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Abstract 

Summertime weather regimes are examined over the North Atlantic sector based on a 44-year series of 
daily 700 hPa height anomalies for the period 1951-1994 in order to deepen our understandings of weather 
regime dynamics in the real atmosphere. Weather regimes are identified by examining the probability 
density function (PDF) in three-dimensional phase space, which is spanned by the three leading empirical 
orthogonal functions (EOFs) of the anomaly fields. 

 Five weather regimes are obtained. Each weather regime corresponds to a distinct region with statis-
tically significant large PDF values compared with multivariate Gaussianity. These include two extreme 
phases of the North Atlantic Oscillation (NAO), and flow patterns with intensified jet streams over the 
North Atlantic. 

 The characteristics of weather regimes in summer are described in comparison with those in winter. 
 The similarity in the circulation pattern of weather regimes in both seasons suggests the robustness of 

 summertime weather regimes against the seasonal cycle. We discuss the persistence and transition of 
 summertime weather regimes in connection with the bifurcation property of weather regimes elucidated in 
 simple atmospheric models. The interannual variation of the occurrence frequency of weather regimes is 
 also discussed.

1. Introduction 

In recent years, the concept of the weather regime 
has been established in dynamical meteorology. 
Weather regimes are associated with circulation pat-
terns which have the distinct property of recur-
rence, persistence and quasi-stationarity. The ex-
tratropical low-frequency variability in large-scale 
atmospheric motions can be well documented by 
the sequence of transitions between several weather 
regimes. This viewpoint on the chaotic extratropical 
large-scale motions also provides the most promis-
ing framework for long-range forecasting beyond the 
limit of predictability for the instantaneous weather 
(e.g., Kimoto et al., 1992; Palmer, 1993). 

 According to which property of the weather 
regime is noticed, there are several approaches 
to defining weather regimes in the observed data 
quantitatively. Molteni et al. (1990), and Kimoto 
and Ghil (1993a, b; hereafter KG93a, KG93b) di-
rected their attention to the recurrence and per-
sistence property of weather regimes, and identi-

fled weather regimes by a systematic search for lo-
cal maxima of the multivariate probability density 
function (PDF) in low-dimensional phase space. In 
this approach, several kinds of cluster analysis al-
gorithms were also used to extract regions with 
high concentrations of atmospheric states as weather 
regimes: iterative relocation method by Legras et 
al. (1987; hereafter LDP87); fuzzy clustering by Mo 
and Ghil (1988); hierarchical clustering by Cheng 
and Wallace (1993; hereafter CW93); least-squares 
clustering by Michelangeli et al. (1995; hereafter 
MLV95); and, cross-validated clustering by Smyth 
et al. (1997). The cluster analysis can be applied to 
high dimensional phase space even though the direct 
search for PDF maxima is impossible. However, it is 
difficult to assess the statistical significance of clus-
ters (CW93), while these clustering algorithms have 
produced repeatable results (Smyth et al., 1997). 
 The property of the quasi-stationarity has been 
also used to define weather regimes. Vautard 
(1990; hereafter V90) and MLV95 obtained weather 
regimes as solutions of nonlinear statistical equa-
tions based on the observed data, which give the 
balance of the large-scale average tendency. The 
flow patterns associated with identified weather 
regimes in this approach are not necessarily simi-
lar to those defined in terms of recurrence and per-
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sistence (MLV95). This inconsistency has also been 
noticed in simple atmospheric models (e.g., Vautard 
and Legras, 1988; Mukougawa, 1988). 

All these observational studies on weather regimes 
mentioned above, however, have analyzed the win-
tertime hemispheric or regional atmospheric circu-
lation; no attempt has been made to investigate 
weather regimes in other seasons. This is because 
the intraseasonal variability is most active, and 
weather regimes can be detected with enough statis-
tical significance in the winter season. On the other 
hand, several efforts have been done in simple atmo-
spheric models to trace several kinds of "attracting 
points" for the trajectory in the system by changing 
some external parameters for the atmospheric mo-
tions (e.g., the strength of the meridional differential 
diabatic heating rate corresponding to the princi-
pal ingredient of the seasonal cycle), and to eluci-
date the dynamical relationship between these at-
tracting points and weather regimes; these attract-
ing points include fixed points (Legras and Ghil, 
1985), non-stationary minimum points (or "ghost" 
of the fixed point) (Mukougawa, 1988), periodic so-
lutions and pseudo-periodic solutions (Mukougawa, 
1994), or chaotic attractors and their ruins (Itoh and 
Kimoto, 1996). These numerical studies have pro-
vided us with dynamical understanding of weather 
regimes. 

In this paper, we will analyze summertime 
weather regimes in the real atmosphere based on a 
44-year series of daily 700 hPa heights, which is one 
of the longest and most complete upper-air datasets 
available (KG93a). We believe that this attempt 
corresponds to a "parameter study" to examine the 
bifurcation property of weather regimes in the real 
atmosphere, and we can then assess the robustness 
of weather regimes against the seasonal cycle. 

Barnston and Livezey (1987; hereafter BL87) 
made a comprehensive study on the interan-
nual variability in the Northern Hemisphere (NH) 
700 hPa heights in all seasons, by using the orthogo-
nally rotated principal component analysis (RPCA). 
According to their results, the strongest summer 
pattern, which is also the strongest winter pattern, 
is associated with the North Atlantic Oscillation 
(NAO). Furthermore, the NAO in summer is con-
fined to the North Atlantic sector and does not have 
a hemispheric extent, which is in contrast to the 
NAO in winter; this is presumably due to weaker 
westerly flows in the summer season. Since the 
NAO is also one of the most vigorous modes in 
the intraseasonal variability (KG93a), we anticipate 
that the detection of summertime weather regimes 
with statistical significance is most promising for the 
North Atlantic sector. 

 Therefore, we focus our analysis on the North At-
lantic sector. In comparison with the wintertime 
regional weather regimes over the same sector docu-

mented by LDP87, V90, KG93b, CW93 and MLV95, 
we will examine the dynamical property of sum-
mertime regional weather regimes in detail. The 
dataset and preliminary analysis of empirical or-
thogonal functions (EOFs) are described in Section 
2. In Section 3, the PDF in three-dimensional (3D) 
phase space spanned by the leading three EOFs is 
examined according to the method used in KG93a. 
We define summertime weather regimes as regions 
with significant large PDF values in 3D phase space. 
Particular attention is given to the circulation pat-
tern associated with each weather regime. The per-
sistence property, and transitions between regimes 
are also examined. In Section 4, we discuss the ro-
bustness of weather regimes against the seasonal cy-
cle, and the interannual variability of the occurrence 
frequency of weather regimes. Conclusions are pre-
sented in Section 5. 

2. Data and EOF analysis 

The dataset used in this study is made of twice-
daily observations of the NH 700 hPa geopotential 
heights on a 10 x 10 diamond grid north of 20N, 
compiled at NOAA's Climate Analysis Center (cur-
rently, NCEP's Climate Prediction Center). This 
dataset is the one used in KG93a, KG93b and many 
other studies on wintertime weather regimes. The 
analysis is made on the NH summer season only, de-
fined as a period starting from 1 June to 31 August. 
The period covered by the dataset extends over 44 
summers from 1951 to 1994. The Atlantic sector is 
chosen from 20N to 80N, 80W to 40E, leaving 
176 grid points. 

The original twice-daily dataset is reduced to 
daily gridpoint heights by a daily average. The sea-
sonal cycle, averaged over 44 years and subject to 
a 5-day running average, is then removed from the 
daily gridpoint heights to define height anomalies. 
The anomaly dataset composed of 92 x 44=4048 
maps is analyzed to investigate weather regimes in 
the summer season. 

The EOF analysis on the covariance matrix is ap-
plied for the Atlantic sector so as to extract spatial 
patterns of dominant variance, and to reduce the di-
mension of the data. The areal factor proportional 
to cosine of latitude ( ) is taken into account by 
multiplying each gridpoint anomaly by the square 
root of cos 5. A 10-day low-pass filter (Blackmon, 
1976) is also applied to the anomalies in the EOF 
analysis. Low pass filters slightly enhance variances 
associated with leading EOFs, but have little effect 
on their spatial patterns. 

 Figure 1 shows percentages of variance for the low-
pass Atlantic EOFs. The expected error in this es-
timate of variance, also shown by attached bars, is 
evaluated by the heuristic formula of North et al. 
(1982). The formula is applied with an indepen-
dent sample size of 400, which is rather conservative.
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The eigenvalue spectra show a clear gap between the 
third and fourth modes. Thus, we use the leading 
three EOFs, which represent 43.8 % of the total vari-
ance, to construct phase space in which the PDF is 
examined. 

The spatial patterns of the three leading EOFs 
are shown in Fig. 2. The amplitude in this figure 
is scaled to represent anomalies in meters when the 
corresponding principal component (PC) is equal to 
one standard deviation. The first mode (Fig. 2a) 
called EOF1 is characterized by a north-south dipole 
pattern, with two dominant opposite sign centers 
over Greenland and the North Atlantic around 
20W. This pattern corresponds to the NAO re-
ported extensively by BL87 (their Fig. 2). Fig-
ure 2b shows EOF2 which has a dominant center 
southwest of Scandinavia and an oppositely signed 
rather weaker center in the west of Spain. The dipo-
lar structure bears similarities to the blocking pat-
tern over western Europe. The EOF3 pattern in 
Fig. 2c has a vigorous center at the west of Great 
Britain at 55N, 15W and an oppositely signed 
weaker northeast-southwest oriented anomaly band 
over Scandinavia and western Europe. 

3. 3D PDF and weather regimes 

In this section, we obtain the 3D probability den-
sity distribution of Atlantic flows in phase space 
spanned by the three leading EOFs and examine the 
evidence for inhomogeneities, which reflect the exis-
tence of preferred weather regimes with persistence 
and recurrence characteristics. 

3.1 3D PDF 
 First, the daily PCs are obtained by projecting 

the daily gridpoint anomaly maps onto the low-

frequency leading EOFs. Then, we evaluate the mul-
tivariate Euclidean PDF in 3D phase space by the 
kernel method used in KG93a (see also Silverman, 
1986). The estimated PDF f is defined as a function 
of the 3D vector x, which represents the first three 
PCs:

N

f(x)=3K(xC 
i=1 hz

(1)

where Xi is the vector representing the i-th sam-
ple map, h is a smoothing parameter, r2 is a local 
bandwidth for each sample point Xi defined by Eq. 
(4) in KG93a, and C is a constant to ensure that 
ff(x)dx=1. The Epanechnikov kernel K is de-
fined as

K(x)-{I x 12, if x 12<-0, if 1x1121. (2)

The smoothing parameter h is determined by least-
squares cross validation (LSCV), which minimizes a 
score function Mo (h) and searches for h correspond-
ing to its minimum (see KG93a). Results of the 
LSCV are shown in Fig. 3. The minimum of the 
LSCV score function M0 (h) is rather flat with re-
spect to h. Thus, we have to vary the parameter h 
over a wide range of 0.8<h<1.7 suggested by the 
LSCV in estimating the PDF. Since the obtained 
results are almost independent of h, we choose the 
value of h=1.1, corresponding to the minimum of 
the LSCV score in the following investigation. 

 The 3D PDF on two cross sections with specified 
values of the third PC (PC3) is shown in Figs. 4a 
(PC3=0.0) and 4b (PC3=1.0). These two cross 
sections well represent the distribution of the PDF 
in the whole 3D domain. In this figure and the

Fig. 1. Percentage of variance associated with the first 30 EOFs for the Atlantic sector. Error bars are 

  shown as vertical line segments.
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following examination, each axis of phase space is 

scaled by the standard deviation of PC1. We can de-

tect inhomogeneities of the PDF as deviations from 

multivariate Gaussianity; three elongated ridges in 

the first, third and fourth quadrants are noticed. 

However, it is difficult to assess the significance of 

the inhomogeneity only from a visual inspection of 

the PDF. Thus, in order to extract regions with 
anomalously large PDF values as weather regimes, 

the statistical significance of the PDF is estimated 

by the following Monte Carlo method as in KG93a; 

one hundred time series having the same standard 

deviations and autocorrelations at 1-day lag equal 

to those of the observed PCs are generated, and 

3D PDFs are computed for each of them, defining 

a PDF confidence interval at each point in phase

space. 
In Figs. 4c and 4d, numbers of random sets that 

have smaller PDF values than those observed are 
plotted. In heavily (lightly) shaded regions, the ob-
served PDF is significantly greater than the random 
ones with 98 (90) % confidence; that is, 98 (90) or 
more random PDFs are smaller than those shown 
in panels (a) and (b), respectively. These regions 
of high significance correspond to ridges in the ob-
served PDF. 

 From the inspection of the statistical significance 
in the whole 3D phase space except for regions where 
the observed PDF itself is very small, we detect five 
distinct regions with 98 % confidence; these five re-
gions are disconnected from each other at 98 % con-
fidence, but connected at 90 % confidence. In order 
to facilitate further examinations of these regions, 
we subjectively define the region of each weather 
regime by the smallest sphere which almost encloses 
the respective region with 98 % confidence, and does 
not overlap each other. The detected five weather 
regimes are labeled as GH1, GH2, ZOI, Z02 and BL. 
The acronyms are associated with the circulation 
patterns characterizing these five regions with large 
PDF values. 

3.2 Characteristics o f weather regimes 
 Table 1 shows statistics for each weather regime. 

Out of the 4048 days, 645 days belong to one of 
the weather regimes. This number corresponds to 
15.9 % of the total sample, and is much smaller than 
that of wintertime weather regimes over the Atlantic 
sector (45.0 %) studied by KG93b. The remaining 
days are left unclassified. The average duration Td 
of a regime event is 2.1 days, while the wandering

Fig. 2. Spatial patterns of (a) EOF1, (b) 
EOF2 and (c) EOF3. The amplitude is 
scaled to represent anomalies in meters 
when the PC is equal to one standard de-
viation. Negative contours are dashed.

(a) EOF1 (18.3%)

(b) EOF2 (13.7%)

(c) EOF3 (11.8%)

Fig. 3. The least-square cross-validation 
(LSCV) score Mo (h) using all 4048 sam-
ples.
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time TW ranges from 7 to 14 days; Td (T) Wof the 
regime in summer is much smaller (larger) than that 
in winter (Td=5.5 and TW=8.1; see KG93b). The 
total number of regime events in summer (308) is 
larger than that in winter (242). Thus, it is con-
cluded that summertime weather regimes have re-
currence characteristics, but are less persistent than 
wintertime regimes. 

Synoptic features of summertime weather regimes 
are shown by the composite anomaly maps in Fig. 5, 
while Fig. 6 indicates the total composite heights. 
They are formed by averaging maps over all the 
samples belonging to each regime. The shaded ar-
eas in Fig. 5 denote grid points that have averaged 
anomaly values which are significantly different from 
zero at 99 % level, judged by a gridpointwise t-test. 
The number of degrees of freedom for the test is es-
timated by dividing the number of collected maps 
by 10.

The regime labeled GH1 (GH for the Greenland 
high) in Fig. 5a has a dominant positive anomaly 
over Greenland, and a negative anomaly with the 
comparable amplitude over the North Sea. The pat-
tern resembles one extreme phase of the NAO (see 
Fig. 2a), but with emphasis on the southern center of 
the dipole; the regime centroid is located almost on 
the negative PCi axis in phase space (see Table 1). 
In the total heights (Fig. 6a), the pattern is char-
acterized by a ridge over Greenland, together with 
weak zonal flows over the northwestern Atlantic. 

 The GH2 pattern (Figs. 5b and 6b) has similar 
flow characteristics to GH1; the region of GH2 regime 
is adjacent to that of the G H 1 regime in phase space 
(see Table 1 and Fig. 4). However, the northern 
positive anomaly is weak and the southern negative 
anomaly is shifted to the west compared with GH1. 

 Regime Z01 (ZO for the zonal flow) in Fig. 5c 
is characterized by a monopole negative anomaly in

Fig. 4. Three-dimensional PDF in phase space spanned by the three leading EOFs over the Atlantic 
sector on selected cross sections (h=1.1): (a) PC3= .0; (b) PC3=1.0. Axes are scaled by the 
standard deviation of PC1. The contour interval is 0.01, the additional dashed contour is 0.005. The 
region of each weather regime is indicated by a circle with its acronym (see text for a definition of the 
locus of the weather regime). Panels (c) (PC3=0.0) and (d) (PC3=1.0) show the inhomogeneity of 
the observed PDF compared with multivariate Gaussianity. Numbers, out of 100, of random PDFs 
that have smaller values than the observed value in (a) or (b) are shown. Regions larger than 90 and 
larger than 95 are shaded lightly and heavily, indicating that the observed PDF is greater with 90 % 
and 95 % confidence, respectively.

(a) PC3=0.0

(b) PC3=1.0

(c) PC3=0.0

(d) PC3=1.0
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north of Great Britain together with the summer-
mean flow over the northwestern Atlantic (Fig. 6c). 

The ZO2 pattern resembles Z01, but has a 
stronger negative anomaly in north of Great Britain 
(Fig. 5d); the region of Z02 regime is adjacent to 
that of ZO1 regime in phase space (see Table 1 and 
Fig. 4). A weak positive anomaly extends from 
North America eastward to Europe. Significantly 
intensified jet streams over the Atlantic, which hit 
northern Europe, are also distinctive in the total 
field (Fig. 6d). 

 The BL (for blocking) exhibits a block over Eu-
rope (Fig. 6e) with a positive anomaly center over 
the North Sea (Fig. 5e). A weaker negative anomaly 
over Greenland is also seen. Thus, the B L regime lies 
almost opposite to GH1 and GH2 with respect to the 
climatological mean in phase space, and is regarded 
as the other extreme phase of the NAO. However, 
the negative center of BL is weaker than the pos-
itive center of GH1 over Greenland. The westerly 
over the Atlantic is shifted considerably to the north 
compared with its climatological position, and dif-
fluent in the eastern Atlantic due to the presence of 
the blocking high. This regime contains the largest 
members among the regimes (Table 1). 

Figure 7 shows persistence characteristics of each 
regime, in which the number of regime events per-
sisting over n days is plotted against the duration. 
The curves follow roughly straight lines in the log-
linear plot, which means that there is no sign of 
preferred duration for the regime event. This pecu-
liar persistence characteristic is common to weather 
regimes detected in winter (e.g., Dole and Gordon, 
1983; KG93b), those in simple atmospheric mod-
els (e.g., Legras and Ghil, 1985; Mukougawa, 1988), 
and even those in GCMs (e.g., D'Andrea et al., 
1998). Mukougawa (1988) explained this property 
in terms of locally linearized dynamics in the vicinity 
of the minimum points, which include both fixed and 
non-stationary minimum points, in phase space. Al-
though weather regimes in summer are generally less

persistent than those in winter, the BL regime has 
a noticeable persistence, and all the regime events 
lasting over 6 days belong to BL. 

In order to further examine the persistence prop-
erty of weather regimes, we compute Euclidean PDF 
for a data subset consisting of maps that belong to 
quasi-stationary (QS) states extracted by a proce-
dure similar to Mukougawa (1988); that is, the QS 
states are defined if the Euclidean distance JSx(t)
between maps at day (t+1) and (t-1), (which is 
computed by using the first three PCs for each sam-
ple day t) is smaller than a given threshold value. 
Here, the value of one standard deviation below the 
average of 8x(t) M over all the sample days is cho-
sen as the threshold value. Thus, the QS dataset 
contains time intervals with enhanced persistence. 

 Figure 8 shows the estimated 3D PDF and its sta-
tistical significance for the QS dataset in the same 
format as in Fig. 4. The computation is based on 
the same method as Fig. 4, and the same values for 
the parameters h=1.1 and r2 are used. The G H1,
GH2 and B L regimes are easily recognized as local 
maxima in panels (c) and (d), and detected as elon-
gated ridges in panels (a) and (b). However, peaks 
are not observed in the loci which used to be Z01 
and Z02 in panels (a) and (b), and troughs rather 
than ridges are located in those positions. Thus, the 
Z01 and Z02 are extracted as weather regimes only 
by the recurrence, but not by the persistence. This 
is in accordance with relatively short durations of 
Z01 and ZO2 regime events shown in Table 1. 

3.3 Transitions between regimes 
 The characteristic evolution of low-frequency at-

mospheric motions is well documented by the transi-
tion matrix of weather regimes (Mo and Ghil, 1988; 
KG93b; Vautard et al., 1990) as in Table 2. We 
count the number of transitions from one regime 
to another, via an unclassified transient period. 
The statistical significance of each element in the 
transition matrix is examined by a non-parametric

Table 1. Characteristics of Atlantic weather regimes in summer. The columns list the locus of the regime centroid 
in 3D phase space (PC1, PC2, PC3) of which each axis is scaled by the standard deviation of PC1, the radius 
of the regime, the PDF value at the regime centroid with the statistical significance level against 100 randomly 
generated PCs in the following parenthesis, the number of regime events, the number of days belonging to the 
regime, the average duration in a regime event Td (in days), and the average wandering time TW (in days).
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method of Vautard et al. (1990). Ten thousand ran-
dom time series having the same number of events 
for each regime as the observed one are generated. 
As noted by KG93b, the matrix is far from uniform, 
indicating that some likely and unlikely transition 
routes exist.

 Transitions G H 1=GH2 and Z02=Z01 are 
picked up as likely ones with a 95 % significance 
level. Thus, the GH2 (Z01) regime could be rec-
ognized as a variant of GH1 (Z02), which is also 
implied by the similarity in the circulation pattern 
(Fig. 5). However, GH2 (Z01) forms a maximum 
independent of GH1 (Z02) in plots of the statistical 
significance of the PDF, and is defined as a weather

Fig. 5. Composite maps of anomalies 
for five summertime weather regimes. 
Shaded areas are statistically significant 
at 99 % level by a pointwise t-test. The 
contour interval is 20 m. Negative con-
tours are dashed.

Fig. 6. Composite maps of total 700 hPa 

heights for five summertime weather 

regimes. The contour interval is 20 m.
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regime. 
The other likely transition is B L=BL, namely 

the reentry into the B L regime itself after a wan-
dering time interval. Thus, BL is isolated from 
other regimes and apt to appear as successive regime 
events. We also notice that direct transitions be-
tween BL and GH 1 (or GH2) which correspond to 
the two extreme phases of the NAO are unlikely at 
the 90 % confidence level. Therefore, Z01 (or Z02) 
has to be a relay point between these two regimes so 
as to complete one cycle of the NAO, but transitions 
between Z01 (or Z02) and BL as well as those be-
tween Z01 (or Z02) and GH1 (or GH2) do not occur 
frequently enough to be significant. 

 Finally, it is seen that no chain of likely transi-
tions between weather regimes is detected for sum-
mer seasons, although its existence was revealed in 
transition matrices for winter seasons by KG93b. 

4. Discussion 

 It is interesting to explore the effect of changes 
in external forcing on weather regimes by compar-
ing circulation patterns of weather regimes in sum-
mer with those in winter over the Atlantic sector. 
The GH 1 and GH 2 regimes in the summer season 
share similar flow configurations, namely a positive 
anomaly over Greenland, with the SP4 (Labrador) 
regime in LDP87, GA in V90, A4 in KG93b, G+ 
in CW93 and C1 in MLV95 in the winter season. 
The Z01 and Z02 regimes in the summer season 
are very close to the SP 1 (tonal) regime in LDP87, 
ZO in V90, A6 in KG93b and C3 in MLV95. No

similar regime is found in CW93. The BL regime 
in the summer season also roughly corresponds to 

the SP2 (block) regime in LDP87, BL in V90, A2 
in KG93b, G-in CW93 and C2 in MLV95. Thus, 
each summertime weather regime detected in this 
study has a similar flow pattern to one of the win-
tertime weather regimes. This fact suggests the ro-
bustness of the summertime weather regimes against 
the seasonal cycle, and may imply that branches 
of "attracting points" corresponding to summertime 
weather regimes continuously extend to parameter 
regions appropriate to the winter circulation. 

However, not all regimes in the winter season are 
detected in the summer season: SP3 in LDP87, AR 
in V90, A1, A3 and A5 in KG93b, and C4 in MLV95 
have no similar summertime weather regimes de-
tected by this study. All of these wintertime regimes 
are characterized by a positive height anomaly over 
the north or central Atlantic. We also suggest that 
branches of "attracting points" corresponding to 
these wintertime weather regimes must have bifurca-
tion points (e.g., limit points, pitchfork bifurcation 
points, Hopf bifurcation points, or explosive global 
bifurcation points) in bifurcation parameter regions 
representing the spring or autumn circulation. 

The striking resemblance between summer and 
winter regimes also coincides with the predominance 
of the NAO in all seasons in the Atlantic low-
frequency variability (BL87). This fact could be 
intimately related to small seasonal variations in cli-
matological mean flows: summertime jet streams at 
700 hPa are located at almost the same meridional 
position as those in winter, and the change in their 
strength is much smaller than that over the Pacific 
sector. 

The weak persistence of summertime weather 
regimes compared with wintertime weather regimes 
might be inconsistent with the results in simple at-
mospheric models; with the increase of the exter-
nal forcing parameter such as the meridional heating 
contrast in atmospheric models, the motions gener-
ally become chaotic, and the persistence of weather 
regimes also become weaker. The apparent inconsis-
tency could be attributed to a relatively important 
effect of the external stochastic forcing (e.g., tropical 
convective activity) on the extratropical atmosphere 
in the summer season. This viewpoint might also 
be justifiable by the non-existence of chains of likely 
transitions between regimes in summer. Chains of 
likely transitions detected in winter (KG93b) could 
be thought of as intrinsic intraseasonal oscillatory 
modes in the extratropical atmosphere. Thus, their 
non-existence in summer suggests the predominance 
of the external stochastic forcing over the intrin-
sic variability, or the non-existence of the intrin-
sic oscillatory mode itself. The latter possibility 
also was discussed in Strong et al. (1993) by using 
a barotropic model with seasonal forcing. In this

Fig. 7. Persistence distribution for each 

weather regime. The ordinate is the to-

 tal number of events which persist over 

 n days on a log-scale, and the abscissa 

is in days.
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case, the transition between weather regimes can be 
caused only by the stochastic forcing, and the per-
sistence of weather regimes is determined by barrier 
heights of potential well for the basin of attraction 
and the stochastic noise level (Benzi et al., 1984). 

We have also examined the interannual variabil-
ity of the occurrence frequency of each regime in 
Fig. 9. This figure shows the number of days be-
longing to each regime for the respective summer 
season. Some regimes show a large interannual vari-
ation in frequency. In particular, the occurrence fre-
quency of the B L regime indicates a distinct vari-
ation; the large interannual variability of blocking 
frequency in the Euro-Atlantic region was also re-
ported in Tibaldi et al. (1997). The enormous per-
sistent BL regime event in July 1976 brought about 
extremely dry and hot weather in western Europe 
(Green, 1977). It is also found that the variation in 
frequency of GH 1 is roughly inversely proportional 
to that of BL: the contrast in frequency of the two 
regimes in 1954, 1955, 1974 and 1976 is conspicuous. 
Since the NAO consists of these two regimes, it is 
concluded that the interannual variability over the 
Atlantic sector in summer tends to have a strong

projection onto the NAO, which is consistent with 
the results of BL87. 

 In the 3-variable Lorenz system, Palmer (1993) 
clearly illustrated the dynamical paradigm in which 
interannual variations in the external forcing [e.g., 
sea-surface temperature (SST)] for the chaotic ex-
tratropical general circulation would change the 

probability of the residence within weather regimes,

Fig. 8. As in Fig. 4 but based on the QS data. See text for a definition of the QS data.

(a) PC3=0.0

(b) PC3=1.0

(c) PC3=0.0

(d) PC3=1.0

Table 2. Number of transitions between Atlantic 
weather regimes in summer. Likely and unlikelyy 
transitions at the 90 % level are printed in bold and 
italic type, respectively. Those entries significant at 
the 95 % level are underlined.
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but have little effect on the position of regime cen-
troids in atmospheric phase space. Recently, by us-
ing an atmospheric GCM, Robertson et al. (1999) 
investigated the effect of a positive SST anomaly 
over the North Atlantic on the occurrence frequency 
of weather regimes during winter. Their results in-
dicated that the SST anomaly enhances the occur-
rence frequency of Regime 1, which has a similar 
horizontal pattern to BL regime in the summer sea-
son, but reduces that of Regime 3, which is similar 
to the GH 1 regime. Thus, we think that the dis-
tinct interannual variability in the occurrence fre-
quency of B L and GH 1 regimes in summer is also 
associated with a typical SST anomaly pattern over 
the Atlantic. However, the seasonal mean SST 
anomaly patterns (not shown) exhibit large fluctu-
ations among summers when the BL regime occurs 

frequently, and do not indicate a characteristic sig-

nal. Therefore, the influence of the SST anomaly 

on the occurrence frequency of the BL regime in the 

summer season is not ascertained from the observed 
data. This may be due to a weak air-sea coupling 

in summer compared with that in winter.

5. Conclusions 

 In the present study, we analyzed the summer-
time weather regimes over the North Atlantic sector 
based upon a 44-year set of daily 700 hPa geopoten-
tial heights. Weather regimes were identified as re-
gions with statistically significant large values of the 
probability density function (PDF) compared with 
multivariate Gaussianity in three-dimensional (3D) 
phase space, spanned by the leading three regional 
EOF modes. The following main results were ob-
tained:

・Five weather regimes(GH1, GH2, ZO1, ZO2 and

BL) are detected, and roughly classified into 
three groups according to the circulation pat-
tern: GH 1 and GH 2 are characterized by a posi-
tive anomaly over Greenland; Z01 and Z02 are 
associated with intensified jet streams over the 
North Atlantic; B L exhibits a blocking high over 
Europe.

・BL and GH1 (GH2) regimes roughly correspond

to one of the extreme phases of the North At-

Fig. 9. Interannual variation of the occurrence frequency of weather regimes. Number of days belonging 
to each weather regime during the respective summer season is plotted. The horizontal solid lines 

(broken lines) give the climatological mean (mean plus one standard deviation) of the occurrence 
  frequency.
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lantic Oscillation (NAO), which is the dominant 
EOF mode in summer, respectively.

・The overall persistence of summertime weather

regimes is rather weak (2.1 days) compared 
with that of wintertime weather regimes (5.5 
days) examined by KG93b. B L regime is rel-
atively persistent, while Z01 and Z02 regimes 
have much weaker persistence.

・Transitions between weather regimes were ex-

amined by the Markov chain description. Sta-

tistically significant likely and unlikely transi-

tion routes are detected as in winter. The B L 
regime is isolated from other regimes, and no 

significant chain of likely transitions is detected.

・Each weather regime in summer has a simi-

lar horizontal flow pattern to one of weather 

regimes in winter, which suggests the robust-

ness of summertime weather regimes against 

the seasonal cycle. On the other hand, not 

all wintertime weather regimes have similar 

regimes in summer.

・The occurrence frequency of each regime, es-

pecially, the BL regime, shows a large interan-
nual variability. Thus, the interannual varia-
tion of the seasonal mean flow over the North 
Atlantic could be attributed to changes in the 
PDF value of each weather regime, as exem-

 plified by Palmer (1993) and Robertson et al. 
(1999) 

 It would be interesting for the next study to in-
vestigate weather regimes over different sectors such 
as the Pacific sector, or during other seasons. In 
particular, the examination of summertime weather 
regimes over the Pacific sector is necessary to further 
elucidate effects of the seasonal cycle on weather 
regimes, since the seasonal variation in the Pacific 
sector is much larger than that in the Atlantic sec-
tor: the location, as well as the strength of jet 
streams, is totally different from that in winter. 
Moreover, PNA (Pacific/North American) pattern, 
which is the most vigorous mode in the winter-
time Pacific sector, is absent in summer (see BL87). 
Thus, summertime weather regimes in the Pacific 
sector could be associated with totally different flow 
patterns from those of wintertime regimes if they 
could be identified with statistical significance. Al-
though there may be other statistical difficulties in 
extracting weather regimes, such as a large seasonal 
trend during the equinoctial seasons, these efforts 
will correspond to obtain a "bifurcation diagram" of 
weather regimes in the real atmosphere, and serve 
to improve our understandings of weather regime 
dynamics.
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北 大 西 洋 域 に お け る夏 季 の 天 候 レ ジ ー ム

向 川 均 ・佐 藤 均1

(北海道大学大学院地球環境科学研究科)

現実大気 におけ る天候 レジームの力学に関する我 々の理解 を深 めるため、1951年 か ら1994年 までの

44年 分の日々の700hPa等 圧面高度場データを用い、 北大西洋域 における夏季の天候 レジーム について

解析 を行った。 高度場 の変動成分での主要な3つ の経験的直交関数(EOF)で 張 られる位相空 間におけ る

存在確率密度関数(PDF)の 非一様 性にもとづ き、天候 レジームを定義 した。

 その結果、 多変数 ガウス分布 と比べ、統計的に有意に大 きなPDFの 値 を持つ領域 として、5つ の天候

レジームを抽出することに成功 した。 これらの天候 レジームには、 北大西洋振動パター ン(NAO)の2つ

の位相 に相当する循環パ ター ンを持つ ものや、北大西洋域でのジェット気流が強化 されるパ ター ンを持つ

ものが含まれる。

さらに、夏季における天候 レジームのさまざまな特徴 について、冬季の天候 レジーム と比較 しなが ら

記述 した。 その結果、 夏季の天候 レジームの循環パ ターンは冬季 のそれとよく類似 していることが示 され

る。 これは、夏季の天候 レジームは季節変化の影響 を受けに くい ことを示唆 している。 また、 簡単 な大気

モデルで示 されている天候 レジームの分岐特性 との関連 において、 夏季の天候 レジームの持続性や、 遷移

特性 について議論する。最後 に、天候 レジームの出現頻度の年 々変動 について も言及する。

1 現所属: 釧路地方気象台


