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ABSTRACT

The teleconnections of the wintertime North Pacific are examined from the continuum perspective with

self-organizing map (SOM) analysis. Daily ERA-Interim data for the 1979–2011 period are used. It is found

that most of the North Pacific teleconnections can be grouped into several Pacific–North American (PNA)-

like, western Pacific (WP)-like, and east Pacific (EP)-like SOM patterns. Each of the SOM patterns has an

e-folding time scale of 7–10 days.

TheWP-like SOMpatterns undergo a decline in their frequency from early to late winter, and vice versa for

the EP-like SOM patterns, corresponding to an eastward seasonal shift of the North Pacific teleconnections.

This seasonal shift is observed for both phases of the WP and EP patterns, and is only weakly sensitive to the

phase of El Niño–Southern Oscillation. It is shown that the interannual variability of the PNA, WP, and EP

can be interpreted as arising from interannual changes in the frequency of the corresponding SOM patterns.

The WP- and EP-like SOM patterns are found to be associated with statistically significant sea ice cover

anomalies over the Sea of Okhotsk and the Bering Sea. The low-level wind and temperature anomalies

associated with these patterns are consistent with the changes in sea ice arising from both wind-driven sea

ice motion and freezing and/or melting of sea ice due to horizontal temperature advection. Furthermore,

widespread precipitation anomalies over the North Pacific are found for all three patterns.

1. Introduction

Atmospheric low-frequency anomalies, also known as

teleconnection patterns, are most energetic in the North-

ern Hemisphere during the winter season. These tele-

connections have a far-reaching impact on weather and

climate that spans the Northern Hemisphere and some-

times even much of the Southern Hemisphere. Tele-

connections have been extensively studied for the past

30 years (e.g., Wallace and Gutzler 1981; Barnston and

Livezey 1987). Most of the past studies on low-frequency

climate variability are based on either monthly or

seasonal-mean data. Although this time averaging is

sufficient for understanding anomalies that have a time

scale longer than 2 months, such averaging can also ob-

scure some of the underlying dynamical processes if the

time scale of the anomalies is much shorter than

2 months. The investigation of teleconnections with daily

unfiltered data, rather than with monthly mean data, has

been used to study the intraseasonal variability of tele-

connection patterns such as the North Atlantic Oscilla-

tion (NAO), Pacific–North American (PNA), and the

west Pacific (WP) pattern. It has been shown that these

patterns have an e-folding time scale of approximately

7–10 days (e.g., Feldstein 2000, 2002; Cash and Lee 2001;

Johnson and Feldstein 2010).
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Using empirical orthogonal function (EOF) analysis

of daily unfiltered 250-hPa zonal wind, Athanasiadis

et al. (2010, hereafter AWW10) examined the Northern

Hemisphere wintertime [December–March (DJFM)]

teleconnection patterns for the North Pacific. AWW10

found that the first EOF (EOF1) of the 250-hPa zonal

wind is closely related to the PNA pattern, as expected,

while the second EOF (EOF2), which attains its largest

amplitude over the northeast Pacific and was first iden-

tified by Barnston and Livezey (1987), has received very

little attention. In this study, following Barnston and

Livezey (1987), we will refer to the latter pattern as the

east Pacific (EP) pattern. When their analysis was per-

formed separately for each month, AWW10 found that

the second EOF resembles the WP pattern during early

winter [November–December (ND)] and the EP pattern

in late winter [February–March (FM)]. For a possible

excitation mechanism, Tan et al. (2015) showed that the

EP is associated with anomalous convective heating over

the tropical eastern Indian Ocean and Maritime Conti-

nent and an intervening stationary Rossby wave train.

They also suggest that the increase in the frequency of the

EP pattern in late winter is related to seasonal changes in

tropical convection in the same region.

An implicit assumption of using EOF analysis is that

the resulting teleconnection patterns are spatially fixed,

that is, not changing with time. However, several studies

suggest that teleconnections can be better described

from a continuum perspective, with patterns such as the

PNA and NAO consisting of many similar spatially vary-

ing patterns rather than a single pattern with fixed cen-

ters (Kushnir and Wallace 1989; Franzke and Feldstein

2005; Johnson et al. 2008; Johnson and Feldstein 2010).

From this perspective, the spatial structure of telecon-

nection patterns evolves with time and changes from

one event to the next. In this study, we will use self-

organizing map (SOM) analysis (Kohonen 2001) to ex-

amine North Pacific teleconnections from a continuum

perspective (Johnson et al. 2008). Following this ap-

proach, the PNA, WP, and EP will each be represented

by a number of similar SOM patterns (SOMs). SOM

analysis has two primary advantages over EOF analysis:

1) Because North Pacific teleconnections show charac-

teristics of a continuum rather than a set of discrete

patterns (Johnson and Feldstein 2010) for each day, the

SOM pattern with the smallest Euclidean distance more

closely resembles the observed data than do the EOF

patterns (as wewill see, the pattern correlations between

the daily fields and SOM patterns are greater those be-

tween the daily fields and the EOF patterns). 2) Each

day is associated with a particular SOM pattern; that is,

the SOM pattern with the smallest Euclidean distance

for that day (see section 2 for more details). For every

year, this will enable us to assign frequencies of occur-

rence for each SOMpattern for the entire winter, and for

early and late winter.

As discussed in Johnson and Feldstein (2010), if an

EOF approach was preferable to SOM analysis, then

one would expect to find a high frequency of occurrence

for a few SOM patterns (those SOMs that most closely

resemble the EOFs) and a low frequency for the re-

maining SOM patterns. However, Johnson and Feldstein

(2010) found that all SOM patterns have a similar fre-

quency of occurrence, which provides strong support

for the continuum perspective. Furthermore, for a dis-

crete system, one would find that the intra-pattern

Euclidian distance among the SOM patterns would be

either very small (among those SOM patterns associ-

ated with the same discrete pattern) or the intra-pattern

Euclidean distances would be very large (between

those SOM patterns associated with different discrete

patterns). If the intra-pattern Euclidean distances be-

tween neighboring SOM patterns is similar throughout

the grid, then the continuum approach is applicable.

Otherwise, the data would be better described by dis-

crete patterns, such as a small number of EOFs. As

shown by Johnson and Feldstein (2010), the neigh-

boring intra-pattern Euclidean distances are uniform

across the SOM grid, a finding that also supports the

continuum perspective.

As stated above, with SOM analysis, for each SOM

pattern, one can determine a separate frequency of oc-

currence for early and late winter. If an EOF analysis

were performed based on the findings of AWW10, then

it would be expected that the principal component time

series associated with the WP pattern would exceed a

specified threshold valuemore often in early winter than

late winter, and vice versa for the EP pattern. However,

as discussed above, SOM analysis shows that telecon-

nection patterns such as the WP and EP are not simple

discrete patterns, but they take on characteristics of a

continuum. Therefore, by performing SOM analysis, we

are able tomore accurately describe the seasonal shift of

these teleconnection patterns. This is evidenced by our

observation that there is a decline in the frequency of

most, but not all, of theWP-like teleconnection patterns

from early to late winter, and similarly there is an in-

crease in the frequency of most EP-like patterns from

early to late winter (see section 4). These results indicate

that the seasonal shifts are strongest for particular parts

of the WP and EP continua, a finding that would not be

possible with EOF analysis.

Two recent studies used SOM analysis to investigate

interdecadal trends of the zonal-mean zonal wind in the

Southern Hemisphere (Lee and Feldstein 2013) and in

the NorthernHemisphere (Feldstein and Lee 2014), and
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their linkages to tropical convection, stratospheric ozone,

and Arctic sea ice. They showed that the interdecadal

trend of the observed zonal-mean zonal wind is accu-

rately expressed by the summation of each SOM pattern

multiplied by the interdecadal trend in its SOM fre-

quency. For the Southern Hemisphere, the SOM pat-

terns all project onto the southern annular mode (SAM)

teleconnection pattern (Thompson and Wallace 2000).

Analogous behavior was found for the northern annular

mode (NAM) of the Northern Hemisphere. In other

words, the interdecadal trend of the Southern (Northern)

Hemisphere zonal-mean zonal wind is well described by

the trend in the frequencies of the SAM-like (NAM like)

patterns as represented by SOMs. Such a linkage between

interdecadal trends and teleconnections would not be

possible with EOF analysis, unless the trend closely re-

sembles the EOF.

In the present study, we use SOM analysis to in-

vestigate the seasonal and interannual variability and

interdecadal trend of North Pacific teleconnection pat-

terns from the continuum perspective.Wewill show that

the eastward seasonal shift from the WP to the EP

pattern, as described above, can be explained as arising

from seasonal changes in the frequency of North Pacific

teleconnections. In addition to the seasonal and in-

terannual variation, the interdecadal trend of all three

teleconnections will be also examined with SOM anal-

ysis. Such an approach will allow us to attain further

insight into the interdecadal variability of North Pacific

teleconnections. Furthermore, given that the WP is

linked to the Bering Sea and the Sea of Okhotsk sea ice

concentration (Linkin andNigam 2008), we explore how

the EPmight also be linked toNorthernHemisphere sea

ice. The outcome can potentially help to improve our

understanding of long-term variability of sea ice asso-

ciated with teleconnections. Furthermore, a comple-

mentary calculation on the relationship between these

North Pacific teleconnections and precipitation is also

performed.

This study uses SOM analysis to investigate the win-

tertime North Pacific teleconnection patterns from the

continuum perspective. Section 2 introduces the dataset,

data processing method, and an evaluation of the

properties of various SOM grids. The results from the

SOM analysis, which include a description of the PNA-,

WP-, and EP-like SOM patterns, are presented in sec-

tion 3. Section 4 reports the seasonal and interannual

variations, and interdecadal trend of the three telecon-

nection patterns based on SOM frequency. Teleconnec-

tion and sea ice linkages are given in section 5, which is

followed by the relationships between the teleconnections

and precipitation in section 6. The conclusions are pre-

sented in section 7.

2. Data, methods, and SOM grid properties

This study uses the European Centre for Medium-

Range Weather Forecasts (ECMWF) interim daily re-

analysis dataset (ERA-Interim; Dee et al. 2011). The

wintermonths, January–March andNovember–December,

in each year from 1979 to 2011 are used. The ERA-Interim

variables examined include zonal wind, temperature,

geopotential, and sea ice concentration. The Climate

Prediction Center (CPC) Merged Analysis of Precipita-

tion (CMAP) dataset is used to examine precipitation.

Thewinter season refers toNovember–March (NDJFM),

which is one month (November) longer than that of

AWW10.

To detect the North Pacific teleconnection patterns,

the zonal wind rather than the more commonly used

geopotential height and streamfunction is used, because

the zonal windEOFs have a higher teleconnectivity than

those obtained from EOFs of geopotential height

(AWW10). The seasonal cycle is removed at each grid

point and the data are weighted by the square root of the

cosine of latitude. Both SOM and EOF analysis are

performed over the North Pacific sector (08–87.58N,

1208E–1058W). The EOF analysis is performed to clas-

sify the different groups (PNA like, WP like, and EP

like) of teleconnections. Classifying groups of tele-

connections in this manner will allow for a comparison

between our results and those from numerous previous

studies on North Pacific teleconnections. As we will see

from SOM analysis, each EOF is related to a continuum

of patterns, with about three-quarters of the SOM pat-

terns being associated with the three groups (PNA like,

WP like, andEP like) of teleconnections. As indicated in

Johnson et al. (2008), SOM analysis is based upon a

minimization of the Euclidean distance between the

SOM patterns and the daily fields. Very briefly, this

corresponds to a minimization of the average quanti-

zation error (E), defined as

E5
1

N

�
�
N

n51

z
t
2m

c
*

�
, (1)

where zt is the observed field on each day, that is, the

250-hPa zonal wind; N is the number of days; and mc* is

the SOM pattern with the smallest Euclidean distance

for that day.

In this study, we use MATLAB software and SOM

Toolbox, version 2.0, developed by Esa Alhoniemi,

Johan Himberg, Juha Parhankangas, and Juha Vesanto

(see http://www.cis.hut.fi/projects/somtoolbox/about). The

method for determining the SOM grid size is an important

issue in SOM analysis (Leloup et al. 2007; Tymvios et al.

2010). Various methods have been suggested by previous

studies: Schuenemann et al. (2009) utilizes an ‘‘elbow’’
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criterion on the average of the quantization errors to de-

termine the optimal SOM size. Rousi et al. (2015) select

the optimal SOMsize based on the quantization errors and

topological errors [these errors are defined by Uriarte and

Martín (2005)], as well as the Mann–Kendall statistical

test. Based on the average pattern correlation between the

observed daily field and its best-matching SOM pattern,

Lee and Feldstein (2013) select the grid size using the

criteria that the grid size be large enough to accurately

capture the features of the observed daily field while not

being inconveniently large. We test different grid sizes, for

example, 43 4, 63 4, and 63 6. The quantization errors,

topological errors, and average pattern correlations are

shown in Table 1. As can be seen, the quantization error

decreases, and the topographic error and average pattern

correlation become slightly larger as the SOM grid size

increases. These results indicate little sensitivity to the size

of the SOM grid. Therefore, we use the criteria in Lee and

Feldstein (2013) and choose a 43 6 SOM grid to describe

the 33-yr daily zonal wind field. In addition to this evalu-

ation of the sensitivity of the SOM grid size, the spatial

patterns and frequencies of occurrence for the above-

mentioned SOM grids were examined. For the 4 3 4 and

63 6 SOMgrids, it was found that the essential features of

the 4 3 6 SOM grid were retained. Therefore, the prop-

erties of these teleconnections are not sensitive to the size

of the SOM grid.

We next examine whether SOM patterns or EOF

patterns more closely resemble the observed daily zonal

wind fields. In addition to the abovementioned calcula-

tion of the average pattern correlation between the

observed daily zonal wind field and the SOM pattern

with the minimum Euclidean distance for that day, we

performed analogous pattern correlations between the

daily fields and the first three zonal wind EOFs. For the

SOM patterns, as shown in Table 1, the mean pattern

correlations for the entire time period of this study

varied between 0.50 and 0.55, depending upon the size of

the SOM grid. In contrast, for the EOFs, a mean pattern

correlation of 0.40 was found. This result verifies that the

SOM patterns more closely resemble the observed daily

zonal wind field than do the EOF patterns.

Composites of the variables listed earlier in this sec-

tion are performed for each of the SOM patterns. To

evaluate the statistical significance of these composites,

we use a two-sided Student’s t test. The number of de-

grees of freedom (Ndof) is defined by Ndof 5 Nsom/t,

whereNsom is the number of days that a particular SOM

pattern has the smallest Euclidean distance and t is the

e-folding time scale. To obtain the e-folding time scale of

each SOM, we first generate a time series by projecting

the daily zonal wind field onto the SOM pattern. The

e-folding time scale is defined as the time over which the

autocorrelation decays to 1/e. As the distribution of sea

ice cover does not follow Gaussian form, a Monte Carlo

method is used to evaluate the statistical significance.

For the 1979–2011 period, 1000 composites of the sea ice

field are generated, with each composite consisting of

N randomly selected days, where N is the number of

days that a particular SOM pattern has the smallest

Euclidean distance. The statistically significant levels

are determined based on the resulting distribution of sea

ice at each grid point.

3. The SOM patterns

First, we examine the EOFs, which will be used to

classify the teleconnection patterns. Figure 1 shows the

two leading EOFs of the 250-hPa zonal wind for the

entire winter, as well as those for early and late winter.

Both EOFs are tripole-like patterns that are very similar

to P1 and P2 in Fig. 4 of AWW10 and P2 (ND) and P2

(FM) in Fig. 5 of AWW10, even though their definition

of winter, and the length and type of their data are

somewhat different from ours. The zonal wind EOF1

fields for the entire winter, early and late winter

(Figs. 1a–c), assume a similar structure, exhibiting a

zonally elongated triple structure over the North Pacific

with very little tilt. Typically, the positive phase of the

PNA features four centers in the geopotential height

field: above-normal heights centered near Hawaii

and over the intermountain region of western North

America, and below-normal heights to the south of

Aleutian islands and over the southeastern United

States [see the National Oceanic and Atmospheric Ad-

ministration (NOAA)’s CPC website (http://www.cpc.

ncep.noaa.gov/data/teledoc/pna_map.shtml). The posi-

tive geopotential height centers are surrounded by

increased westerlies to their north and decreased west-

erlies to their south, and vice versa for the negative

centers. Therefore, the positive phase of the PNA must

be associated with a tripole zonal wind anomaly struc-

ture over theNorth Pacific as shown in the left column of

Fig. 1: negative centers over the Aleutian Islands and to

the south of Hawaii, and a positive center to the north of

TABLE 1. The quantization errors, the topographical errors, and

the averaged pattern correlation between the daily field and cor-

responding best-matching SOM pattern for different SOM grid

sizes: 4 3 4, 6 3 4, and 6 3 6.

SOM grid

size

Quantization

error

Topographical

error

Avg pattern

correlation

4 3 4 414.95 0.34 0.5

6 3 4 407.55 0.4 0.523

6 3 6 399.75 0.46 0.546
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FIG. 1. (left) EOF1 spatial pattern for (a) the entire, (b) early, and (c) late winter. (right) As in (left), but for EOF2.

Warm colors denote positive values and cold colors negative values. Contour interval is 0.01.
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Hawaii. The zonal wind EOF2 fields (Figs. 1d–f) are

quite different in structure and location from the cor-

responding EOF1, and also different from each other.

Compared with the PNA-like pattern, the early winter

EOF2 (EOF2-ND) (Fig. 1e) is located farther to the

west, with its two northernmost centers exhibiting a

northwest–southeast tilt, whereas the late winter EOF2

(EOF2-FM) (Fig. 1f) is located muchmore eastward with

its two northernmost centers exhibiting a northeast–

southwest tilt. The EOF2-ND pattern resembles the

well-known WP pattern. The loading pattern of the pos-

itive WP in the geopotential field is characterized by a

north–south dipole with a negative center over the

Kamchatka Peninsula and a positive center over south-

eastern Asia and the northwestern subtropical Pacific

(http://www.cpc.ncep.noaa.gov/data/teledoc/wp_map.

shtml). The EOF2-FM resembles the EP pattern. As the

EP pattern has not been well studied in the past, we will

discuss its structure later in this section. Furthermore,

EOF2-FM resembles the EOF2 of the entire winter

(Fig. 1d), except for its anomalies being located slightly

farther to the east. The third EOF (EOF3) patterns were

also calculated separately for early and late winter (not

shown). TheEOF3-NDbore some resemblance to theEP

pattern and the EOF3-FM to the WP pattern.

To better resolve the spatial variability of the tele-

connections, we examine the SOM patterns extracted

from the daily 250-hPa zonal wind. Figure 2 shows

24 SOM patterns (a 6 3 4 SOM grid) and their corre-

sponding occurrence frequency expressed as the per-

centage of days within ND or FM that a particular SOM

pattern had the smallest Euclidean distance. The ma-

jority of the SOMs do resemble the EOFs in Fig. 1. To

quantify this similarity, spatial correlations between

the SOM patterns and the PNA (EOF1-NDJFM), WP

(EOF2-ND), and EP (EOF2-FM) patterns of Fig. 1 are

calculated (Table 2). If the correlation between a SOM

and PNA, WP, and EP pattern is greater (less) than or

equal to 0.6 (20.6), then this SOM is considered to be a

PNA-, WP-, or EP-like pattern. The 0.6 threshold value

is determined by the following two criteria: 1) that the

threshold be large enough that there are no SOM pat-

terns whose correlations exceed the threshold value for

more than one teleconnection group and 2) that the

threshold be small enough to include several SOM

patterns within each teleconnection group. Though this

threshold is somewhat arbitrary, the results appear to be

insensitive to the choice of threshold value. For exam-

ple, we found a higher correlation threshold, such as a

value of 0.65, which excludes SOMs 9, 11, and 17, has no

significant impact on the results to be described below.

The relationship between each of the SOM patterns and

the PNA-, WP-, and EP-like patterns, including the

phases of these teleconnection patterns, is indicated in

Table 3. Nine SOMs (5, 6, 11, 14, 15, 19, 20, 21, and 24)

are PNA like, four SOMs (8, 17, 22, and 23) areWP like,

and four SOMs (3, 4, 9, and 18) are EP like (Table 3).

The SOMs with a positive (negative) correlation are

defined as corresponding to the positive (negative)

phase of the teleconnection pattern, indicated by the

plus (minus) sign in Table 3. As a further test of the vi-

ability of the SOMmethod, those days for which a group

of SOM patterns can be ascribed to a particular EOF

were removed from the dataset. The subsequent EOF

analysis did not include that particular SOM pattern

(not shown).

Consistent with previous studies, by calculating their

e-folding time scales, we found that the SOM patterns

are predominantly intraseasonal time scale patterns

(Table 2). The time scales of the SOMs range from

4 days to 13 days. The PNA-like SOMs have an average

e-folding time scale of 10 days, while the WP- and EP-

like SOMs have an average e-folding time scale of 8 and

7 days, respectively (Table 3). The principal component

time series of the EOFs yield time scales of 11, 9, and

7 days for the PNA-, WP-, and EP-like patterns, re-

spectively (Table 3). The two time scales obtained from

the two different approaches match very well. For the

remainder of this section, we drop the adjective ‘‘like’’

for each of the three groups of teleconnections. Never-

theless, it is to be understood that we are still referring

to a group of similar teleconnection patterns.

To further characterize the structure of these three

teleconnections, we composite the anomalies of zonal

wind, geopotential, and temperature based on the three

groups of SOMs. For each group of SOMs, the com-

posite is calculated in the following manner: we first

determine the daily fields that have the smallest Eu-

clidean distance for a particular SOM and for each

phase. With this approach, we obtained 1932 daily fields

for the composite PNA, 733 for the composite WP, and

768 for the composite EP. To avoid cancellation be-

tween the positive-phase and negative-phase signals, the

negative-phase SOM composites are subtracted from

the positive-phase SOM composites. It is clear from

Fig. 3, which illustrates the horizontal section of the

geopotential at different levels and the 250-mb zonal

wind, and Fig. 4, which shows latitudinal cross sections

of the zonal wind at the longitude of maximum SOM

pattern amplitude, that the PNA, WP, and EP are deep

and equivalent-barotropic systems extending from the

surface through the troposphere to the lower strato-

sphere. In the first panel of Fig. 3, the solid gray lines

show the climatological 250-hPa zonal wind, while the

shading denotes the anomalous 250-hPa zonal wind as-

sociated with the PNA, WP, and EP patterns. The
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composite PNA corresponds primarily to an eastward

extension of the Pacific jet, the composite WP to a

northward meander of the jet slightly downstream of its

core, and the composite EP to a jet meander farther

downstream from the jet core (Figs. 3a–c). For the

temperature field (Fig. 4), both the PNA and EP

assume a tripole-like pattern, and their maximum hori-

zontal temperature gradient overlaps with the maxima

of the zonal wind anomaly. This feature is consistent

with thermal wind balance. The temperature anomaly

for the WP is a dipole-like pattern, which is much

stronger than those of the PNA and EP.

The PNA pattern in Figs. 3d,g shows the typical four-

centered wave train structure in the upper and middle

troposphere. Near the surface, the 1000-hPa geopotential

PNA anomaly (Fig. 3j) exhibits a monopole structure

FIG. 2. (top left to bottom right) SOM patterns 1–24 of the anomalous 250-hPa zonal wind for NDJFM. The percentages in the top-left

corner of eachmap describe the occurrence frequency in early winter (ND) and late winter (FM).Warm colors denote positive values and

cold colors negative values (m s21).
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centered to the south of the Aleutian Islands (e.g.,

Johnson and Feldstein 2010; Zhou et al. 2012). The WP

pattern resembles the PNA pattern, except for its two

North Pacific centers being located farther poleward and

its North American center being farther eastward

(Figs. 3e,h,k). A similar structure for the WP was ob-

tained by Linkin and Nigam (2008). For the EP, its hor-

izontal structure is rather different from the other two

patterns, as it shows a wave train structure over the

northeast Pacific with each center exhibiting a southwest–

northeastward tilt (Figs. 3f,i,l).

4. Seasonal and interannual variability and
interdecadal trends

As discussed in the previous sections, the EOF2

pattern shows a seasonal variation from early to late

winter. In this section, we examine this seasonal shift

TABLE 2. Pattern correlations between the SOM patterns and the EOFs for the PNA, WP, and EP. The correlation coefficients that

exceed the 0.6 (20.6) threshold are in boldface. The rightmost column shows the e-folding time scale for each SOM pattern (days).

EOF1-NDJFM (PNA) EOF2-ND (WP) EOF2-FM (EP) Time scale

SOM 1 20.17 0.39 20.24 4

SOM 2 0.08 0.53 0.50 6

SOM 3 0.03 0.23 0.94 7

SOM 4 20.23 20.28 0.66 8

SOM 5 20.89 0.15 0.41 11

SOM 6 20.80 0.51 0.01 9

SOM 7 20.12 0.39 0.25 5

SOM 8 0.19 0.88 0.34 7

SOM 9 0.12 0.44 0.60 6

SOM 10 20.29 20.43 0.25 6

SOM 11 20.60 0.05 20.00 6

SOM 12 20.23 0.42 20.36 8

SOM 13 0.47 0.24 20.30 5

SOM 14 0.82 0.23 0.34 8

SOM 15 0.67 20.01 0.04 8

SOM 16 0.27 20.59 20.29 7

SOM 17 20.44 -0.60 20.50 7

SOM 18 20.50 20.16 20.76 6

SOM 19 0.70 20.06 20.57 13

SOM 20 0.87 20.21 20.33 10

SOM 21 0.69 20.51 0.04 10

SOM 22 0.29 20.71 20.39 8

SOM 23 20.57 20.70 20.11 9

SOM 24 20.68 20.26 20.46 9

TABLE 3. The PNA-, WP-, and EP-like SOMs, their polarity, and occurring frequency (frq; %) in early and late winter. The symbols

‘‘1’’ and ‘‘2’’ indicate the positive and negative polarity associated with the corresponding teleconnection pattern, respectively. The

rightmost column shows the average e-folding time scale for each SOM (days). Values in parentheses are the e-folding time scale obtained

from the EOF time series.

Teleconnections Related SOM patterns, their polarity, and frequency Time scale

PNA SOMs 5 6 11 14 15 19 20 21 24 10 (11)

Polarity 2 2 2 1 1 1 1 1 2
Frq-ND 2.6 1 4.8 4.8 5.9 1.9 2.2 3.0 4.9

Frq-FM 5.4 4.1 5.0 4.6 3.6 5.8 4.8 4.4 4.5

WP SOMs 8 17 22 23 8 (9)

Polarity 1 2 2 2
Frq-ND 6.1 .4 3.7 5.5

Frq-FM 2.0 2.4 3.4 3.0

EP SOMs 3 4 9 18 7 (7)

Polarity 1 1 1 2
Frq-ND 2.3 3.1 6.0 1.9

Frq-FM 5.9 4.8 3.1 3.9
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from a SOM perspective. We can see a large seasonal

variation in many of the SOM patterns (Table 3). For

the negative PNA-like group of patterns, we see that

two patterns have an increase in their frequency from

ND to FM (SOMs 5 and 6). For the positive PNA pat-

terns, there are three patterns (19, 20, and 21) that

have a frequency increase and only one pattern (SOM

15) that has a decrease in its frequency. Upon a closer

look of these patterns, we notice that SOMs 5 and 6

reach their largest amplitude in the central Pacific, SOMs

19 and 20 have their largest amplitude in the eastern/

central Pacific, and SOMs 15 and 21 in the western/

central Pacific. Overall, these results can be summarized

as follows: with the progression of the season, 1) the

negative PNA patterns in the central Pacific occur

more frequently and 2) the eastward-displaced positive

FIG. 3. Composites of the anomalous (a)–(c) 250-hPa zonal wind, (d)–(f) 250-hPa geopotential, (g)–(i) 500-hPa geopotential, and

(j)–(l) 1000-hPa geopotential based on (left) PNA-like SOMs. (middle),(right) As in (left), but for the WP-like and EP-like SOMs,

respectively.Warm colors denote positive values and cold colors negative values. Contour intervals are 4m s21 for the anomalous 250-hPa

zonal wind and 200m2 s22 for all three geopotential surfaces. In (top), the solid gray lines show the climatological 250-hPa zonal wind with

the zero contour is omitted; contour interval is 10m s21. Dots denote those grid points where the values are statistically significant at the

99% confidence level.
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PNA patterns occur more frequently, while the westward-

displaced positive PNA patterns occur less frequently.

These changes in the SOM frequencies result in no-

ticeable seasonal changes in the PNApattern: a stronger

southern (northern) center is detected in late (early)

winter.

In general, the WP patterns undergo a seasonal de-

cline in their frequencies, while the EP patterns show

an increase in their frequencies (Table 3). Within each

of these two groups, these changes occur for three of

the four members (SOMs 8, 17, and 23 for the WP pat-

terns, and SOMs 3, 4, and 18 for the EP patterns). These

frequency changes are seen for both the positive and

negative phases of the WP and EP patterns. The re-

maining EP pattern, SOM 9, undergoes a decrease in its

frequency. Because SOM 9 is located well to the west of

the other three members (SOMs 3, 4, and 18), these

results indicate that among the EP patterns, there is also

an eastward shift. Thus, the results of SOM analysis

show that the EP and WP patterns occur both in early

and late winter, with the WP pattern undergoing a de-

cline in its frequency and vice versa for the EP pattern.

To investigate whether El Niño–Southern Oscillation

(ENSO) influences the North Pacific teleconnections

and their seasonal variation, we calculate the occurrence

frequency of each SOM during El Niño, neutral ENSO,

and La Niña years for early winter (ND) and late winter

(FM), respectively (Table 4). The occurrence frequencies

correspond to the percentage of days that the SOM pat-

tern is both in that particular ENSO phase and has the

FIG. 4. Vertical section of the composite anomalous zonal wind (contours, m s21) and temperature (shading, K) at

(a) 1708W for the PNA-like SOMs, (b) 1808E for the WP-like SOMs, and (c) 1508W for the EP-like SOMs . The

contour interval is 1 m s21 for the anomalous zonal wind. Solid lines denote positive values and dashed lines negative

values.Warm (cool) shading denotes positive (negative) values, and the contour interval is 0.2 K for the temperature.
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minimum Euclidean distance. Since most SOM patterns

are associated with either the PNA, WP, or EP, we can

examine the seasonal changes in the frequencies of the

PNA-, WP-, and EP-like patterns associated with the

phase of ENSO. This calculation is first performed with

the positive and negative phases of each teleconnection

pattern grouped together. As can be seen in Table 4, the

PNA, WP, and EP take place in El Niño, neutral, and La

Niña years for both ND and FM. The frequency of the

EP-like patterns is 2.73% for ND and 4.19% for FM

(6.92% in total) in El Niño years, 3.28% for ND and

5.88% for FM (9.16% in total) in neutral ENSO years,

and 7.30% for ND and 7.57% for FM (14.87% in total) in

La Niña years. These results indicate that EP patterns

prefer to take place during La Niña years. The WP pat-

terns occur at about the same frequency in La Niña
(10.85% in total, 6.91% in ND, and 3.94% in FM) and

neutral ENSO years (11.55% in total, 7.20% in ND,

4.35% in FM), and with a much lower frequency in El

Niño years (7.02% in total, 4.62% in ND, and 2.40% in

FM). The total occurrence frequencies of the PNA pat-

terns are 22.42% (10.45% for ND and 11.97% for FM) in

El Niño years, 27.00% (10.38% for ND and 16.62% for

FM) in neutral ENSO years, and 25.93% (12.32% for ND

and 13.61% for FM) in La Niña years. Thus, PNA pat-

terns occur more frequently in neutral ENSO years than

in either El Niño years or La Niña years. On the seasonal

time scale, these findings show a large increase in the

frequency of the EP and PNA patterns from early to late

winter, whereas theWP pattern undergoes a decline in its

frequency from early to late winter, during La Niña,
neutral, and El Niño years. To further investigate the

relationship with ENSO, we also calculate the separate

frequencies for the positive and negative phases of the

PNA, WP, and EP patterns for El Niño, neutral ENSO,

and La Niña years. Table 5 shows the average frequency

of occurrence in each phase. As can be seen, for the

EP-like patterns, with the exception of the positive EP

during La Niña, both EP phases undergo an increase in

their frequency of occurrence from early to late winter

during El Niño, neutral ENSO, and La Niña years. Also,

the positive EP occurs most frequently during La Niña
(4.5%), compared with El Niño (1.6%) and neutral

ENSO (2.3%) years. For the WP-like patterns, we find

that both WP phases undergo a decline in their frequen-

cies from early to late winter for El Niño, neutral ENSO,

and La Niña years, and the decrease of frequency of the

positive WP is much larger than that of the negative WP,

particularly in El Niño and La Niña years. For the PNA-

like patterns, its positive phase undergoes an increase in

frequency from early to late winter during El Niño years

and a decrease during La Niña years. The negative PNA,

in contrast, shows a decrease in its frequency during El

Niño years and an increase during La Niña years. Both

PNA phases increase their frequency from early to late

winter during neutral ENSO years. Furthermore, the

positive PNA-like patterns occur most frequently during

El Niño and the negative PNA-like patterns during La

Niña, which is consistent with previous studies (e.g.,

Johnson and Feldstein 2010). These results indicate that

ENSO has little effect on the early-to-late winter shift in

the frequency of theWP and EP patterns, but that ENSO

does influence the frequencies of the individual phases of

the EP, WP, and PNA patterns.

TABLE 4. Occurrence frequency (%) of the 24 SOM patterns

during El Niño, neutral, and La Niña years for the early winter and
late winter, respectively. The EP-like, WP-like, and PNA-like

SOM patterns are denoted by the subscript in the first column.

SOM

El Niño years Neutral years LaNiña years

ND FM ND FM ND FM

1 1.24 0.77 1.99 1.38 1.79 1.38

2 1.04 1.02 2.04 1.59 2.98 2.51

3 (EP) 0.20 0.41 0.50 1.59 1.59 3.89

4 (EP) 0.15 1.84 0.65 1.18 2.33 1.74

5 (PNA) 0.10 0.36 0.35 1.89 2.19 3.17

6 (PNA) 0.55 0.31 0.89 0.72 1.64 3.07

7 2.09 0.51 1.79 1.38 1.19 2.30

8 (WP) 2.19 0.41 1.69 0.87 2.24 0.72

9 (EP) 1.59 0.66 1.14 1.74 3.23 0.66

10 1.79 1.23 2.33 1.28 1.74 1.23

11 (PNA) 1.79 0.66 1.29 3.07 1.69 1.28

12 3.13 4.09 1.19 0.87 0.45 0.15

13 2.19 2.20 1.34 1.07 0.35 0.10

14 (PNA) 1.74 1.23 1.04 1.69 1.99 1.69

15 (PNA) 2.14 0.97 1.94 2.20 1.84 0.41

16 1.04 1.89 1.79 1.89 1.34 0.61

17 (WP) 0.55 0.36 1.74 1.07 1.09 0.92

18 (EP) 0.79 1.28 0.99 1.38 0.15 1.28

19 (PNA) 1.19 4.35 0.45 1.38 0.25 0.05

20 (PNA) 0.75 1.99 0.60 1.89 0.84 0.92

21 (PNA) 0.65 1.89 1.69 2.10 0.65 0.41

22 (WP) 1.04 1.02 0.89 1.64 1.79 0.72

23 (WP) 0.84 0.61 2.88 0.77 1.79 1.59

24 (PNA) 1.54 0.2 2.14 1.69 1.24 2.61

TABLE 5. Separate frequencies for the positive and negative

phases of the PNA-, WP-, and EP-like SOM patterns for El Niño,
neutral, and La Niña years in both early and late winter. In each

group, the frequency is divided by the number of the SOMs (%).

SOM

groups

El Niño years Neutral years La Niña years

ND FM ND FM ND FM

PNA1 1.30 2.10 1.10 1.90 1.10 0.70

PNA2 1.00 0.40 1.20 1.80 1.70 2.50

WP1 2.20 0.40 1.70 0.90 2.20 0.70

WP2 0.80 0.70 1.80 1.20 1.60 1.10

EP1 0.60 1.00 0.80 1.50 2.40 2.10

EP2 0.80 1.30 1.00 1.40 0.10 1.30
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We next examine the interannual variability and inter-

decadal trend for the period considered for the PNA,WP,

and EP. To this end, we define the time series for the

frequency of the positive and negative PNA,WP, and EP

for each winter season. For example, for the positive

PNA, we first calculate the number of days that the PNA

SOM patterns have both the smallest Euclidean distance

and a positive projection onto the PNA EOF within each

winter. The frequency time series is then obtained by

dividing this value by the number of days per NDJFM

season. This is performed separately for the positive and

negative PNA phases. The winter-mean PNA frequency

time series is then obtained by subtracting the frequency

for the negative phase from that for the positive phase.

Using this time series, we also perform linear regression

to obtain the interdecadal trend of the PNA. The in-

terannual frequency time series and interdecadal trends

for the WP (EP) are defined following the same app-

roach, except that the time series are calculated for the

early (late) wintermonths. Figure 5 shows the interannual

frequency and interdecadal trend time series for the three

teleconnection patterns. The PNA-like frequency time

series and the PNA-principal component (PC) time series

underwent a strong downward trend since 1979, which are

statistically significant at the 90% confidence level based

on a Mann–Kendall test. The WP patterns assumed a

slight downward trend and the EP patterns a slight up-

ward trend, which do not pass the statistical significance

test at the 90% confidence level for both their frequency

and PC time series.

When examining the interannual variability and inter-

decadal trend of the teleconnection patterns, using an

EOF description, a common approach is to calculate the

seasonal mean of the daily PCs. The results of this cal-

culation for the EOFs in Fig. 1 are shown in Figs. 5d–f.

The corresponding PC and SOM occurrence frequency

time series match reasonably well. The correlations be-

tween the seasonal-mean SOM frequency and PC time

series are 0.93, 0.86, and 0.78 for the PNA, WP, and EP

patterns, respectively. Together with the earlier finding

that the e-folding time scale of each of the SOM pattern

varies between 4 and 13 days (Table 2)—that is, each of

the SOMs varies primarily on the intraseasonal time

scale—this result allows us to interpret the interannual

variability of the dominant North Pacific teleconnections

as arising from the interannual variability in the frequency

of the corresponding intraseasonal SOM patterns.

5. Relationship between teleconnections and
sea ice

To explore the relationship between the teleconnec-

tion patterns and sea ice, we calculate composites of sea

ice concentration, 2-m temperature, and 10-m wind

based on the PNA, WP, and EP SOMs. The composite

method used here is the same as that in section 3.

Though the composite PNA has a strong cyclonic cir-

culation anomaly centered to the south of the Aleutian

Islands, only weak sea ice concentration anomalies are

observed in the southern Sea of Okhotsk, Bering Sea,

and Hudson Bay (Fig. 6a). For the WP (Fig. 6b), the

SOM composites show an increase in sea ice concen-

tration over the Arctic Ocean, Bering Sea, and Sea of

Okhotsk, which is consistent with Linkin and Nigam

(2008), who examined the variability of sea ice concen-

tration associated with the WP during the 1979–2001

winters. In contrast, the EP SOM composite is linked

to a reduction in sea ice concentration over the Sea of

Okhotsk and Hudson Bay (Fig. 6c).

Wind-driven sea ice motion, horizontal temperature

advection, and changes in downward infrared radiation

(IR) are all believed to play a role in driving sea ice

concentration anomalies (e.g., Thorndike and Colony

1982; Fang and Wallace 1994; Deser et al. 2000; Rigor

et al. 2002; Rigor andWallace 2004; Francis and Hunter

2006; Sorteberg and Kvingedal 2006; Wu et al. 2006). To

better understand the relationship between the WP and

EP patterns and sea ice variability, we examine the low-

level atmospheric circulation and temperature from the

viewpoint of wind-driven sea ice motion and horizontal

temperature advection. As presented in Fig. 6e, the WP

SOM composite shows an enhanced Aleutian low cen-

tered near the southwestern coast of Alaska. Corre-

spondingly, intensified northerly winds prevail over the

Bering Sea. Because the climatological-mean sea ice

edge is located in the northern Bering Sea (NSIDC

2015), this finding suggests that wind-driven sea ice

motion contributes toward the increase in sea ice within

the Bering Sea. In addition, widespread cooling takes

place over the Bering Sea (Fig. 6e). This cooling is

consistent with the advection of cold surface air (http://

jisao.washington.edu/data/legates/) from eastern Siberia

and the Arctic Ocean, which can increase sea ice via

freezing of the sea surface. Similarly, enhanced north-

westerly winds are consistent with an increase of sea ice

to the east of the Russian coast of the Sea of Okhotsk

due to both sea ice motion (the climatological sea ice

edge is located in the western Sea of Okhotsk) and cold

advection. For the EP SOMcomposite, theAleutian low

has a southwest–northeast tilt that corresponds with

northeasterly winds over the Sea of Okhotsk (Fig. 6f).

There is also widespread surface air warming over the

Sea of Okhotsk (Fig. 6f). These northeasterly winds can

drive sea ice westward toward the Russian coast, leading

to a reduction in sea ice over the Sea of Okhotsk, and

advect the relatively warm air from the northwestern
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Pacific Ocean toward the Sea of Okhotsk, which can

lower the sea ice concentration through melting. As in-

dicated above, the sea ice concentration anomalies are

much smaller for the PNA. This can be understood by

noting that the northerly winds over the North Pacific

associated with the PNA are located far to the south of

the climatological-mean sea ice edge. Therefore, there

will be little wind-driven sea ice motion.

FIG. 5. Group-averaged winter-mean occurrence frequencies for the (a) PNA-like, (b) WP-like, and (c) EP-like

SOMs. Principal component time series for the (d) winter-mean EOF1-NDJFM, (e) early-winter-mean EOF2-ND,

(f) late-winter-mean EOF2-FM. The dashed blue lines denote the linear trends.
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6. Relationship between teleconnections and
precipitation

AWW10 showed that in addition to circulation anom-

alies, North Pacific teleconnections are also closely

associated with changes in precipitation. Motivated by

their study, we are going to investigate two questions in

this section: 1) What is the influence of the PNA, WP,

and EP teleconnections on precipitation? 2) Is there a

seasonal shift of precipitation patterns associated with

the seasonal shift from the WP to the EP? To address

these questions, we examine the precipitation anoma-

lies associated with the PNA, WP, and EP from the

continuum perspective (Fig. 7, top row). Over the ex-

tratropics, the PNA composite takes on a zonal dipole

structure with increased precipitation over the north-

eastern Pacific along with decreased precipitation over

the northwestern Pacific. Over the tropics, the PNA

composite features an increase in precipitation over the

central Pacific and a precipitation decline over thewestern

Pacific (Fig. 7a). The WP composite shows a meridional

tripole structure: a positive anomaly located over the

northeastern Pacific and west coast of North America, a

negative anomaly over the subtropical central Pacific,

and a positive anomaly over the tropical central Pacific

(Fig. 7e). The EP composite (Fig. 7i) reveals a northwest–

southeast-oriented dipole structure over the extratropical

northeastern Pacific, which indicates increased precipita-

tion over the west coast of Canada and decreased pre-

cipitation over the west coast of the United States. These

precipitation anomalies are consistent with the jet dis-

placements associated with the SOMpatterns discussed in

section 3. These results suggest that the seasonal shift from

WP to EP patterns during the winter may account for a

northeastward seasonal shift inNorth Pacific precipitation

and a northward seasonal shift along the west coast of

North America. Over the tropics, the EP composite in-

dicates intensification over the warm pool along with de-

pressed precipitation over the central tropical Pacific [in

an examination of outgoing longwave radiation, Tan at el.

FIG. 6. (a)–(c) Group-composite anomalous sea ice cover based on PNA-like, WP-like, and EP-like SOMs (%).

Dots denote grid points where the composite values are statistically significant at the 99% confidence based on

aMonte Carlo test. (d)–(f) As in (a)–(c), but for the 10-mwind vector (arrows) and 2-m temperature (contours). Red

lines denote positive temperature anomalies and blue lines negative; contour interval is 0.5 K. Shading denotes values

that are statistically significant at the 99% confidence level on the Student’s t test.
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(2015) find that a similar dipole anomaly in tropical con-

vection appears to drive about 20% of the variance of the

EP pattern].

Motivated by the results shown in Table 5, we also

performed composites of anomalous precipitation for

the PNA, WP, and EP teleconnection patterns during

El Niño, neutral ENSO, and La Niña (see Fig. 7).

Figures 7b–d show that the difference between the

positive and negative PNA is associated with enhanced

(decreased) precipitation over the central (western)

tropical Pacific for both El Niño and La Niña (a very

weak signal that is not statistically significant is found for

neutral ENSO), respectively, with this east–west dipole

being markedly stronger during El Niño. For the WP

pattern, east–west precipitation dipoles are also observed

during El Niño, neutral ENSO, and La Niña, with the

FIG. 7. Group-composite anomalous precipitation based on (a)–(d) PNA-like, (e)–(h)WP-like, and (i)–(l) EP-like SOMs during (a),(e),(i)

all years, (b),(f),(j) El Niño years, (c),(g),(k) neutral ENSO years, and (d),(h),(l) La Niña years (mm day21). Dots denote grid points

where the composite values are statistically significant at the 95% confidence level.
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amplitude of this dipole being strongest during neutral

ENSO andLaNiña (Figs. 7f–h). For the EPpattern, there

is an east–west dipole anomaly characterized by increased

(decreased) precipitation over the western (central)

equatorial Pacific, with the intensity of this dipole

anomaly being strongest during La Niña (Figs. 7j–l).

7. Conclusions

With daily unfiltered European Centre for Medium-

Range Weather Forecasts interim reanalysis (ERA-

Interim) data, this study shows that themain teleconnection

patterns over the wintertime North Pacific, such as the

PNA, WP, and the recently found EP pattern, can be

decomposed into a continuum of SOM patterns with a

time scale of 7–10 days and two polarities of opposite sign.

The results of this study showed that the seasonal and

interannual variability of theNorth Pacific teleconnections

can be accurately described by the changes in the fre-

quency of the PNA, WP, and EP SOMs. For the PNA,

comparing late winter with early winter, we found for

positive PNA patterns that eastward (westward) displaced

patterns occur more (less) frequently, and for the negative

PNA it is the patterns in the central Pacific that experience

an increase in their frequency. For both phases of the WP

and EP patterns, most of the WP patterns undergo a de-

cline in their frequency from early to late winter, and vice

versa for the EP patterns. This seasonal shift is found for

both phases of theWP andEP patterns, and is observed to

be only weakly sensitive to the phase of ENSO. Collec-

tively, these results show that the North Pacific telecon-

nection patterns are dominated by an eastward shift in

their location from early to late winter. Furthermore, sta-

tistically significant correlations between the principal

component time series of the dominant EOFs and the

frequencies of the SOMpatterns lead to the interpretation

that the interannual variability of North Pacific tele-

connections as identified by theEOFs is due to interannual

changes in the frequency of the corresponding intra-

seasonal SOM patterns.

The relationship between sea ice and each of these

teleconnection patterns was examined. We found that

the WP SOMs are most closely related to an increase in

sea ice over the Arctic Ocean, Bering Sea, and Sea of

Okhotsk and that the EP SOMs are most closely related

to a decrease in sea ice over the Sea of Okhotsk and

Hudson Bay. Furthermore, the results from an exami-

nation of the low-level horizontal wind and air temper-

ature suggest that both wind-driven sea ice motion and

freezing and/or melting of sea ice due to horizontal

temperature advection contribute in part to these sea ice

changes. These results suggest that seasonal changes in

sea ice may be linked to seasonal changes in theWP and

EP patterns. Moreover, given this linkage between

teleconnection patterns and sea ice, and the relationship

between the long-term trend in teleconnection patterns

and their frequency of occurrence, it is possible that the

increasing occurrence of EP SOMs contributes to the

long-term sea ice decline over the Sea of Okhotsk and

Hudson Bay.

The three North Pacific teleconnections are also asso-

ciated with changes in precipitation. The PNA is related to

zonal precipitation shifts over northeastern Pacific. The

WP and EP are associated with meridional shifts in pre-

cipitation over the northcentral and northeastern Pacific,

respectively. These findings imply that the seasonal shift

in North Pacific precipitation may arise in part from the

seasonal change from the WP to the EP pattern. Fur-

thermore, as the EP SOMs underwent an upward trend in

their frequency during the latest 30 years, the relationship

between the precipitation and EP may be related to the

drying over the southwesternUnited States in recent years

(Cayan et al. 2010).

In conclusion, using SOM analysis, we have examined

the dominant North Pacific teleconnection patterns from

the continuum perspective. This has enabled us to more

accurately determine the spatial structure of the tele-

connection patterns than with previous methods, and it

has helped us to learn new features of the seasonal vari-

ation of the teleconnection patterns. For example, we

have shown that PNA-,WP-, andEP-like teleconnections

are present throughout the winter season, and that no-

ticeable changes take place in the frequencies of these

patterns between early and late winter. Also, these

seasonal changes extend to different parts of the con-

tinuum for each teleconnection pattern. The results of

this study suggest that similar insight into the seasonal

variation of North Atlantic and Southern Hemisphere

teleconnections could also be obtained with SOM

analysis. Furthermore, because our findings show that

the interannual variability of the dominant North Pacific

teleconnections can be interpreted as arising from the

interannual variability in the frequency of the corre-

sponding SOMpatterns, a SOM approachmay also shed

light onto the processes that drive climate variability.

This is because our results imply that a crucial climate

change question can be rephrased as what processes

drive the interannual changes in the frequencies of the

intraseasonal SOM patterns.
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