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ABSTRACT

The persistence barrier of sea surface temperature anomalies (SSTAs) in the North Pacific was investi-
gated and compared with the ENSO spring persistence barrier. The results show that SSTAs in the central
western North Pacific (CWNP) have a persistence barrier in summer: the persistence of SSTAs in the
CWNP shows a significant decline in summer regardless of the starting month. Mechanisms of the summer
persistence barrier in the CWNP are different from those of the spring persistence barrier of SSTAs in the
central and eastern equatorial Pacific. The phase locking of SSTAs to the annual cycle does not explain the
CWNP summer persistence barrier.

Remote ENSO forcing has little linear influence on the CWNP summer persistence barrier, compared
with local upper-ocean process and atmospheric forcing in the North Pacific. Starting in wintertime, SSTAs
extend down to the deep winter mixed layer then become sequestered beneath the shallow summer mixed
layer, which is decoupled from the surface layer. Thus, wintertime SSTAs do not persist through the
following summer. Starting in summertime, persistence of summer SSTAs until autumn can be explained by
the atmospheric forcing through a positive SSTAs–cloud/radiation feedback mechanism because the shallow
summertime mixed layer is decoupled from the temperature anomalies at depth, then the following autumn–
winter–spring, SSTAs persist. Thus, summer SSTAs in the CWNP have a long persistence, showing a
significant decline in the following summer. In this way, SSTAs in the CWNP show a persistence barrier in
summer regardless of the starting month.
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1. Introduction

The presence of the spring persistence barrier in
ENSO is well known. It refers to the rapid decline of

the persistence of the ENSO index (e.g., Niño-3 SST
anomalies (SSTAs) and Southern Oscillation pressure
differences) in April–June regardless of the starting
month (Troup, 1965; Wright, 1979; Webster and Yang,
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1992; Lau and Nath, 1996; Clarke and Gorder, 1999;
Xue et al., 1994; Yu, 2005; Mu et al., 2007; Duan et
al., 2009; Duan and Zhang, 2010). The cause of this
spring persistence barrier has not yet been fully elu-
cidated, and various hypotheses have been suggested.
Wright (1979) indicated that it may be related to the
sign change of atmosphere–ocean feedbacks from one
season to another. Webster and Yang (1992) and Lau
and Yang (1996) suggested that the ENSO spring per-
sistence barrier may be related to the influence of the
Asian monsoon. Torrence and Webster (1998) pro-
posed the phase locking of ENSO to the annual cy-
cle as the cause of the spring persistence barrier. In
addition to the eastern equatorial Pacific, persistence
barriers of SSTAs also exist in other regions, such as
the autumn (October–November) persistence barrier
in the South China Sea (SCS) and the vicinity of In-
donesia (Chen et al., 2007; Zhao and Li, 2009), the
winter persistence barrier in the southeastern tropical
Indian Ocean (Wajsowicz, 2005) and in the northern
tropical Atlantic (Ding and Li, 2011).

However, whether a persistence barrier of SSTAs
exists in the North Pacific remains unclear. This topic
merits attention because mid-latitude atmosphere–
ocean interactions exert strong influences on seasonal
climate anomalies (Davis, 1978; Frankignoul, 1985;
Wallace et al., 1990; Lau and Nath, 1990; Kushnir
and Lau, 1992). Although previous analyses of SSTAs
persistence (Alexander and Deser, 1995; Zhang et al.,
1998; Park et al., 2006; Ding and Li, 2009) include
the North Pacific, the persistence barrier of SSTAs in
the North Pacific has not yet been examined specif-
ically. Research on this topic would contribute to a
better understanding of seasonal variations in SSTAs
persistence in the North Pacific, and it would enhance
our ability to perform seasonal climate prediction as
well. In this study, we reported a significant summer
persistence barrier in the central western North Pa-
cific (CWNP), in addition to the spring persistence
barrier in the eastern equatorial Pacific (Fig. 1); this
phenomenon has characteristics substantially different
than those of the ENSO spring persistence barrier. We
aimed to examine the possible causes of the CWNP
summer persistence barrier.

On one hand, ENSO exerts a strong influence on
global climate variability, including the North Pacific
Ocean (e.g., Pan and Oort, 1990; Trenberth et al.,
1998) via the atmosphere bridge (e.g., Lau and Nath,
1996). Because the persistence of ENSO varies with
the season and because ENSO exhibits the spring per-
sistence barrier, we investigated whether ENSO influ-
ences SSTAs persistence in the CWNP or causes the
summer persistence barrier. On the other hand, many
studies have derived the intrinsic mid-latitude atmosp-

Fig. 1. Temporal–spatial distribution of the persistence
barrier of SSTAs in the tropical and North Pacific, from
(a) IERSST and (b) HADISST datasets. Green color in-
dicates the barrier timing is spring; red color indicates
the barrier timing is summer.

here–ocean coupled mode in the North Pacific, which
is separated from the ENSO-induced mid-latitude cou-
pled pattern (Deser and Blackmon, 1995; Zhang et
al., 1996, 1997; An and Wang, 2005). Moreover, lo-
cal atmospheric forcing and upper ocean processes can
have an important impact on SSTAs in the North Pa-
cific. Wintertime SSTAs in the mid-latitude North Pa-
cific are primarily generated through surface turbulent
heat flux changes in association with large-scale atmo-
spheric circulation anomalies (e.g., Cayan, 1992). Lo-
cal processes within the upper ocean, such as the sea-
sonal variation in the depth of the surface mixed layer,
may also lead to SST variability (e.g., Alexander and
Deser, 1995). Thermodynamic feedbacks between ma-
rine stratus clouds and SST may also enhance the per-
sistence of mid-latitude SSTAs, especially in summer
(e.g., Zhang et al., 1998). Therefore, it is necessary
to study the influences of atmospheric forcing and lo-
cal ocean dynamical processes on the CWNP summer
persistence barrier. Moreover, we sought to determine
whether the mechanism of the CWNP summer persis-
tence barrier is different from that of the ENSO spring
persistence barrier. Comparison of the two phenom-
ena contributes to a better understanding of different
seasonal variations in SSTAs persistence between the
extratropical Pacific and the tropical Pacific, including
the atmosphere–ocean interaction in the extratropics
and the tropics.

The remainder of this paper is organized as fol-
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lows. The datasets and methodology are described in
section 2, and the spatial–temporal characteristics of
the persistence barrier of SSTAs in the tropical and
North Pacific are presented in section 3. In section
4 we present a discussion of the causes of the sum-
mer persistence barrier of SSTAs in the North Pacific.
Finally, a summary is provided in section 5.

2. Data and methodology

In this study, for an SST dataset we used the
Improved Extended Reconstruction Sea Surface Tem-
perature (IERSST, 2◦×2◦ grid resolution) for 1950–
2004 (Smith and Reynolds, 2004). The Hadley Centre
Sea Ice and SST (HADISST) was used for confirm-
ing the spatial–temporal characteristics of the persis-
tence barrier of SSTAs in the North Pacific (Rayner et
al., 2003). Monthly subsurface temperature data were
obtained from the Joint Environmental Data Analy-
sis Center at the Scripps Institution of Oceanography
(White, 1995). This archive contains temperatures
at 11 levels (0 m, 20 m, 40 m, 60 m, 80 m, 120 m,
160 m, 200 m, 240 m, 300 m, and 400 m) during
1955–2003. The climatological monthly mean mixed
layer depth (MLD) data were obtained from the World
Ocean Atlas 1994 (1◦×1◦ grid resolution), where the
MLD was determined as the depth at which the den-
sity difference from the sea surface is 0.125 sigma
units (Monterey and Levitus, 1997). Atmospheric re-
analysis data were obtained from the National Cen-
ter for the Environmental Prediction–National Cen-
ter for Atmospheric Research (NCEP–NCAR) for the
period 1950–2004 (2.5◦×2.5◦ grid resolution), includ-
ing geopotential height and zonal wind (Kalnay et al.,
1996). Monthly low cloud cover data were obtained
from the European Center for Medium range Weather
Forecasting (ECMWF) reanalysis for 1958–2001 (Up-
pala et al., 2005). The annual cycle of each variable
was removed by subtracting the mean monthly value
at each grid point.

According to previous definitions of the ENSO
spring persistence barrier (Webster and Yang, 1992)
and the SCS fall persistence barrier (Chen et al., 2007;
Zhao and Li, 2009), we defined persistence in terms
of lag correlation coefficients and the extent to which
these coefficients remained at the 95% confidence level
for lag times. Figure 2 shows the lag correlation coef-
ficients of SSTAs in the Niño-3 SSTAs calculated with
each respective starting month (January–December).
The correlation curves were shifted to line up their
1-month lag with the calendar month shown on the
abscissa. A persistence barrier is manifested as sharp
declines of most of the 12 curves in particular calendar
months, thus ENSO has the spring barrier: the corre-
lations drop below the 95% confidence level in April–

Fig. 2. Lag correlation of SSTAs in the Niño-3 region.
Each curve is shifted to line up the starting month (the
letters at the start of each curve) with the corresponding
lag month (abscissa). The horizontal line indicates the
95% confidence level. Green bar indicates the persistence
barrier occurs during spring.

June for most of the 12 curves. To effectively de-
tect the spatial extent and timing of the persistence
barrier of SSTAs in the tropical Pacific and North
Pacific (20◦S–70◦N), lag correlation was analyzed at
each space grid for all 12 starting months. For each
space grid, spring persistence barrier was recognized
if most of the 12 correlation curves (>10) dropped
below 95% confidence level during the boreal spring
(April–June), and summer persistence barrier was rec-
ognized if most of the 12 correlation curves dropped
below 95% confidence level during the boreal summer
(July–September). In this way, we determined the
spatial–temporal distribution of the persistence bar-
rier of SSTAs in the tropical Pacific and the North
Pacific (Fig. 1).

3. Spatial–temporal characteristics of the per-
sistence barrier of SSTAs in the North Pa-
cific

Figure 1a shows the spatial–temporal distribution
of the persistence barrier of SSTAs in the tropical
Pacific and North Pacific, from IERSST SST data.
Clearly, a summer persistence barrier occurs in the
SSTAs near 40◦N in the CWNP, in addition to the
spring persistence barrier in the east equatorial Pa-
cific (mainly in the Niño-3 region). This result in-
dicates that SSTAs persistence in the CWNP signifi-
cantly decreases in the summer regardless of the start-
ing month and that SSTAs persistence in the east
equatorial Pacific significantly decreases in the spring.
We sought to verify the result shown in Fig. 1a using
HADISST data (Fig. 1b). The two datasets show the
persistence barrier in the North Pacific with consis-
tent spatial–temporal characteristics. This agreement
suggests that the result is creditable; consequently,
IERSST data was used for the following analyses.
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Fig. 3. Seasonal variations in SSTAs persistence in the tropical and North Pacific
using IERSST data. For starting months from January to December, green color
shading shows the lag correlation of the SSTAs at each grid drops below 95% con-
fidence level in spring; red color shading shows the lag correlation of the SSTAs at
each grid drops below 95% confidence levels in summer.

Figure 3 shows the seasonal variation in SSTAs per-
sistence for starting months from January to Decem-
ber. The spatial extent of the spring persistence bar-
rier area in the east equatorial Pacific and the summer
persistence barrier area in the North Pacific showed
pronounced seasonal change: the former is largest
in May and smallest in March, whereas the latter
is largest in January–March and smallest in August–
September.

To illustrate the behavior of the lag correlation co-

efficient, we defined the summer persistence barrier
region as the CWNP (38◦–46◦N, 155◦E–170◦W). For
ease of comparison, we also present the result obtained
for the Niño-3 region (5◦S–5◦N, 150◦–90◦W), where
the ENSO spring persistence barrier is mainly located
(Fig. 1). Figure 4 shows their lag correlation. The left
and right panels show the same information in differ-
ent forms: the left panels show SSTAs persistence for
each starting month, while the right panels show the
timing of occurrence of the persistence barrier. For



NO. 6 ZHAO ET AL. 1163

Fig. 4. (a) Lag correlation of SSTAs in the Niño-3 region as a function of starting month (ordinate) and
lag month (abscissa) from 1950 to 2004. The contour interval is 0.1 and shading indicates correlation
coefficients greater than 95% confidence level. (b) As in panel (a), but viewed as persistence curves as a
function of calendar month. Each curve is shifted to line up the starting month (the letters at the start of
each curve) with the corresponding lag month (x-axis). The horizontal line indicates the 95% confidence
level. (c) As in panel (a), but for SSTAs in the CWNP region. (d) As in panel (b), but for SSTAs in the
CWNP region. Green (red) bar indicates the persistence barrier occurs during spring (summer).

the Niño-3 region, the persistence of SSTAs decreases
below the 95% confidence level in spring for most of
the 12 starting months, indicating that the spring per-
sistence barrier exists in the Niño-3 region (Fig. 4b).
SSTAs persistence is longest for starting months of
April and May and is shortest for starting months of
January and February (Fig. 4a). For the CWNP re-
gion, the persistence of SSTAs decreases in summer
for most of the 12 starting months, which indicates the
existence of the summer persistence barrier (Fig. 4d).
SSTAs persistence is longest for starting months of
July and August and is shortest for starting months
of May and June (Fig. 4c).

Note that the occurrence of the CWNP summer
(ENSO spring) persistence barrier does not mean that
SSTAs persistence is short for all summertime (spring-
time) starting months. For the CWNP region, SSTAs
persistence is shortest only for early summer, while
SSTAs persistence is the longest for starting months
of July–August showing a decrease below the 95% con-
fidence level in the following summer. For the Niño-
3 region, SSTAs persistence is shortest only for early
spring, while SSTAs persistence is the longest for start-

ing months of April–May showing a decrease below the
95% confidence level in the following spring. In fact,
the above characteristics are also evident in previous
studies of the ENSO spring persistence barrier (Web-
ster and Yang, 1992) and SCS autumn persistence bar-
rier (Chen et al., 2007; Zhao and Li, 2009).

4. Possible causes of the CWNP summer per-
sistence barrier

4.1 Phase locking and the persistence barrier

Previous studies have suggested that the phase
locking of ENSO to the annual cycle causes the spring
persistence barrier, because ENSO tends to transit
from one state to another in spring and because
ENSO’s variance is the lowest during spring (Web-
ster and Yang, 1992; Torrence and Webster, 1998).
As shown in Fig. 5, Niño-3 SST is warmest in spring
(Fig. 5a), when its standard deviation is the small-
est (Fig. 5b). However, SST in the CWNP shows a
maximum during August–September and a minimum
during February–April (Fig. 5c), with the standard
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Fig. 5. Annual cycle of SST (upper panels) and standard deviation (bottom panels) for the Niño-3
region (left panels) and the CWNP region (right panels) as a function of calendar month.

deviation showing the same pattern (Fig. 5d). This re-
sult indicates that SST and its standard deviation in
the CWNP are phase locked to the annual cycle; how-
ever, the summer persistence barrier occurs during the
maximum phase of the annual cycle of the SST stan-
dard deviation. This seasonal contrast of SST variabil-
ity in the CNWP region is consistent with the mixed-
layer depth, which is shallow in summer and deep in
winter, suggesting that even a small atmosphere–ocean
surface anomaly can induce large SST change (Kara et
al., 2003; Wu and Kinter, 2010). Therefore, for the re-
lationship between persistence barrier and phase lock-
ing to the annual cycle, the CWNP summer persis-
tence barrier is substantially different from the ENSO
spring persistence barrier.

4.2 Mean seasonal cycle of mixed layer depth
and the summer persistence barrier

A simple stochastic climate model for mid-latitude
SST variability, assuming that ocean mixed-layer tem-
perature anomalies (equivalent to SSTAs) are forced
by random atmospheric variability and decay by
damping back to the atmosphere (Frankignoul and
Hasselmann, 1977), provides a good first-order rep-
resentation of the statistical properties of SSTAs in
mid-latitude regions (Frankignoul, 1985). The govern-
ing equation for the simple stochastic climate model

is

ρcph
dT ′

dt
= F ′ − λT ′ , (1)

where ρ is the density of seawater, cp is the heat capac-
ity of seawater, h is the mean maximum mixed layer
depth, T ′ is the mixed layer temperature anomalies,
F ′ represents the atmospheric forcing of T ′, and λ is
a linear damping coefficient. If the stochastic atmo-
spheric forcing of SSTAs is specified to be “white” in
time (i.e., the decorrelation time scale for variations
in atmospheric weather is much shorter than that for
SST fluctuations), SSTAs would decay exponentially
at a rate proportional to the inverse of the mean max-
imum MLD:

r(τ) = exp[−λτ/ρcph] . (2)

Namely, the deeper the mixed layer, the greater the
associated thermal inertia, which is manifested as a
longer persistence time. This model yields typical
e-folding time scales for SSTAs on the order of 3–6
months, depending on the value used for mixed-layer
depth (e.g., Deser et al., 2003).

Figure 6 shows the climatological MLD in the
North Pacific for winter (February) and summer
(July), and the differences between the two seasons.
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Fig. 6. Climatological mixed layer depth (MLD) in the
North Pacific in February (a) and July (b). (c) Clima-
tological MLD differences between February and July;
shading indicates a difference >150 m.

The MLD in the North Pacific is deeper in winter
(Fig. 6a) and shallower (30 m) in summer (Fig. 6b).
The spatial distribution of the difference in the cli-
matological MLD between February and July in the
Northern Hemisphere (Fig. 6c) is basically consistent
with the distribution of the maximum MLD in Febru-
ary (Fig. 6a). The seasonal variation in the MLD is
greatest within the CWNP region.

Based on the simple stochastic climate model in
Eq. (1), it might be tempting to conclude that SSTAs
persistence in the CWNP is much shorter in sum-
mer and longer in winter from Eq. (2). However, this
model cannot explain the longest SSTAs persistence
starting from summer (July–August) of SSTAs in the
CWNP. This shortcoming arises because the model as-
sumes that SSTAs are forced by random atmospheric
variability and decay by damping back to the atmo-
sphere; consequently, the modeled atmospheric forcing
has a short decorrelation time scale (a week or two)
with a white-noise power spectrum at lower frequen-
cies (Frankignoul and Hasselmann, 1977), and SSTAs
are not influenced by dynamical processes in the ocean
interior. Therefore, both ocean dynamical processes
and atmospheric forcing should be considered as phys-
ical processes contributing to the summer persistence
barrier in the CWNP.

4.3 Local ocean process and atmospheric forc-
ing

4.3.1 Persistence starting in wintertime and the sum-
mer persistence barrier

One important feature of the summer persistence
barrier is the significant summertime decline in win-
tertime SSTAs persistence in the CWNP. Figure 7a
shows the lag correlation between SSTAs in Febru-
ary and monthly SSTAs from February of the current
year through February of the year after next. SSTAs
in the CWNP tend to recur from one winter to the
next, without persisting through the intervening sum-
mer (Fig. 7a). This seasonal difference in the persis-
tence of SSTAs is closely tied to upper ocean processes
(Namias and Born, 1970, 1974; Alexander and Deser,
1995; Zhao and Li, 2010; Zhao and Li, 2012). Figure
7b shows the lag correlation between SSTAs with sub-
surface temperature anomalies from the surface down
to 400 m. Temperature perturbations extend down
to the base of the deep winter mixed layer, then the
winter thermal anomalies become sequestered beneath
the shallow summer mixed layer (Fig. 7b). In this way,
the wintertime SSTAs do not persist through the inter-
vening summer. Geographical location of the CWNP
region is consistent with the “Region n-NP (37◦–45◦N,
157◦E–179◦W)” detected by Hanawa and Sugimoto
(2004). They also have indicated that, in Regions n-
NP, the anomalous water formed in the winter deepest
mixed layer is capped by the shallow seasonal ther-
mocline during the warming season, then subsurface
water is entrained due to the mixed layer deepening
during the next cooling season.

This ocean process is not the only factor that in-
fluences wintertime SSTAs persistence in the CWNP:
there may be multiple paths by which wintertime
SSTAs decay significantly in summer and recur in
the following winter, for example, forcing of atmo-
spheric circulation anomalies at mid–high latitudes in
the North Pacific. Zhao and Li (2010) reported that
atmospheric circulation anomalies in the North Pacific
show winter recurrence without persisting through the
intervening summer (their Fig. 6), which is essential for
SSTAs persistence in the North Pacific (their Fig. 9).

4.3.2 Persistence starting in summertime and the
summer persistence barrier

Another important feature of the summer persis-
tence barrier is that SSTAs persistence in the CWNP
is longest for the starting month of summer (July),
showing a significant decline in the following summer
(Fig. 7c). Persistence of summer temperature after
February (Fig. 7d) is similar with that of winter SSTAs
(Fig. 7b): the summertime temperature anomaly ap-



1166 SUMMER PERSISTENCE BARRIER OF SSTAS IN THE NORTH PACIFIC VOL. 29

Fig. 7. (a) Lag correlation between SSTAs in the starting month of February and monthly SSTAs
from February of the current year (Year 0) through February of the year after the following (Year
2) in the CWNP region from 1955 to 2003. The horizontal line indicates the 95% confidence level.
(b) Lag correlations between SSTAs in the CWNP for a starting month of February and temper-
ature anomalies between the surface and 400 m from the current February through February of
the year after next. (c) and (d) As in panels (a) and (b), but for a starting month of July. The
contour interval is 0.1 and the shaded region indicates statistical confidence above the 95% level.
The climatological MLD is shown by the thick line.

pears in deeper ocean layers during the following
winter–spring (Year 0 to Year 1), and then becomes
sequestered beneath the shallow summer mixed layer
during the second summer (Year 1). There is a distinct
difference in SSTAs persistence between summer and
winter. Winter SSTAs do not persist through the in-
tervening summer (Fig. 7b). But summer SSTAs could
persist above 50 m during July–November of Year
0 (Fig. 7d), demonstrating decoupling of the shallow
summertime mixed layer from the temperature anoma-

Fig. 8. Correlation between SSTAs in the CWNP re-
gion and geopotential height (contour) and wind (vector)
anomalies at 850 hPa in the North Pacific during summer
(July). The counter interval is 0.1, and shading indicates
correlation coefficient values with 95% confidence level.

lies below the base of the mixed layer. Therefore,
some positive feedback processes must operate at
the atmosphere–ocean interface to induce summertime
SSTAs and prolong their persistence.

Figure 8 shows correlation between SSTAs in the
CWNP region and geopotential height (GPH) and
wind anomalies at 850 hPa in the North Pacific during
summer (July). There are significantly positive cor-
relations between the atmospheric circulation anoma-
lies and SSTAs during summer. And this positive
SST–GPH correlation is accompanied by an anoma-
lous anticyclone during summer over the North Pacific.
There is a coincidence between pressure patterns from
lower troposphere to upper troposphere, because the
summertime atmospheric filed generally has a quasi-
barotropic structure (Fig. 9). Positive (negative) GPH
anomalies with anomalous easterlies (westerlies) are
associated with an anomalous anticyclone (cyclone)
over warm (cool) SSTAs (e.g., Wu and Kinter, 2010).
This positive SST-GPH correlation is indicative of at-
mosphere forcing to ocean (e.g., An and Wang, 2005;
Wu and Kinter, 2010). Therefore, it appears that at-
mospheric circulation anomalies also play an impor-
tant role in sustaining SSTAs starting in summertime
in the CWNP region, although the influence of atmos-
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Fig. 9. Correlation between SLP anomalies in the
CWNP region and geopotential height anomalies from
1000 hPa to 70 hPa along 40◦N during summer (July).
The shaded region indicates statistical confidence above
the 95% level.

Fig. 10. Lag correlations between geopotential height
anomalies at 850 hPa in the CWNP for a starting month
of July and oceanic temperature anomalies between the
surface and 400 m from the current July through July
of the year after next from 1955 to 2003. The contour
interval is 0.1 and the shaded region indicates statistical
confidence above the 95% level.

Fig. 11. Correlation between SSTAs in the CWNP re-
gion and low cloud cover anomalies for each calendar
month from 1958 to 2001. The thin solid line indicates
the 95% confidence level.

pheric anomalies on the summer oceanic temperature
anomalies is only sustained to November (Fig. 10).

Wu and Kinter (2010) have indicated that, in sum-
mertime, a large anomalous anticyclone occupies most
of the North Pacific, which can induce anomalous de-
scent and reduce cloudiness; thus it may contribute
to the enhancement in the downward shortwave ra-
diation and the original SSTAs. Although the pos-
itive cloud feedback on SSTAs to prolong the sum-
mertime SSTAs persistence in the North Pacific was
first mentioned by Zhang et al. (1998), they did not
investigate in detail the role of cloud–SSTAs interac-
tions in sustaining the summertime SSTAs. Figure
11 shows the simultaneous correlation between SSTAs
and low cloud cover anomalies in the CWNP for each
calendar month, which shows the seasons for which
the ocean and low cloud are highly correlated. Ob-
viously, low-cloud anomalies are negatively correlated
with SSTAs during July–September, suggesting a posi-
tive cloud feedback on SSTAs over the CWNP (Norris
et al., 1998). However, this positive feedback is not
sustained for long, because their correlations become
positive after October. Thus, the positive cloud feed-
back plays an important role during summertime over
the North Pacific, but it only works during the ini-
tial stage of the summertime SSTAs persistence in the
CWNP.

4.4 Remote ENSO forcing

As the leading mode of interannual variability in
the climate system, ENSO has a strong influence on
climate variability in the North Pacific. It is interest-
ing to consider whether ENSO influences the CWNP
summer persistence barrier. Figure 12a shows the
lead–lag correlation between SSTAs in CWNP and the
Niño-3 region. The strongest negative correlations oc-
cur when SSTAs in the Niño-3 region lead those in the
CWNP by 3–4 months. It appears that the occurrence
of the CWNP summer persistence barrier is linked to
the spring persistence barrier in the Niño-3 region, be-
cause the timing of the spring persistence barrier in the
Niño-3 region is earlier (by one season) than that of the
summer persistence barrier in the CWNP. However,
many studies have reported an intrinsic mid-latitude
atmosphere–ocean coupled mode in the North Pacific
(e.g., Zhang et al., 1996, 1997; An and Wang, 2005),
for which SSTAs are mainly confined to the extratrop-
ical North Pacific with the maximum loading of the
dominant pattern located in the CWNP region, and
atmospheric variation leads to changes in SST, in con-
trast to the case for the ENSO mode.

To further consider the influence of ENSO on the
CWNP summer persistence barrier, we performed a
linear regression analysis. SSTAs variability associated
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Fig. 12. (a) Monthly lead–lag correlation between
SSTAs in the CWNP region and the Niño-3 region. Nega-
tive lags refer to SSTAs in the Niño-3 region leading those
in CWNP. (b) Lag correlation of SSTAs in the CWNP
region, but with the ENSO-regressed SSTAs subtracted
from the original data. (c) Same as panel (b), but for the
ENSO-regressed SSTAs.

with the ENSO cycle is obtained by regressing SSTAs
in the CWNP upon the simultaneous SSTAs in the
Niño-3 region. This regression value was subtracted
from the original SSTAs in the CWNP to yield the
residual SSTAs excluding ENSO-related variability
in SST. From the variance analysis, the ratio of
the ENSO-regressed variance to the total variance of
SSTAs in the CWNP region was only ∼8%, while the
ratio was ∼92% for the CWNP SSTAs without the
ENSO signal. Due to the persistence characteristics of
ENSO itself, the ENSO-regressed CWNP SSTAs also
exhibited spring persistence barrier (Fig. 12c). But
the CWNP SSTAs without the ENSO signal exhibited
summer persistence barrier (Fig. 12b) similar to that
in the original SSTAs data (Fig. 4d). This similarity
was retained by regressing CWNP SSTAs upon Niño-
3 SSTAs for a 3–4-month lead time, which showed

their strongest correlation (Fig. 12a). These analyses
focused on the Niño-3 region where the ENSO spring
persistence barrier is mainly located (Fig. 1). We fur-
ther expanded our analysis to three other ENSO re-
gions (i.e., the Niño-1+2, Niño-3.4, and Niño-4 re-
gions), to determine whether remote ENSO variabil-
ity has little linear influence on the occurrence of the
summer persistence barrier of SSTAs in the CWNP,
because ENSO events show different characteristics in
terms of location of maximum SSTAs compared to
conventional El Niño events (Ashok et al., 2007; Kao
and Yu, 2009; Kug et al., 2009, and Yeh et al., 2009).
The result does not depend on the position of the se-
lected ENSO region (not shown). Above results in-
dicate that remote ENSO variability has little linear
influence on the summer persistence barrier of SSTAs
in the CWNP. The summer persistence barrier is an
inherent persistence characteristic of the SSTAs in the
CWNP.

This result is consistent with the observation anal-
ysis of An and Wang (2005). They separated the in-
trinsic mid-latitude atmosphere–ocean coupled mode
in the North Pacific (the NP mode) from the ENSO-
induced mid-latitude coupled pattern. For the NP
mode, atmospheric variation leads to changes in SST,
and the NP mode displays a persistence barrier during
summer. However, in model simulations, the impact of
remote ENSO forcing on SSTAs persistence in North
Pacific remains uncertain. On one hand, ENSO events
are not essential for SSTAs persistence in the North
Pacific in wintertime, although SSTAs in the tropical
Pacific associated with ENSO affect the wintertime
SST in the North Pacific via changes in the extrat-
ropical atmospheric circulation, as shown by coupled
atmosphere–ocean model simulations (Alexander and
Scott, 2001). On the other hand, although the mag-
nitude of ENSO-related forcing is much smaller than
stochastic forcing, the former should still have a strong
influence on SSTAs persistence in the central western
Pacific region (Park et al., 2006). Using a stochasti-
cally forced ocean mixed layer model and an AGCM
coupled to a variable-depth mixed layer ocean model,
they concluded that ENSO-induced forcing tends to
reduce the persistence of winter–spring SSTAs for lags
terminating in September, but it enhances autocor-
relations for the reference period of August–October,
especially for lags of 2–9 months. Overall, causes of
this controversy in model simulations are not clear at
this stage.

It is well known that both the mid-latitude North
Pacific and the east-central tropical Pacific exhibit
variations on decadal time scales, with a significant in-
terdecadal climatic regime shift occurring before and
after the late 1970s (Trenberth and Shea, 1987; Miller
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and Schneider, 2000; An and Wang, 2000; Xiao and
Li, 2007; Xiao et al., 2011). Furthermore, recent stud-
ies indicate that anomalous warm SST in the central
equatorial Pacific has been observed more frequently
during recent decades (Ashok et al., 2007; Yeh et al.,
2009; Kao and Yu, 2009; Yu et al., 2011). Figure 13
gives the lag correlations of SSTAs in the CWNP for
1950–1975 and 1979–2004, and for which the Niño-
1+2, Niño-3, Niño-3.4 and Niño-4 SSTAs have been
subtracted, to determine whether the massive averag-
ing (1950–2004) might have destroyed important infor-
mation of ENSO on the summer persistence barrier in
the CWNP. It can be seen that, regardless of which pe-
riod (before and after the late 1970s), remote ENSO
variability has little linear influence on the summer
persistence barrier of SSTAs in the CWNP.

4.5 PDO

The leading mode of SSTAs in the North Pacific is
usually called the Pacific Decadal Oscillation (PDO)
(Mantua et al., 1997). The CWNP is located in the
center of PDO. What is the difference and relation
of persistence between the large SSTAs pattern and
local SSTAs? Figure 14 shows the lag correlation of
the PDO index. There are similarities and differences
in the persistence between the PDO index and the
CWNP SSTAs (Figs. 4c and d). On the one hand, their
lag correlations starting from July to December exhibit
similar characteristics, namely, the SSTAs could per-
sist until the following summer. On the other hand,
different persistence characteristics are evident for
those with starting months from January to June. The
PDO could persist through the summertime except in
the starting month of January; while SSTAs in the
CWNP recur from one winter to the next without per-
sisting through the intervening summer. It seems that
their differences in the SSTAs persistence are mainly
for the starting month of the second half of the year.
Zhang et al. (1998) also indicated that the dominant
pattern of SSTAs exhibits generally higher autocor-
relation than the local SSTAs, and the difference is
particularly evident in the second half of the calendar
year.

To investigate the relationship of persistence be-
tween the large SSTAs pattern PDO and local CWNP
SSTAs, linear regression was used. Figure 15 shows
the lag correlation of SSTAs in the CWNP, in which
the PDO-related SSTAs have been subtracted from
the local SSTAs in the CWNP. Significant differences
in the local SSTAs persistence in the CWNP can be
seen, especially for the starting months from July to
October, because SSTAs persistence clearly becomes
shorter compared with the original result (Fig. 4c).
This result suggests that the influence of the PDO on

persistence of the CWNP SSTAs is most significant in
the late summer to early autumn.

5. Conclusions and discussion

In this study, we examined the persistence barrier
of SSTAs in the North Pacific and compared them with
the ENSO spring persistence barrier. The results in-
dicate that SSTAs persistence in the CWNP has a re-
markable seasonal variation and shows a persistence
barrier in summer. Persistence shows a marked drop
in summer for the most of the 12 starting months.
Note that the occurrence of a summer persistence bar-
rier in the CWNP does not mean that SSTAs persis-
tence is short for all starting months from summer-
time. For the CWNP, SSTAs persistence is shortest
only for early summer, while it is longest for starting
months in July–August, showing a significant decline
in the following summer. Similarly, the occurrence of
a spring persistence barrier in the Niño-3 region does
not mean that SSTAs persistence is short for all start-
ing months from springtime. For the Niño-3 region,
SSTAs persistence is shortest only for early spring,
while it is longest for starting months in April–May,
showing a significant decline in the following spring.
Compared with the ENSO spring persistence barrier,
the spatial distribution of summer persistence barrier
in the North Pacific is narrower (Fig. 1). And summer
persistence barrier in the CWNP is weaker than spring
persistence barrier in the Niño-3 (Fig. 4).

SSTAs variations in the CWNP are phase locked to
the annual cycle, whereas the summer persistence bar-
rier occurs during the maximum phase of the annual
cycle of SST variance. The ENSO spring persistence
barrier occurs during the minimum phase of the annual
cycle of ENSO variance. Therefore, for the relation-
ship between persistence barrier and phase locking to
the annual cycle, the CWNP summer persistence bar-
rier is substantially different from the ENSO spring
persistence barrier.

Further analyses indicate that remote ENSO forc-
ing has little linear influence on the CWNP sum-
mer persistence barrier, compared with local upper-
ocean processes and atmospheric forcing in the North
Pacific. In winter, local ocean processes and atmo-
spheric forcing are both at work in the CWNP. In sum-
mer, local atmospheric forcing may be more impor-
tant because subsurface ocean temperature anomalies
do not provide the exclusive source of SSTAs mem-
ory starting in summertime. Starting in wintertime,
SSTAs extend down to the deep winter mixed layer
then become sequestered beneath the shallow sum-
mer mixed layer, which is decoupled from the sur-
face layer. Thus, wintertime SSTAs do not persist
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Fig. 13. (a) Lag correlation of SSTAs in the CWNP region for 1950–1975 (left panels) and
1979–2004 (right panels). (b)–(e) As in panel (a), but for which the (b) Niño-1+2, (c) Niño-3,
(d) Niño-3.4, and (e) Niño-4 SSTAs have been subtracted, respectively.

through the following summer. Starting in summer-
time, the shallow summertime mixed layer is decou-
pled from the temperature anomalies at depth. The
persistence of summer SSTAs until autumn can be ex-
plained by the atmospheric forcing through a posi-
tive SSTAs–cloud/radiation feedback. The following
autumn–winter–spring SSTAs persistence is similar to
the winter SSTAs persistence when the mixed layer
deepens again. Thus, summer SSTAs in the CWNP
have a long persistence showing a significant decline

in the following summer. In this way, SSTAs in the
CWNP have a persistence barrier in summer regard-
less of the starting month.

Why the summer persistence barrier of SSTAs is
only observed in the CWNP region remains an open
question. In fact, the CWNP region is unique in sev-
eral ways: (1) it is located in the key area of the SSTAs
variability in the North Pacific (Wu and Kinter, 2010);
(2) it is located where the MLD seasonal variation be-
tween summer and winter is greatest (Fig. 6c); and (3)
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Fig. 14. Lag correlation of the PDO index.

Fig. 15. Same as Figs. 4c and d, but the PDO-related SSTAs have been subtracted from the original
SSTAs in the CWNP.

it is located where the shortwave radiation change as-
sociated with a positive cloud–SST feedback is a dom-
inant factor for the development of SSTAs in boreal
summer (Norris et al., 1998; Wu and Kinter, 2010).
Whether these particularities cause the CNWP region
to be the only persistence barrier region in the North
Pacific is unclear and remains to be further studied.
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