dardized time series of the leading EOF mode
of monthly mean Northern Hemisphere SLP in
the region north of 20°N, using all months of
the year. The PDO index is defined as the time
coefficient of the leading EOF created from
monthly SST anomalies poleward of 20°N in the
Pacific basin.

In the present study, seasonal means are
calculated from the monthly data. The winter is
defined as the three months from January
through March for the SST data. For the other
atmospheric variables, on the other hand, the
winter is defined as the three months from De-
cember through February, since these months
correspond to the period having peak of winter
conditions in respective fields.

3. Dominant variations in the SST field
and their relationships with the
atmospheric circulation

3.1 EOF analysis to the SST field

In order to detect organized patterns in the
SST field and its relationship with the atmo-
spheric circulation, an EOF analysis is applied
by a covariance matrix method to the Northern
Hemisphere SST field from the equator to 60°N
in the North Pacific, and to 75°N in the North
Atlantic (except for several grids in the higher
latitudes and the central equatorial North
Pacific having missing periods). The analysis
period is 47 years from 1951 to 1997 when the
data are filled at almost all grids over the study
area.

Figures 1 and 2 show the standardized time
coefficients of the first two EOF modes, and the
distributions of regression and correlation co-
efficients of SST, SSW, 500 hPa geopotential
height and SLP with the standardized time co-
efficients of EOF modes.

The first EOF mode has a strong signal in
the central North Pacific, and a signal with the
sign reversed along the west coast of the North
and South Americas extending over the equa-
torial Pacific in the SST field (Fig. 1(b)). The
regression maps of 500 hPa height and SLP
show a series of positive and negative signals in
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turn from the subtropical North Pacific to the

east coast of the United States (US), which is
known as the reversed (anti-) PNA pattern
(Figs. 1(d) and (e)). The time coefficient of the
first mode (Fig. 1(a)) correlates well with the
PNA index (correlation coefficient, R = —0.55).
The regressed SSW field in the North Pacific
shows anticyclonic feature corresponding to the
weaker AL (Fig. 1(c)). This mode represents the
so-called La Nifia condition. Actually, the time
coefficient correlates well with the Southern
Oscillation index (SOI: difference of SLP be-
tween Darwin and Tahiti; R = 0.69). The vari-
ation related to El Nifio/Southern Oscillation
(ENSO) phenomena in the tropical Pacific may
have influenced on SST in the Indian Ocean,
and the tropical Atlantic, through the ‘atmo-
spheric bridge’ (Lau and Nath 1994).

The time coefficient of the first mode (Fig.
1(a)) has a longer time scale than ENSO time
scale, since the abrupt changes are seen in the
late 1950s, and the early and mid 1970s. It is
consistent with the decadal variation found in
the North Pacific referred as the Pacific Deca-
dal Oscillation (PDO) at present (Tanimoto et
al. 1993; 1997; Kachi and Nitta 1997; Mantua
et al. 1997). Actually, correlation coefficient be-
tween the PDO index, and the time coefficient
of this mode is 0.62.

It is found that the first mode is also domi-
nant even when an EOF analysis is applied to
all months through the year (not shown; Nitta
and Yamada 1989; Kawamura 1994).

The second EOF mode has a zonally elon-
gated signal in the North Atlantic and the

North Pacific; a negative signal in the higher

latitudes, a positive in the mid latitudes, and a
negative in the lower latitudes (Fig. 2(b)). The
regression map of SLP shows the minimum in
the polar region and the maximum in a zonal
band with the sign reversed, which represents
the stronger IL and AH, and the weaker AL
(Fig. 2(e)). This feature is very similar to that of
the AO. Actually, correlation coefficient be-
tween the AO index and the time coefficient of
this mode (Fig. 2 (a)) is 0.70. The less zonally
symmetric feature in the 500 hPa geopotential
height than that in the SLP field might be
caused by the contamination of a baroclinic
signature (Thompson and Wallace 1998). This
mode is known to be the leading mode in the
North Atlantic (e.g., Wallace et al. 1990; Deser

S. YASUNAKA and K. HANAWA 123

and Blackmon 1993). On the other hand, the
relationship between the NAO and the AO has
been vigorously discussed as described in Ya-
sunaka and Hanawa (2001). Although this sub-
ject is beyond our scope, it is worthy to note
that correlation coefficient between the NAO
index and the time coefficient of this mode is
only 0.41. That is, the AO as a hemispheric
mode is more appropriate in interpretation of
this mode.

The third mode is related to the north-south
shift of the mid-latitude westerlies, and the
fourth mode is related to an intensity of the
mid-latitude westerlies (not shown here).

Eventually, we can say that the dominant
EOF modes in the SST field correspond well to
the specific atmospheric circulation patterns. In
the next section, the EOF modes obtained here
are used as the inherent organized variabilities
in the SST fields.

3.2 Confirmation of robustness of the EOF
modes .

Since an EOF analysis is the method which
detects dominant variations in the predeter-
mined analysis domain, the results often de-
pend on the selection of the analysis domain. If
the analysis domain could be set just as the re-
gion where our target variation is embedded,
then we might be able to detect the meaningful
pattern—or it could happen. Other variations
would contaminate, and the detected pattern
would be skewed and meaningless. Therefore,
the results described in the previous subsection
should be checked by comparing them with
those using different analysis domains.

In order to confirm robustness of the leading
EOF modes in the previous subsection, EOF
analyses are performed on the SST field in the
North Pacific or the North Atlantic separately.
Correlation coefficients of the time coefficients
between the detected modes in the Northern
Hemisphere and the North Pacific or the North
Atlantic are listed in Table 1. The dominant
modes in the Northern Hemisphere can be ex-
pected to obtain as the ones in the basin where
the active (greater amplitude) areas of the
modes exist. That is, the first and second modes
of the Northern Hemisphere appear as the first
mode of the North Pacific and the first mode
of the North Atlantic, respectively. Further,
the third (fourth) mode of the Northern Hemi-
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Table 1. Correlation coefficients between
the time coefficients of leading EOF
modes in the Northern Hemisphere
(NH), and those in the North Pacific
(NP) and the North Atlantic (NA).
Analysis period is 47 years from 1951
to 1997. Bold numerals with underline
show correlation coefficients exceeding
the 99% significant level by the Student

t-test.
NP1 NP2 NP3 NA1
NH1 -0.97 0.05 0.02 0.31
NH2 0.05 -0.43 -0.43 0.83
NH3 -0.13 -0,83 0.08 -0.33
NH4 0.03 -0.15 0.83 0.22

sphere is identical to the second (third) mode
of the North Pacific. Note that the dominant
modes of the North Pacific also have some sig-
nals in the North Atlantic, and vice versa.
Therefore it can be said that the leading EOF
modes in the Northern Hemisphere are robust
independent of the analysis domains.

4. Detection of regime shifts and
their description ‘

4.1 Detection of regime shifts '

In the present study, ‘we define the re-
gime shifts as the ‘significant’ and ‘systematic’
changes between the two quasi-steady states in
the SST field. The state continuing more than
5 years are regarded as the quasi-steady state.
In order to detect the years when regime shifts
occurred, we apply the following two methods.

. In the first detection method, the years of
the regime shifts are defined as the years when
many grids showing significant jumps are
found in the original gridded SST field. Using
this method, we can detect the regime shifts
without any prescribed spatial patterns due to
the regime shift. On the other hand, in the sec-
ond detection method, the years of the regime
shifts are defined as the years when the time
coefficients of the EOF modes obtained in the
previous section change with significant jumps.
Since the leading EOF modes have well or-
ganized patterns in the SST field, as described
in the previous section, the significant jumps of
the EOF modes can be considered to be sys-
tematic shifts in the SST field. If the years of
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the regime shifts detected by both of the two
methods are same, then we can say that the
‘significant’ and ‘systematic’ regime shifts oc-
curred in these years.

The difference between 5-year means before
and after a given year is used as a measure of
jump. This averaging time of 5 years is chosen
in order to reduce influences due to relatively
higher frequency variations such as ENSO,
which has a typical time scale of 3—4 years. On
the other hand, if the averaging time is too

- long, there might be a possibility that two re-

gime shifts are included in a given averaging
time. Therefore, considering the relationship
between decadal scale variation, and the re-
gime shifts pointed out by several studies (e.g.,
Minobe 1999), a 5-year mean is valid. Filters in
temporal domain are not used in these analy-
ses, in order to take into account for some pos-

- sibility that the regime shift appears like a step

function, rather than a part of sinusoidal var-
iations. Although we made the same analyses
using 4-year and 6-year means, the results
were not different.

a. Detection using gridded SST time series

First, we calculate the number of grids.at
which the difference between 5-year means
before and after a given year changes at 90%
significance - level by the Student ¢-test. Since
the number of data-filled grids shows a year-
to-year variation, especially relatively small in
number before the 1950s, we calculate the per-
centage of the grids having significant differ-
ence to the data-filled grids instead of the
number of grids itself. Figure 3 shows the. 5-
year difference between the two 5-year means
of 1972-76 and 1977-81 as an example. The
number of data-filled grids is 712, and that of
grids showing significant difference .is 324, i.e.
the percentage of grids showing the significance
difference to the data-filled grids in 1976/77 is
45.5%. Figure 4 shows time series of its per-
centage, and the mean percentage from 1954/55
to 1992/93 (19.6%) when the data coverage is
relatively better.

The years when percentage exceeds the mean
value of 19.6% are selected as the years when
significant differences occur in an extensive
area, as shown by circles of the top row in Fig.
5. Closed circles in Fig. 5 denote the years hav-
ing the maximum percentage in each cluster.
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Fig. 3. Difference map of SST between the two 5-year periods of 1972-76 and 1977-81. Contour
interval is 0.2°C. Negative contours are dashed. Dots denote the grids which show the significant
differences at the 90% significant level by the Student ¢-test.
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Fig. 4. Time series of ratio of the grids
having significant differences of 5-year
means to the data-filled grids in the
Northern Hemisphere SST field (thick
line; left vertical axis). The number of
the data-filled grids is shown by dashed
line (right vertical axis; 823 grids exist
in the calculation area). Horizontal line
is the mean ratio of grids having signif-
icant difference from 1954/55 to 1992/
93.

b. Detection using SST-EOF time series

In this method, first the time coefficients of
the first four EOF modes obtained in the previ-
ous section are extended until 1910 by a pro-
jection of SST onto the corresponding EOF
spatial patterns, and then we calculate the dif-
ference between the 5-year means in the EOF

S

time coefficients before and after a given year
as the same way as in the first method. The re-
sult is shown in Fig. 6. Note that the time co-
efficients before 1950 are estimated assuming
the spatial patterns of the dominant variations
before 1950 are the same as those after 1951.

The years when the differences of 5-year
means exceed the mean magnitude of difference
of the first EOF mode from 1954/55 to 1992/93
(+/—-2.4) (shown by thin horizontal lines in Fig.
6), are regarded as the years when the regime
shifts might occur in the EOF modes, as shown
by circles in Fig. 5. Closed circles in Fig. 5 are
also the years having the maximum and signifi-
cant differences in each cluster.

c. Years of the regime shifts

Based on the analyses mentioned above, the
years when the regime shifts occurred are des-
ignated as those concurrence of the largest dif-
ferences (closed circles) observed in the gridded
SST field and in the SST-EOF modes, that is,
1914/15, 1925/26, 1957/58, 1970/71 and 1976/77
as shown by the arrows in Fig. 5. In addition,
1945/46 is included, since both the gridded SST
field, and the first and second EOF modes, have

SSTH ® ° C» GNED _CQOED QN0 GED O CND -

EOF1 - N0 GO CD GiOD OO0 O @ OWd o -

EOF2 [ €D a® Qe © a0 G0  CXD O-

EOF3| @ a» » © ° ®_ A

EOF 4 , . o G @ QG -
1920 1940 1960 1980

Fig. 5. Years when significant difference occurred in the SST field and the first four EOF modes.
Closed circles denote the year showing the maximum difference in a cluster of significant difference
years (open circles). The years shown by arrows are those designated as regime shifts at the pres-
ent study, but in the later section the 1914/15 regime shift is discarded.
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Fig. 6. Time coefficients of the first four SST-EOF modes (dashed lines) and time series of difference
of 5-year means before and after each given year (solid lines). Time coefficients before 1950 are
obtained by a regression analysis. Asterisks attached to solid lines show the years with differences
exceeding the 90% significant level. Thin horizontal lines (+/—2.4) denote mean value of difference
time series in the first mode from 1954/55 to 1992/93.

differences as large as those in the maximum
and significant years one year after or before.

In the late 1980s, although the SST field and

the fourth EOF mode have a maximum differ-
ence in 1989/90, we regard 1988/89 as a regime

shift since the first and second EOF modes also
have a maximum difference at this year.

~ All of these shifts are found in both the first
and second EOF modes, except for 1914/15
(only in the second mode), 1925/26 and 1957/58
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(only in the first mode) shifts. It means that
differences in these regime shifts can be de-
scribed by using the first and second EOF
modes.

In order to examine whether these regime
shifts occurred in the hemispheric scale or in
each of the basin scales, the same analyses are
performed both to the North Pacific and North
Atlantic separately. In both of the basins, SST
fields have large differences at the almost same
years as those in the Northern Hemisphere,
except for the 1914/15 shift which was not seen
in the North Pacific, and the 1925/26 shift
which was not seen in the North Atlantic.

As mentioned in section 3, the leading EOF
mode associated with the regime shifts in each
basin is only the PNA mode in the North Pacific
and the AO mode in the North Atlantic. There-
fore we can say that the regime shifts in the
North Pacific are mainly associated with the

PNA mode, and ones in the North Atlantic are -

mainly associated with the AO mode. However,
since the regime shifts occurred in the North
Pacific and North Atlantic at the same years,
we should regard the regime shifts as the
events of the whole hemispheric scale.

4.2 Transient time of regime shift and
reexamination of the regime shifts

Prior to the discussion on the differences of
SST and atmospheric conditions dividing by
the specific regime shift, we further examine
the transient time of regime shift. In addition,
since the regime shifts were detected using
5-year means in the previous subsection, we
check again these regime shifts using means
during the regimes from one regime shift to the
next one, i.e., regime mean.

In order to examine the transient time,
l-year differences of SSTs, that is, SST dif-
ferences between two successive years are
calculated at the regime shifts detected in the
previous subsection. As a result, it is found that
percentages of the grids not having significant
differences between 5-year differences and 1-
year differences are about 70% of the grids
which showed the significant difference de-
tected using 5-year means. That is, it can be
said that each regime shifts are completed
within one year.

Next, we reexamine the regime shifts using
regime means instead of 5-year means. In the
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SST field, percentages of the grids having sig-
nificant differences of regime means to the data-
filled grids far exceed a measure of 19.6% used
to detect the regime shifts (see Section 4.1), ex-
cept for the 1914/15 shift (see the fifth column
of Table 2). In addition, in time coefficients of
the first and/or second EOF modes, six regime
shifts—except for the 1914/15 shift—also show
significant differences in regime means at 90%
level (see the sixth and seventh columns of
Table 2). Therefore it can be said that the con-
ditions between the two regime shifts except
for the 1914/15 shift, are in a quasi-steady
state. Although the 1914/15 abrupt transition
was detected using 5-year means, the difference
from the 1910-14 regime to the 1915-25 one is
not statistically significant. Therefore, in the
present study, we do not regard the 1914/15
abrupt transition as a regime shift.

4.3 Characteristic SST and atmospheric
circulation pattern in the regime shifts
and their reconstruction

As described " in the previous subsection,

six regime shifts were detected during the pe-
riod from the 1910s to the 1990s: 1925/26, 1945/
46, 1957/58, 1970/71, 1976/77 and 1988/89. In
this subsection, we describe the characteristic
pattern of SST anomalies and atmospheric con-
ditions in each regime shift, and try to recon-
struct them using SST-EOF modes and atmo-
spheric circulation indices.

a. Characteristic SST and atmospheric
circulation pattern in the regime shifts

Figures 7 and 8 show anomaly fields aver-
aged during two regimes, i.e., 1971-76 and
1977-88 regimes. The 1971-76 regime (Fig. 7)
shows negative SST anomalies in the central
North Pacific, and positive anomalies along the
west coast of the US and in the tropical Pacific,
with the weaker AL. In the Atlantic, SST
anomalies are negative in the Northern Atlan-
tic except for the east coast of the US, and pos-
itive in the Southern Atlantic, with the north-
south seesaw pattern in the pressure field with
the stronger IL. On the other hand, since the
magnitudes of anomaly fields are weaker, the
1977-88 regime (Fig. 8) is closer to the clima-
tology than the 1971-76 one. In the North Pa-
cific, SST anomalies are negative in the central
and positive along the west coast of the US,
with the stronger AL.
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Table 2. Summary of regime shifts detected and the results of reconstruction of regime shifts using
the two leading EOF modes, and the PNA and the AO indices. Bold numerals with underline show
those having difference magnitude exceeding the 90% significant level by the Student ¢-test. Per-
centage of variance (fourth column) is the ratio of variance accounted for by a step function for the
two regimes to the total variance for the period of two regimes. Percentage of significant grids (fifth
column) is the ratio of the grids having significant difference of means in regimes (regime mean)
before and after the regime shift to the data-filled grids. Coefficients of two EOF modes (sixth and
seventh columns) and two activity indices (ninth and tenth columns) denote the difference mag-
nitude of means in regimes (regime means). Pattern correlation (eighth and eleventh columns) is
the correlation coefficient between the SST difference map as shown in Fig. 9(a), and the SST

reconstructed map as shown in Fig. 10(a).

Regime  Regime Regime Percentage  Percentage of Coefficients Pattern Coefficients Pattern

- shift (before) (after)  of variance significant gridls EOF1 EOF2 correlation PNA  AQ correlation
1914/15 1910-14  1915-25 13.9 13.6 0.5 2.7 0.29

1925/26  1915-25  1926-45 13.8 45.0 4.7 0.8 0.40

1945/46  1926-45  1946-57 14.6 33.1 55 30 0.74

1957/58  1946-57 1958-70 15.2 38.3 58 1.5 0.77

1970/71 1958-70  1971-76  21.6 43.1 6.2 4.6 0.86 12 0.75
1976/77 1971-76  1977-88 26.8 48.3 9.2 3.2 0.93 13 1.0 0.82
1988/89  1977-88  1989-93 19.2 298 3.5 5.7 0.80 -0.7 2.2 0.86

Figure 9 shows the difference between the
1971-76 regime and the 1977-88 one (the lat-
ter minus the former), that is, changes occurred
in the 1976/77 regime shift. In the SST field,
negative changes are found in the central
North Pacific and positive changes surround
them. In the North Atlantic, negative changes
are found along the east coast of the US, and
there are positive changes in the rest of sub-
tropics. The changes in the atmospheric field
are characterized by the PNA pattern, with the
intensifying AL. These features are consistent
with those shown by such as Nitta and Yamada
(1989) and Trenberth (1990). This regime shift
represented as a step function can account for
26.8% (see the fourth column of Table 2) of total
variance in the SST field for 18 years from 1971
to 1988.

. The other five regime shifts also have the
change of the AL, and the central North Pacific
SST (not shown here). The polarities (sign of
anomalies) of pressure fields in the AL region
are the same as those of the polar region in the
1925/26, and 1945/46 regime shifts, while those
in the other regime shifts are different. How-
ever, the results in the 1925/26 and 1945/46
shifts might not be confident enough because of
a lack of the observational data in these period
and region. In the North Atlantic, SST anoma-

lies in the mid latitude zonally elongated, and
reached the east coast of Europe in the 1957/58

-and 1988/89 regime shifts, while SST anoma-

lies with. the same polarity spread out over
the whole basin in the other regime shifts. The
change in the tropical Pacific did not occur in
the 1988/89 regime shift. According to spatial
pattern correlation between SST difference
maps of the regimes shifts (Table 3), it is found
that the 1945/46, 1957/58, 1970/71 and 1976/77
regime shifts are similar pattern, while the
1925/26 and 1988/89 regime shifts are somewhat
different.

The regime shifts detected in the present
study correspond well to those in the previous
studies. Mantua et al. (1997), and Minobe
(1999) have pointed out that the regime shifts
in the 1920s and 1940s included the change of
an intensity of the AL. Although they argued
that the change of the AL occurred three times
in the 20th century (i.e., 1920s, 1940s and
1970s), however, the AL changes associated
with the other regime shifts are not smaller in
the present analysis. Different researchers have
identified different years in middle of the 1940s
as the year of the regime shift, e.g., 1942/43 in
Zhang et al. (1997), and 1946/47 in Mantua et
al. (1997). This can be considered due to the
small number of data during the World War II.
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Table 3. Pattern correlation coefficients
between the SST difference maps of the

regime shifts.
194546  1957/58  1970/71 1976/77  1988/89
1925126 | -0.38 0.36 0.45 0.52 0.39
1945/46 0.66 0.53 0.66 0.53
1957/58 0.68 0.62 0.42
1970171 081 0.57
1976/77 -0.57

Overland et al. (1999) investigated SLP varia-
tion at the central part of the AL, and detected
several sign reversals during the 20th Century,
most of which are consistent with the present
study. The 1988/89 regime shift has a large
change in pressure field in the polar region,
which is accompanied by the abrupt decreasing
of the sea-ice over the Sea of Okhotsk (Tachi-
“bana et al. 1996).

b. Reconstruction of the regime shifts

We try to reconstruct the regime shifts, using
the regression maps of the first and the second
SST-EOF modes (Figs. 1 and 2). Reconstructed
maps are made by the superposition of the
regression maps with weights according to the
difference magnitudes in their EOF time co-
efficients. Figure 10 is an example of recon-
struction of the 1976/77 regime shift (-0.92 x
EOF1 +[-3.2] x EOF2; see Table 2). The fea-
tures of these maps are quite similar to those of
the difference maps shown in Fig. 9. Actually,
spatial correlation coefficient between the SST
difference map (Fig. 9(a)) and the reconstructed
SST map (Fig. 10(a)) is 0.93 (see eighth column
of Table 2). It is found that the other regime
shifts except for the 1925/26 regime shift are
also represented well by the reconstructed maps
of the first and the second EOF modes as listed
in Table 2. The reason why the 1925/26 regime
shift could not be reconstructed well might be
this regime shift had no strong signal in the
North Atlantic (see subsection 4.1).

Further, we tried to reconstruct three regime
shifts (1970/71, 1976/77 and 1988/89) using the
atmospheric indices instead of the EOF modes,
i.e. the PNA and the AO indices (the PNA index
exists after 1951). The results show that the
regime shifts are also reconstructed very well
as shown in Table 2.
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EOF2
o
T

EOF 1

Fig. 11. Trajectory of the regime shifts on.
the diagram of the first and the second
EOF time coefficients. Closed marks
with vertical and horizontal bars denote
the mean values between the regime
shifts with the standard deviations.

Figure 11 shows a trajectory of the regime
shifts represented by the time coefficients of
the first and the second EOF modes. In the
diagram, we can observe that for example, the
1976/77 regime shift is the one from a positive
state in both the first and second modes to a
negative state in the first mode, and an inactive
(close to zero) state in the second mode. There-
fore this regime shift can be mainly described
by the first mode. Further almost all regime
shifts, except for the 1925/26 regime shift tend
to move along the one direction between the
upper right corner and the lower left corner in

the diagram. This tendency can clearly be seen

in difference magnitudes of the first and second
EOF modes corresponding to the regime shifts
(see sixth and seventh columns of Table 2).
That is, difference magnitudes of the first and
second EOF modes have the same sign in all
regime shifts, except for the 1925/26 regime
shift. This means that the changes of the AL
and SST in the North Pacific are enhanced by
superposition of the two EOF modes.

5. Conclusions and Discussions

In the present study, six regime shifts were
detected in the Northern Hemisphere SST field
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during the period from the 1910s to the 1990s.
These are transitions from one quasi-steady
climatic regime to another. The spatial pat-
terns of the regime shifts are not perfectly
identical with each other, but have a similar
feature containing a change of the AL intensity.
It was found that the first and the second SST-
EOF modes, which correspond to the changes
in activities of the PNA and the AO, could rep-
resent well all these regime shifts. This means
that regime shifts occur as superposition of
several unique modes (the first and the second
EOF modes) of variabilities existing in the cli-
mate system.

A mechanism of a regime shift has not been
understood yet. In order to explain the charac-
teristics of a regime shift like a step function
rather than a sinusoidal one, several studies

_argued that the climate could be considered to
be a nonlinear dynamical system with chaotic
attractors (e.g., Lorenz 1963). Actually, Hanna-
chi (1997) proposed that in the North Pacific,
the +/— PNA could be regarded as two points
of such chaotic attractors. Further, Corti et al.
(1999) insisted that the PNA is one of the max-
imums of the probability density function in the
state space of observational data. However, al-
though the regime shifts detected in the pres-
ent study are associated with the PNA activity,
points corresponding with chaotic attractors
cannot be found in the trajectory (see Fig. 11).

The duration between each regime shift is
about 10 years, which are identical to the PDO.

~ In addition, the PDO includes the change in the
AL activity, which plays an important role of
the PDO due to the tropical forcing through the
atmospheric bridge (Gu and Philander 1997), or
due to the local mid-latitude SST forcing (Latif
and Barnett 1996). These imply the existence
of some relationship between the regime shifts,
and the PDO.

In the present study, we showed that shifts
in the second SST-EOF mode reflecting the
activity of the AO occurred simultaneously with
shifts in the first mode. The AO is known to be
the variation of the SLP field, coupled with the
variation of the polar jet in the stratosphere
(Thompson and Wallace 1998). Although the
cause of the AO activity has not been clarified

yet, Honda et al. (2001) suggested that the AL .

activity in early through mid winter could in-
fluence that of the AO. Therefore, the change in
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the AL activity associated with the PNA pat-
tern might have some connection with that of
the AO, and we speculate that the AL is an im-
portant role in the regime shifts.

However, by the present study, we cannot

understand the reasons why ratios between the

difference magnitudes in the first and second
EOF modes are not the same, rather depending
on case-by-case (see the sixth and seventh col-
umns of Table 2), and why the spatial patterns
of the regime shifts are not perfectly identical
with each other (see Table 3). More investiga-
tions are needed to clarify a relationship be-
tween the two EOF modes, and the regime
shifts.

Finally, we would like to emphasize that in
order to reveal the long-term climate variation
the historical data are needed, as long and con-
fident as possible. We hope that the present
observations are maintained, and a digitization
project to hidden historical data is encouraged.
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Appendix
SST data set

Individual ship reports are used in calcula-
tion of grid point values of SST. The main
source of raw data is COADS released by
NOAA, U.S.A. The numbers of reports included
in COADS gradually increase year by year,
with two major data gaps in the periods en-
compassing World Wars I and II. In order to
augment the raw data before World War II, the
newly digitized Kobe Collection data are in-
cluded in the calculation. The data processing
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procedures to obtain the gridded data set are as .

follows.

1. Instrumental correction and elimination of
erroneous data

First of all, an instrumental correction, i.e.,
so-called bucket correction is made for the ship
report taken before 1941 (Folland and Parker
1995; Hanawa et al. 2000). Further, in the ship
reports of the whole period, those lower than
—2.5°C or higher than 40.0°C are discarded as
erroneous data.

2. Calculation of climatological 10-day mean
values at 1° x 1° box
Climatological 10-day mean values, and the
standard deviations at 1° x 1° box, are cal-
culated using the ship reports taken from
1961 to 1990, when the data coverage is very
well.

3. Preparation of ‘rough’ climatological field

For the gridded data (mean values and stan-
dard deviations) obtained in the previous step,
in order to eliminate the erroneous gridded
data, we adopt a median filter with a window of
nine grids including the target grid itself in
space and time (two grids east and west, one
grid north and south, and one grid before and
after in time). Here, when grids more than
three among nine grids have values, then this
procedure is actually applied. Then a median
value of mean values and standard deviations
is given to the target grid only when the value
at the target grid is different by more than 5°C
from the averaged value at the grids within the
window for mean values, and by more than 1°C
for the standard deviations.

In order to interpolate the mean and the
standard deviation fields, the averaged value
for surrounding nine grids are calculated by a
binomial filter (1:4:6:4:1 in zonal direction,
and 3:6:3 in meridional and time directions).
Here, when grids more than two among nine
grids have values, then this procedure is actu-
ally applied and otherwise the target grid re-
mains as blank.

These smoothing and interpolation processes
are applied fifteen times to fill the values at
all grids. The obtained ‘rough’ climatologies of
mean values, and the standard deviations are
used to eliminate the erroneous data in the
next step.
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4. Elimination of erroneous data

Individual ship reports during the whole
period from 1854 to 1997 are checked using
the mean values and the standard deviations,
so-called three-sigma check. That is, the ship
report whose anomaly from the ‘rough’ climato-
logies of mean values deviates beyond three
times of the ‘rough’ climatologies of standard
deviations is discarded.

5. Preparation of climatologies

Here again, using the data excluding the
erroneous data, we calculate climatological 10-
day mean values for each 1°x 1° grid from
1961 to 1990 as step 2. The obtained climatolo-
gies of mean values are smoothed and interpo-
lated using the same way as step 3.

6. Interpolation and smoothing to 10-day and
1° x 1° mean anomaly field
Anomalies of individual ship reports from
climatologies obtained in the previous step are
calculated. Using these anomalies, 10-day and
1° x 1° mean (gridded) anomalies are calcu-
lated through the whole period. In these anom-

aly fields, the grid whose mean anomaly ex-

ceeds 6°C is discarded, and set as blank. Then,
the following interpolation and smoothing are
applied.

In order to eliminate the erroneous gridded
data, we adopt a median filter with a window of

- seven grids including the target grid itself in

space and time (one grid east and west, north
and south, and in time). When grids more than
two among seven grids have values, then this
procedure is actually applied, and a median
value of mean values and standard deviations
is given to the target grid only when the value
at the target grid is different by more than 3°C
from the averaged value at the grids within the
window. Furthermore, the average values for
the surrounding seven grids are calculated by a
binomial filter. Weight of the target grid is 2,
and that of the surrounding six grids is 1. Here,
when grids more than two among seven grids
have values, then this procedure is actually
applied, and a median value of mean values is
given to the target grid.

7. Analysis dataset

In the present study, our interest is in basin-
scale variations with interannual or longer
time scales. Therefore, 10-day mean 1° x 1°

NI | -El ectronic Library Service



Met eor ol ogi cal Soci ety of Japan

134 Journal of the Meteorological Society of Japan

gridded data are averaged into monthly mean
5° x 5° gridded data, and interpolation and
smoothing are applied again. Although many
grids remain blank, especially in the early
years and in the Southern Hemisphere, we did
not apply additional interpolations, in order to
avoid excessive smoothing, and to keep uniform
accuracy independent from era and sea area.-
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