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Abstract By performing perfect model predictability
experiments in a coupled general circulation model from
the point of view of initial error growth, it is demonstrated
that there may exist a “summer prediction barrier” (SPB)
in the predictions of Pacific Decadal Oscillation-related
sea surface temperature anomalies (PDO-related SSTA),
which refers to the phenomenon that initial errors exhibit
a significant season-dependent evolution, with the largest
error growth occurring in the August—September—October
(ASO) season. Due to the effect of the SPB, the prediction
error of PDO-related SSTA events starts to grow rapidly
during the ASO season and yields a positive (negative)
prediction error for the warm (cold) events, essentially
inducing a delay of the events. The SPB may be one of the
main factors limiting the predictability of North Pacific sea
surface temperature. The physical and dynamical mecha-
nisms of the SPB are explored from two aspects: thermo-
dynamics and dynamics. In terms of thermodynamics, we
demonstrate that the fastest error growth of PDO-related
SST cold (warm) events during the ASO season is mainly
due to the largest anomalous release (absorption) of the
latent heat flux in this season; while for dynamics, the
effect of the vertical gradient of climatological mean sea
temperature on the anomalous upwelling (downwelling)
dominates the contribution of the dynamical temperature

W. Duan (><) - Y. Wu

State Key Laboratory of Numerical Modeling for Atmospheric
Sciences and Geophysical Fluid Dynamics (LASG), Institute
of Atmospheric Physics, Chinese Academy of Sciences,
Beijing 100029, China

e-mail: duanws@lasg.iap.ac.cn

Y. Wu

University of Chinese Academy of Sciences,
Beijing 100049, China

Published online: 21 October 2014

advections to the error growth of the PDO-related SST
cold (warm) events during the ASO season. The anoma-
lous release (absorption) of the latent heat flux and anom-
alous upwelling (downwelling) of the ocean currents are
both related to the anomalous northwesterly or cyclonic
(southeasterly or anticyclonic) wind over the PDO-related
SSTA region, which indicates that the error growth associ-
ated with the SPB of PDO-related SST cold (warm) events
is mainly driven by anomalous wind stress. The error
growth associated with the SPB for PDO-related SSTA
may also explain why the SSTA in the Kuroshio—Oyashio
Extension is much less predictable than in other regions of
the North Pacific, as shown by some state-of-the-art cli-
mate models.

Keywords North Pacific - Sea surface temperature -
Predictability - Error growth

1 Introduction

The North Pacific sea surface temperature (NP-SST) and
its related atmospheric circulation have broad impacts
on weather and climate variability over the North Pacific
and surrounding regions, such as North America and East
Asia (Lau et al. 2004; Yu and Zhou 2007). One of the most
important components of climate variability in the North
Pacific is the Pacific Decadal Oscillation (PDQO), whose SST
signature is characterized by a horseshoe pattern with one
sign in the central and western North Pacific, surrounded by
anomalies of opposite sign (Latif and Barnett 1994, 1996;
Mantua et al. 1997; Zhang et al. 1997). The PDO has a sub-
stantial impact on climatic and biological variables (Yata-
gai and Yasunari 1994; Mantua et al. 1997; Hu et al. 2003;
Lau et al. 2004; Yu and Zhou 2007), and thus its successful
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prediction is important in planning and management pro-
cesses for various stakeholders and policymakers.
Predictions of PDO are related to decadal predictions of
NP-SST. The NP-SST variability consists of the effect of
complicated interactions of multiple-scale phenomena: the
sub-annual timescales dominated by intrinsic North Pacific
variability; inter-annual timescales by changes of the Aleu-
tian Low and El Nifo-Southern Oscillation (ENSO); and
decadal timescales by the ocean circulation anomalies in
the Kuroshio—Oyashio Extension (KOE) region, the Aleu-
tian Low and ENSO (Schneider and Cornuelle 2005).
Existing numerical models often fail to describe the com-
plicated interaction of these multiple-scale phenomena.
Consequently, predictions of NP-SST with long lead times
are always of low skill (Schneider and Cornuelle 2005;
Newman 2007). Even Schneider and Cornuelle (2005) and
Newman (2007) argued that NP-SST may be unpredictable
for long lead times due to the effect of complicated interac-
tions of those multiple-scale phenomena mentioned above.
Many scientists estimated the predictability of NP-SST
with shorter lead times. In fact, on the seasonal timescale,
the evolution of NP-SST also modulates the weather and
climate in North America and East Asia (Lau et al. 2004,
Hu and Huang 2009; Beattie and Elsberry 2012), and a
variety of methods and models have been applied in sea-
sonal predictions of NP-SST (Landman and Mason 2001;
Auad et al. 2004; Alexander et al. 2008; Wen et al. 2012).
In particular, Wen et al. (2012) investigated the skill of NP-
SST prediction in a fully coupled ocean—land—atmosphere
forecast system [the National Centers for Environmental
Prediction (NCEP) Climate Forecast System (Saha et al.
2006)] and demonstrated that the NP-SST, except for the
SST over the KOE region, can be predicted with reasonable
skill for two-season lead times. This result also indicates
that the SST over the KOE region is difficult to predict suc-
cessfully. Moreover, Alexander et al. (2008) and Auad et
al. (2004) showed that the SST forecast skill for lead times
longer than one season hardly beats persistence in the KOE
region using a linear inverse model and in an uncoupled
Pacific Ocean model forced by the fluxes from an uncou-
pled global atmospheric model, respectively. And Guemas
et al. (2012) showed that the bad performances of several
state-of-the-art climate models with respect to decadal
predictions of NP-SST are due to the failure of the mod-
els in representing two major warm SST events in North
Pacific, one of which just occurs along the KOE region. It
is inferred that the behavior of SST predictability over the
KOE region is important for improving the accuracy of not
only NP-SST predictions with shorter lead times (e.g., sea-
sonal prediction), but also decadal predictions of NP-SST.
In fact, the KOE is located in a region where the SST
signature of the PDO mode is significant [i.e., the region
(30°-50°N, 145°E-150°W), marked by the black box in
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Fig. 1 a The leading EOF mode of North Pacific SSTA, i.e., the PDO
mode, derived from 1950 to 2011 ERSST.v3b/NOAA following the
method proposed in Mantua et al. (1997); b the corresponding stand-
ard monthly PDO index (thin blue line), decadal PDO index (thick
blue line), monthly PDO-related SSTA (averaged over the PDO-
related SSTA region; thin red line) and decadal PDO-related SSTA
(thick red line)

Fig. 1]. In Fig. 1, it can be seen that the variability of sea
surface temperature anomalies (SSTAs) in the black box is
highly anti-correlated with that of PDO index, particularly
showing a correlation coefficient of —0.82 (—0.71) and cor-
responding explained variance of 65 % (50 %) for monthly
(decadal) index (this result is significant at the 95 % confi-
dence level). Therefore, the evolution of these SSTAs cap-
tures the variability of PDO mode very well. In this paper,
for convenience we denote these SSTAs as “PDO-related
SSTA”, and the region marked by the black box in Fig. 1 as
the “PDO-related SSTA region”. We consider that address-
ing the predictability of PDO-related SSTA is very impor-
tant in improving the prediction skill of NP-SST, as well as
PDO.

Motokawa et al. (2010) demonstrated that the structure
of the dominant NP-SST anomaly patterns in boreal sum-
mer (especially in August and September) is quite different
from those in other seasons, and presents an abrupt change
in the evolution of NP-SST anomalies. This indicates that
the evolutions of NP-SST anomalies may have their weak-
est memory when bestriding boreal summer. Actually, Zhao
et al. (2012) showed that the SSTA in the central and west-
ern Northern Pacific (i.e., the PDO-related SSTA region)
has its weakest memory during boreal summer and exhibits
a significant “summer persistence barrier”, which is a phe-
nomenon that the persistence (autocorrelation) of SSTAs in
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the PDO-related SSTA region shows a significant decline
in boreal summer. These results imply that the “summer
persistence barrier” may be one of the typical features of
the evolution of PDO-related SSTA.

A similar persistence barrier phenomenon has emerged
in ENSO-related SSTA, which often exhibits a “spring per-
sistence barrier” (Webster and Yang 1992; Lau and Yang
1996; McPhaden 2003). The effect of the spring persistence
barrier on ENSO events also shows itself in numerical pre-
dictions of ENSO, exhibiting a “spring prediction barrier”.
In fact, the spring persistence barrier of ENSO implies the
strongest spring dynamical instability of ENSO-related
SSTA. The strong instability of the ENSO-related SSTA
in spring favors perturbation (i.e., prediction error) growth
and may induce loss of forecast skill, ultimately resulting
in the spring prediction barrier for ENSO events. Many
studies have explored the spring prediction barrier for
ENSO events from the point of view of error growth (Lau
and Yang 1996; Moore and Kleeman 1996; Samelson and
Tziperman 2001), and one of the points that have emerged
is that the spring prediction barrier of ENSO relates to the
fastest growth of prediction errors during spring. Duan et
al. (2009) and Yu et al. (2009) demonstrated that the pre-
diction errors caused by the initial errors are most likely
to induce a spring prediction barrier for ENSO events.
Furthermore, the prediction errors that are most likely to
cause a spring prediction barrier for ENSO tend to pos-
sess El Nifio- or La Nifia-like evolving modes. That is to
say, the error growth related to the spring prediction barrier
for ENSO events is inclined to follow the same dynamical
mechanism as ENSO evolution.

The PDO-related SSTA experiences a similar issue
as ENSO in terms of having a persistence barrier, and its
predictability could also be explored from the viewpoint
of error growth. In this context, we attempt in the present
paper to answer the following questions:

1. Do the prediction errors caused by initial errors exhibit
their fastest growth during boreal summer and induce a
significant summer prediction barrier (SPB) for PDO-
related SSTA? If so,

2. What are the mechanisms of the error growth related to
the SPB for PDO-related SSTA?

We explore these questions by analyzing the results of
perfect model predictability experiments performed using a
coupled global model, and from the point of view of initial
error growth. So-called perfect model predictability experi-
ments involve numerical models that are assumed to be
perfect, and one only considers the effect of initial errors
on the prediction uncertainties (Duan et al. 2009). This
approach stems from studies of the first kind of predictabil-
ity problems proposed by Lorenz (1975).

The remainder of the paper is organized as follows.
In Sect. 2, the model, data set and approaches used are
described. The season-dependent evolution of the pre-
diction errors for PDO-related SSTA (i.e., the SPB) is
reported in Sect. 3. In Sect. 4, we investigate the mecha-
nisms responsible for the SPB of PDO-related SSTA. In
Sect. 5, we examine the robustness of the results obtained
in Sects. 3 and 4. And finally, a summary of the key find-
ings is presented in Sect. 6.

2 Model, data set and approach

The model used in this study is the fully coupled global
Fast Ocean Atmosphere Model (FOAM; Jacob 1997),
developed jointly at the University of Wisconsin and the
Argonne National Laboratory. The atmospheric compo-
nent (PCCM3-UW), with a horizontal resolution of R15
(equivalent to 7.2° longitude x 4.75° latitude) and 18
vertical levels, is a parallel version of the National Center
for Atmospheric Research (NCAR) Community Climate
Model version 2 (CCM2), but with the atmospheric phys-
ics replaced by those of CCM3. The oceanic component,
with a z-coordinate and a resolution of 1.4° latitude x 2.8°
longitude x 32 vertical levels, was developed following the
Geophysical Fluid Dynamics Laboratory Modular Ocean
Model. Without flux adjustment, the fully coupled model
has been integrated for over 1,000 years after a spinup and
we find that it does not present any apparent climate drift.

FOAM captures major features of the observed climatol-
ogy, as in most state-of-the-art climate models (Jacob 1997,
Liu et al. 2003). It has been used in addressing a variety of
issues of tropical (e.g., Vavrus et al. 2006) and extratropi-
cal Pacific climate variability (e.g., Liu and Wu 2004; Yang
and Liu 2005). In particular, its performance in simulating
the PDO and its related atmospheric and oceanic variables,
such as North Pacific SST, wind stress and sea level pres-
sure, is reasonable. Furthermore, the main characteristics
(such as period, phase-locking etc.) of FOAM-simulated
North Pacific SST are similar to those of observations (see
the following paragraph), which therefore provided us with
an acceptable platform to perform the perfect model pre-
dictability experiments for PDO-related SSTA.

We use version 3b of the National Oceanic and Atmos-
pheric Administration Monthly Extended Reconstructed
Sea Surface Temperature Dataset (ERSST.v3b/NOAA) on
a 2° x 2° spatial grid for the period of 1950-2011 (Smith
et al. 2008) as the observation to compare with the outputs
of FOAM.

It can be seen from Fig. 2al-a3 that warm and cold
SSTAs in the PDO-related SSTA region occur alternately
and present an oscillation cycle, with a period of about
2-5 years (see Fig. 3a), similar to that of ENSO. According
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Fig. 2 Composite spatial patterns of the observed NP-SST anoma-
lies in summer (JAS season) for al warm and a2 cold events during
1950-2011, where the observation is from ERSST.v3b/NOAA; a3 is
the related time series of PDO-related SSTA (black line) and Nifio 3.4
index (blue line) during 1990-2010. b1, b2 are the composite spatial
patterns of the simulated NP-SST anomalies in summer (JAS season)
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for warm and cold events from the 1,000-year control run of FOAM.
b3 is the time series of FOAM-simulated PDO-related SSTA (black
line) and Nifio 3.4 index (blue line) during model years 852-872,
which period is randomly selected from the 1,000-year control run
and has the same length as in observation in (a3). Units: K
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Fig. 3 a The result of wavelet analysis of the time series of 1950-2011 PDO-related SSTA of ERSST.v3b/NOAA; b the result of wavelet analy-
sis of the time series of PDO-related SSTA of the 1,000-year control run in FOAM. The dotted red line represents the 95 % significance
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Table 1 The numbers of observed warm and cold events that tend to peak in the seasons of JEM, AMJ, JAS and OND (statistics derived from

SSTA during the period 1924-2011)

JFM AMIJ JAS OND Mean duration (months) Mean amplitude (°C) Nifio 3.4 SSTA (°C)
Warm events 1 8 13 5 10.6 0.86 1.69
Cold events 1 0 8 2 10.8 —-0.76 —1.50

The mean duration and amplitude in the peak phase of the typical PDO-related SST warm/cold events, and the mean Nifio 3.4 index in the peak

phase of the ENSO events during 1924-2011 are also shown
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to the NOAA oceanic Nifio index (ONI http://www.cpc.
ncep.noaa.gov/products/analysis_monitoring/ensostuft/
ensoyears.shtml), if the Nifio 3.4 SSTA (or Nifio 3.4 index:
the 3-month running mean of SSTA averaged over the Nifio
3.4 region) larger than 0.5 °C persists for at least 5 months,
it is regarded as an El Nifio event. The value of 0.5 °C is
about half of the standard deviation of the Nifio 3.4 SSTA.
Similarly, we regard half of the standard deviation of the
PDO-related SSTA, i.e. 0.25 °C, as one criterion measuring
the PDO-related SST warm and cold events. In addition,
considering the PDO-related SST warm events are similar
to El Nifo events and have the duration about 11 months
(see Table 1), we define a PDO-related SST warm event
if the PDO-related SSTA larger than 0.25 °C persists for
at least 5 months, where the duration is considered as the
length of the period ranging from the onset of the event
(as soon as the PDO-related SSTA is larger than 0 °C) to

the death of the event (as soon as the PDO-related SSTA is
smaller than 0 °C). Conversely, if the PDO-related SSTA
smaller than —0.25 °C persists for at least 5 months, this
event is regarded as a PDO-related SST cold event. The
SSTAs of these events are usually established in boreal
spring and then subsequently grow in amplitude over the
central and western North Pacific, reaching their peak in
boreal summer. Of course, there also exist some events
whose peaks are not in summer. For the warm and cold
events with the peaks in summer, particularly in the July—
August—September (JAS) season (see Table 1), we regard
them as typical PDO-related SST warm and cold events,
respectively (see Fig. 4). The typical warm events often
have a shorter average duration but a larger amplitude than
the cold events and present a amplitude asymmetry similar
to ENSO (see Table 1), which, however, is not significant
due to the small amplitude difference between the warm
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Fig. 5 Two examples of the
chosen typical PDO-related
SSTA events: a a cold event,
and b a warm event. They tend
to peak in July—August. The
months marked by bullet points
represent the start months of
predictions. These predictions
have a lead time of 12 months
and bestride the period when the
PDO-related SSTA experiences
the summer persistence barrier.
Units: K
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and cold events. In this paper, we focus on these typical
PDO-related SST warm and cold events to address the
behavior of PDO-related SSTA predictability.

In the perfect model predictability experiments, the
model PDO-related SST warm and cold events were
regarded as the “true states” (i.e., reference states) to be
predicted, and their predictions were obtained by inte-
grating the model with perturbed initial fields. Before the
predictions, we integrated a control run with a 1,000-year
continuation of the fully coupled simulation after a spinup.
In this 1,000-year control run, we obtained a time series
of PDO-related SSTA, which was averaged by the SSTA
in the PDO-related SSTA region. The model PDO-related
SSTA showed a warm—cold cycle with an average period of
about 3 years [see Figs. 2b1-b3, 3b]. It should be pointed
out that the most significant PDO-related SSTA signal dur-
ing the peak phase in FOAM is a little eastward of that in
the observation, and the model PDO-related SSTA index
has smaller amplitude and less frequency noise than the
observed one. Despite this, the PDO-related SSTA warm—
cold cycle in the FOAM presents similar irregular oscil-
lation to the observed one and it can be acceptable for us
to investigate the predictability of PDO-related SSTA.
In numerical experiments, 20 typical PDO-related SSTA
events with different intensities were selected from the con-
trol run as the reference states, including 10 warm events
and 10 cold ones. Figure 5a, b show one example of a cold
and warm event, respectively.

Previous studies have demonstrated that the initial errors
causing significant prediction uncertainties for coupled
ocean—atmospheric modes (e.g., ENSO events, Kuroshio
Large Meander, Atlantic and Pacific blockings, etc.) may
have dynamical growth behavior similar to the events
themselves (Yu et al. 2009; Jiang and Wang 2010; Duan
et al. 2012; Wang et al. 2012a, b). Furthermore, Duan et
al. (2009) demonstrated that such kinds of initial errors
for ENSO events would be most likely to cause a signifi-
cant “spring prediction barrier”. These results encourage
us to investigate the SPB of PDO-related SSTA events by
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superimposing the initial sea temperature errors derived
from PDO-related SSTA. Considering there exists a 1,000-
year control run of FOAM and we cannot take all sea
temperature fields in this long run as initial errors due to
expensive time costs in conducting predictability experi-
ments, we applied the EOF (Empirical Orthogonal Func-
tion) analysis to the model SSTAs in the North Pacific
covering the region (20°-60°N, 120°E-100°W), where the
sea temperature anomalies were derived from the 1,000-
year control run of FOAM. Thus, we were able to obtain
the first 20 EOF patterns (denoted as A1-A20, respec-
tively) and their related principal components (PCs). Then,
the sea temperature anomalies at the 40, 60, 80 and 100 m
levels were separately regressed onto the first 20 PCs for
the SSTAs to obtain 20 regressed patterns for each level,
denoted as B1-B20, C1-C20, D1-D20, and EI1-E20,
respectively. Each of the first 20 EOFs along with its PC-
regressed patterns of four different levels composed of
one initial error including 5 levels (i.e., An, Bn, Cn, Dn,
En; n = 1, 2 ... 20). Thus, for every PDO-related SST
warm or cold event, we had 20 different initial errors to be
superimposed on the initial values of the sea temperature
field for the reference states. That is to say, for each star-
ing month, the same 20 initial errors were applied for each
PDO-related SST warm or cold event to obtain 20 members
of predictions. We denoted the initial errors as 7"y, where
(i, J, k) represents the grid points in the region with latitude
i ranging from 120°E to 100°W by 1.48°; longitude j rang-
ing from 20°N to 60°N by 2.88°; and with vertical levels k
being 20, 40, 60, 80 and 100 m. To investigate the differ-
ences among the effects of 20 initial sea temperature errors
with different spatial patterns on the prediction errors of
PDO-related SSTA events, we scaled the initial errors 77
, in

i ijk

to have same magnitude by T} = o - To / T

2
which HTétf/k ‘ =\ ijk (T()l.jk) . Then the magnitudes of

initial errors are given by ||Ti’/.k|| = o despite the variances
the corresponding EOFs explained are decreased (for the
values of o, please refer to as in Sect. 3).
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In this context, we use Year(0) to denote the year when
the chosen PDO-related SST warm or cold events attained
their peak values, and Year(—1) is the year before Year(0).
For each of the predetermined 20 events, we integrated the
model for 12 months with 20 initial errors starting from
November(—1) [i.e., November in Year(—1)], February(0)
[i.e., February in Year(0)], May(0), and August(0), respec-
tively (see Fig. 5). Thus, we obtained 80 predictions (20
initial errors x 4 starting months) for every event. The dif-
ference between the PDO-related SSTA of reference states
T°(f) and their predictions 77(¢) is generally referred to as
the prediction errors of PDO-related SSTA. In perfect
model predictability experiments, the prediction errors are
only caused by the growth of initial errors.

To investigate the growth tendency of ini-

tial errors, the slope « = a;ggz) of the curve

2

() =1 TP() — T = \/ S (T80 - T50) " G )
represent the latitude and longitude indices in the PDO-
related SSTA region] was computed for a time period,
where y(t) measures the magnitude of the prediction error
of PDO-related SSTA at the time ¢ In particular, if it is
assumed that the prediction error at the start time of the
time period [#,, t,] is of magnitude y(¢,) and at the end of the
time period is Y(¢,), the growth tendency of the prediction
error for the time period [t,, #,] can be roughly estimated
by evaluating x ~ % if the time interval length is
sufficient small. In this study, we consider the growth ten-
dencies of prediction errors from one month to next month.
Then we will compute 11 growth tendencies of prediction
errors in a year. For each growth tendency, it corresponds
to a time period, i.e., the period from one month to next
month. Since the time periods that the 11 growth tenden-
cies correspond to have a common time interval length, we
simply use the values of k¥ ~ ¥(t,) — (t,) to indicate the
growth tendencies. A positive value of xcorresponds to an
increase of the PDO-related SSTA prediction errors, while
a negative value corresponds to a decrease; and the larger
the absolute value of «, the faster the increase or decrease.

3 The season-dependent evolution of initial errors
for PDO-related SSTA events

Using the results obtained via the approach described
above, in this section we examine the season-dependent
evolution of the initial errors associated with PDO-related
SST warm and cold events. In the numerical experiments,
the 20 chosen events were all predicted for 12 months,
each with the same 20 initial errors starting from Novem-
ber(—1), February(0), May(0), and August(0), respectively.
The magnitude of the initial errors was constrained by

o=>5,1i.e., ’Tlg-kH =5, which guaranteed that the magnitude
of initial errors was about 30-50 % of initial anomalies of
the PDO-related SSTA events, and in this case the absolute
value of initial error at each grid point is about 0.2 K on
average. A total of 400 predictions (20 events x 20 initial
errors) and their related prediction errors were obtained for
each of the four starting months, including 200 for warm
events and 200 for cold events. According to the method
mentioned in the Sect. 2, the growth tendencies of predic-
tion errors were then estimated based on the mean of the
200 prediction errors for warm and cold events. Since the
data of the model outputs are monthly means, the growth
tendencies k & y(t,) — ¥(t,) were evaluated during two con-
tinuous months, which guarantees the error growth during
these two continuous months is quasi-linear (see Sect. 2).
The results show that, no matter what the starting month
is, both warm and cold events tend to have significant error
growth in the periods from August to September and/or
from September to October (this result is significant at the
95 % confidence level); and the total growth of the predic-
tion errors is much larger in the August—September—Octo-
ber (ASO) season, compared to those in other seasons (see
Figs. 6, 7). Here, the total growth of prediction errors in a
season is measured by the sum of the growth tendencies
of prediction errors in the season. For example, the total
growth of prediction errors in the ASO season is described
by the sum of the growth tendencies of prediction errors in
the periods from August to September and from September
to October.

Figures 6 and 7 respectively show the total growth
(black bars) of prediction errors in each season for the
PDO-related SST cold and warm events. The time-depend-
ent evolutions of all prediction errors (color lines) are also
shown in Figs. 6 and 7. From these two figures, it is shown
that the total growth of prediction errors during ASO are
always positive and often have much larger value compared
to those during the other seasons (this result is significant at
the 95 % confidence level). Therefore, the prediction errors
have significant growth during the ASO season, which cor-
responds to the season when the observed PDO-related
SSTA experiences the summer persistence barrier phe-
nomenon, causing a dramatic decrease in the forecast skill
during this season. As mentioned in the introduction, pre-
dictions of ENSO events tend to yield a significant spring
prediction barrier due to significant error growth during
spring when the ENSO-related SSTA tends to experience
a persistence barrier phenomenon (Mu et al. 2007a; Duan
et al. 2009). For the PDO-related SSTA events, the results
are clearly similar. That is, a significant error growth occurs
during the ASO season when the PDO-related SSTA tends
to experience a summer persistence barrier phenomenon.
We therefore refer to the phenomenon that the prediction
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Fig. 6 The time-dependent evolutions (color lines; each line corre-
sponds to one initial error) of the prediction errors in terms of ()
for the PDO-related SST cold events and the total growth of predic-
tion errors in different seasons including Feb—Mar—Apr, May—Jun—
Jul, Aug—Sep-Oct, and Nov—-Dec—Jan. The total growth of prediction
errors in different season are denoted by the black bars corresponding

Sep Dec Mar Jun

to Mar, Jun, Sep, Dec in horizontal axis, which are obtained by taking
the ensemble mean of the sum of error growth tendencies in the cor-
responding seasons for the 200 predictions, with the starting months
November(—1), February(0), May(0) and August(0), respectively
(also see Sect. 3)

Fig. 7 The same as Fig. 6, but 30
for PDO-related SST warm
events

[ start from Nov(— 1)

Mar Jun Sep Dec

Jun Sep

errors exhibit a significant growth during ASO as the “sum-
mer prediction barrier” (SPB) of PDO-related SSTA, which
means that the forecast skill of PDO-related SSTA may
decline dramatically due to the significant growth of pre-
diction errors when the predictions bestride the ASO sea-
son. In particular, from Fig. 8 we notice that the predicted
PDO-related SST warm (cold) event, due to the effect of
initial sea temperature errors, significantly underestimates
the reference state event during its growth phase; but dur-
ing the ASO season, the prediction error starts to grow
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fast and finally causes the predicted PDO-related SST
warm (cold) event to peak at a later time and yield a posi-
tive (negative) prediction error at prediction time (exactly
after the peak phase of the event). Obviously, the growth of
prediction errors in the ASO season, compared to those in
other seasons, makes a much larger contribution to the pre-
diction errors at prediction time, which also encourages us
to regard the phenomenon of the fast growth of prediction
errors during the ASO season as an SPB of PDO-related
SSTA.
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Fig. 8 The monthly Box- (a) warm events (b) cold events
Whisker Plot of PDQ—related B eference e B B e st
SSTA for predetermined a L predicion [ @ predcion

warm events b cold events and
their predictions with the start-
ing month Feb(0). The black
line with black box is for the
predetermined PDO-related
SSTA events and the blue line
with blue box signifies the
predictions that occur the SPB.
Units: K

PDO-related SSTA (K)
<

Feb Apr

Fig. 9 Ensemble mean of

(a)
prediction errors in terms of 30

Jun

Aug Oct Feb Apr

(1) (see Sect. 2) for a PDO-
related SST warm events and b
PDO-related SST cold events,
where the magnitude of predic-
tion errors are estimated by
considering the 20 initial errors
with o = 0.025 (dashed line)
and o = 5 (solid line) for each
event, respectively. The starting
month of the predictions is 5 L
Feb(0)

=-8—sigma=>5
sigma=0.025

25 |-

20

15+

10 1

prediction error

For initial errors with much smaller magnitude of
o = 0.025 (i.e., the absolute value of the initial error at each
grid point is about 0.001 K on average), we also revealed
the phenomenon of season-dependent evolution of predic-
tion errors for PDO-related SST warm and cold events,
with the largest error growth in the ASO season, but the
resultant prediction errors are significantly smaller than
those caused by the initial errors with o = 5 (see Fig. 9).
For convenience, we only take the case of o = 5 as the
example to show the mechanism of season-dependent evo-
lution of prediction errors for PDO-related SSTA events.

4 Possible mechanisms responsible for the error growth
associated with the SPB

In this section, we explain why the PDO-related SSTA
tends to yield a significant SPB, within which two ques-
tions must be considered: Why do initial errors grow fastest
in the ASO season? What is responsible for the physics and
dynamics of the error growth associated with the SPB for
PDO-related SSTA?

In this study, the SPB of PDO-related SSTA arose from
the evolution of prediction errors caused by the initial

Aug  Oct

errors superimposed on the sea temperature anomalies over
the North Pacific. Therefore, to address the reason behind

the SPB, we focus on the SST equation to trace the related
error growth:

T Q

o pcp}_l

oT
U— —
0x

oT aT LR
vV— —w— .
ay 0z

ey

The left side of Eq. (1) represents the total tendency of
the SST denoted by 7. The first term of the right side repre-
sents the net sea surface heat flux term, where Q describes
the net sea surface heat flux, the sum of net latent heat flux,
net sensible heat flux, net shortwave radiation flux, and net
long-wave radiation flux; and p and c, are the density of
sea water and the specific heat capacity, respectively. 4 is
the climatological monthly mean mixed-layer depth of
the 1,000-year control run, which, as shown in observa-
tions (Wang et al. 2012a, b), is season-dependent, being
deeper in boreal winter and shallower in boreal summer.
The second, third and fourth terms are, respectively, the
zonal, meridional and vertical oceanic temperature advec-
tion terms; and the last term includes the vertical mixing,
horizontal mixing and convection, whose contributions to
the SST tendency in the extratropics are negligible (Zhang
et al. 1998). It should be noted that this equation is only
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an approximation, since we consider a mixed layer heat
budget and approximate the SST by the mixed-layer sea
temperatures. We use the climatological mixed-layer depth
instead of the instantaneous one and consider that all the
surface heat flux is absorbed within the mixed layer and not
below.

Based on Eq. (1) and the minor roles of vertical mixing,
horizontal mixing and convection in the extratropics, the
equation governing the evolution of SST prediction errors
can be derived as follows:

AT AT +T*+T) (T +T
at ot ot

Q/ ? * /
=—=+U+U+U)
pcph
+ VAV V) + W+ W+ W), 2)
in which,
Q=0Q+0"+0)-(©Q+0 3
=LH + SH + LWH' + SWH'
and
l_]:*I;a{,’*u/g V:*ﬁ%lf ’%—i W:*W%*W’g
U*=7u*%fulaaix* V*=*V*%f /% W*=*W*%7w/%.
U/:_u/% W:—v’% W/z_w/% (4)

In Egs. (2-4), a bar represents the climatological mean
state, an asterisk denotes the reference states to be pre-
dicted (the predetermined model warm or cold events in
this case), and a prime signifies the prediction errors caused
by initial errors. As such, Eq. (3) describes the effect of the
net sea surface heat flux errors on the growth of the predic-
tion uncertainties of PDO-related SSTA, which is the sum
of latent heat flux error LH’, sensible heat flux error SH’,
shortwave radiation flux error SWH’, and long-wave radia-
tion flux error LWH'. A positive Q' means an anomalous
absorption of the sea surface heat flux, while a negative
value means a release. Equation (4) indicates the effect of
oceanic temperature advections on the growth of the predic-
tion uncertainties of PDO-related SSTA, where U, V and W
represent the effect of climatological zonal, meridional, and
vertical temperature advections on the error growth; U*, V*
and W* describe the effect of the temperature advections
associated with the reference state warm or cold events on
the error growth; and U’, V'and W' reflect the effect of non-
linear interactions of temperature advection errors on the
error growth of PDO-related SSTA. Here, we should say
that Eq. (2) is also an approximation since we consider that
the climatological heat flux and the anomalous heat flux
has no effect on the prediction error and neglect the poten-
tial influence of all the advections cross-terms between cli-
matological and/or anomalous currents and temperature.
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Fig. 10 Error growth tendencies of the PDO-related SST a cold and
b warm events in each season (black bars) and the related four flux
errors (colored bars; measured by the given norm in Sect. 4.1), which
are respectively based on the mean of the 200 predictions for the cold
and warm events. The starting month of the predictions is Feb(0).
Units: K/month

From Eqs. (2—4), it can be approximately established
that the contributions to the error growth of PDO-related
SSTA are from two parts: one comes from the thermody-
namics denoted by Q’, and the other is from the dynam-
ics described by Eq. (4). In the following subsections, we
explain the possible mechanisms of the error growth asso-
ciated with the SPB of PDO-related SSTA from these two
aspects, i.e., thermodynamics and dynamics.

4.1 Thermodynamics

According to Eq. (2), a positive (negative) Q' will lead to
an amplifying (damping) positive SSTA errors and damp-
ing (amplifying) negative SSTA errors. The Q' can be
divided into four parts including LH’', SH', LWH' and
SWH’, which, respectively, are the errors superimposed
on the latent heat flux, sensible heat flux, shortwave radia-
tion flux, and longwave radiation flux components. In
Fig. 10, we plot these four kinds of flux errors associated
with PDO-related SSTA, which are estimated by the mean
of 200 predictions starting from Feb(0) and measured by
the normH = ,/ZiJ Hl% [H;j = Fluxij/pcpl_i denotes
the flux error at each grid point (i, j) in the PDO-related
SSTA region; Flux represents LH', SH', LWH’, or SWH'].
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Fig. 11 Composite spatial patterns of four kinds of sea surface heat
flux errors (shaded; units: K/month) and the related wind stress errors
(vectors; units: N/mz) in the FMA, MJJ, ASO and NDJ seasons for
the 200 predictions of warm and cold events, respectively. al-a4 rep-

It is demonstrated that the evolution of the latent heat flux
error LH' shows itself to be largest in the ASO season and
is significantly larger than the other flux errors. This indi-
cates that the latent heat flux error may dominate the net
sea surface heat flux component of the prediction errors
for PDO-related SSTA; its growth behavior may describe
that of the net sea surface heat flux errors. To further vali-
date this argument, we also investigated the spatial patterns
of the four kinds of flux errors in different seasons. We
found that, either for the PDO-related SST warm or cold
events, the latent heat flux error LH', compared to other
flux errors, shows an aggressively larger error, especially

120W

resent the errors of the latent heat flux, sensible heat flux, shortwave
radiation flux, and longwave radiation flux for cold events, while
(b1-b4) are the same as (al-ad), but for warm events. The starting
month of the predictions is Feb(0)

in the PDO-related SSTA region and in the ASO season
(see Fig. 11). Also Fig. 11 illustrates an amplification of
the PDO-related negative SSTA associated with the cold
events by a negative heat flux anomaly and an amplification
of the PDO-related positive SSTA for the warm events by
a positive heat flux anomaly in the ASO season. Neverthe-
less, this result does not indicate the predicted PDO-related
SST warm and cold events are much stronger. Compared
with Fig. 8, it is shown that the error growth associated
with the SPB aggressively overestimates the PDO-related
SSTA after the peak phase of the events and delays the
damping of the events. For other starting months, similar
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Fig. 12 a Spatial patterns of latent heat flux error corresponding to
a prediction error that causes a significant SPB for the cold event in
Fig. 5 (shaded; units: K/month) and related wind stress errors (vec-
tors; units: N/m?) in the ASO season. b Spatial patterns of latent heat

results were obtained. Therefore, we are able to show that
the errors of the net sea surface heat flux in the ASO season
are mainly due to the contribution of latent heat flux error.
This suggests that the net latent heat flux error LH’ may be
one of the major error sources leading to the SPB of PDO-
related SSTA—but how does this happen?

To explore this question, we use the bulk formula

LHy = 0aLECEVal(qs(Ts) — qa)s (®)]

which is usually used to estimate latent heat flux (Cayan
1992a). In Eq. (5), pus [Val, gs(Ty) and g, are the density
of the air, wind speed, the saturation specific humidity,
and specific humidity; Lg is the latent heat of evaporation
of water, which is approximately 2.50 x 10° J/kg; and
Cp ~ 1.2 x 1073 is the transfer coefficient for latent heat.
According to Eq. (5), latent heat flux increases with wind
speed |V,| and the difference between ocean surface satura-
tion humidity and air humidity, i.e., Aq = q(T,) — q,.
Figure 12a, b show the ASO-season patterns of the latent
heat flux and related wind stress components of the predic-
tion errors caused by two initial errors for the cold event
shown in Fig. 5a, in which one initial error has the largest
growth rate in the ASO season and corresponds to a sig-
nificant SPB of PDO-related SSTA, while the other one
presents a trivial error growth and fails to cause an SPB.
We take these two errors as examples to explain how the
significant growth of the PDO-related SSTA errors occurs
in the ASO season. Figure 12a shows that, for the error that
causes a significant SPB of PDO-related SSTA, anoma-
lously strong northwesterly wind arises over the PDO-
related SSTA region, which brings the cold and dry air from
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flux error corresponding to a prediction error that fails to cause a sig-
nificant SPB for the cold event in Fig. 5. ¢, d are the same as (a) and
(b), but for the warm event in Fig. 5

the land to the PDO-related SSTA region and increases the
difference between ocean surface saturation humidity and
air humidity, ultimately favoring the anomalous release of
latent heat flux (Cayan 1992b) and then making the nega-
tive PDO-related SSTA much more negative, meaning that
a negative prediction error of PDO-related SSTA for the
cold event occurs. However, for the error that fails to cause
a significant SPB, Fig. 12b demonstrates that significantly
anomalous winds over the PDO-related SSTA region do not
occur, thus failing to yield a considerable change in latent
heat flux and subsequently not causing a large error in this
region. Similar results were also obtained for warm events,
except that the SPB-related error yields an anomalously
strong southeasterly wind over the PDO-related SSTA
region and then induces a positive prediction error of PDO-
related SSTA in the ASO season (Fig. 12¢). For the case
that fails to cause an SPB, the anomalous southeasterly
wind over the PDO-related SSTA region is much weaker
and does not cause an anomalously significant absorption
of the latent heat flux (Fig. 12d), which in turn does not
result in a large error growth of PDO-related SSTA in the
ASO season. Furthermore, Fig. 12 indicates that not all of
the initial errors have significant error growth for the PDO-
related SSTA events in the ASO season. Actually, it is the
initial errors causing a significant SPB that lead to a large
error growth in the ASO season.

From the above results, it is shown that the largest
error growth of the net latent heat flux associated with
the PDO-related SSTA during the ASO season is mainly
due to the largest anomalous latent heat flux release for
the cold events (absorption for the warm events) in this
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Fig. 13 a The climatological seasonal mean NP-SST (shaded; units:
K) and its related wind stress (vectors; units: N/m?); b the composite
patterns of NP-SST anomalies (shaded; units: K) and the correspond-

season; and the corresponding anomalous northwesterly
(southeasterly) wind stress over the PDO-related SSTA
region occurring in the ASO season may provide a pos-
sible explanation to the largest anomalous latent heat flux
release (absorption), then the largest error growth of the net
latent heat flux for PDO-related SSTA events in the ASO
season. From Eq. (3), it is inferred that the net latent heat
flux error is LH' = (LH + LH* + LH") — (LH + LH*),
where a bar represents the climatological mean state, an
asterisk denotes the reference states to be predicted, and a
prime signifies the prediction errors caused by initial errors.
Therefore, the error growth of the net latent heat flux may
be affected by the climatological mean state and the prede-
termined PDO-related SST warm or cold events. Naturally,
we therefore ask: how do the climatological mean state and
the reference state cold and warm events modulate the error
growth of the net latent heat flux associated with the SPB
of PDO-related SSTA?

The climatological seasonal mean NP-SST and wind
stress are illustrated in Fig. 13a. Significant westerly or
northwesterly winds are shown to be located over the mid-
latitudes of the North Pacific from December to April,

150E 180 150w 120W

AN/m?
152 253 4 3 2 4 0 1 2

ing wind stress (vectors; units: N/m?) associated with the 10 predeter-
mined cold events; and c their related prediction errors

while the winds are much weaker during ASO compared to
those during other seasons. Since the large-scale flux—SST
tendency connection is driven by the atmospheric circula-
tion (Cayan 1992a), the weak climatological winds in sum-
mer indicate the frailty of the North Pacific circulation and
then the weak atmospheric forcing effect on the NP-SST
(Frankignoul and Sennéchael 2007). The forcing effect
of climatological atmospheric winds in summer over the
North Pacific basin is not significant enough to constrain
the evolution of the PDO-related SSTA errors, which then
provides the climatological background that errors grow
at their most rapid rate of the year during the ASO season
(Webster 1995). Then, in the experiments, why are the pre-
diction errors for cold (warm) events in the ASO season
generally negative (positive)? Next, we explore the role of
predetermined PDO-related SST warm and cold events in
the error growth associated with SPB.

Figure 13b shows the composite of the evolutions of
SSTA and related wind stress anomaly for the 10 predeter-
mined PDO-related SST cold events. It is illustrated that,
in summer and early autumn, a cyclonic wind stress anom-
aly occurs in the North Pacific; especially a northwesterly
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Fig. 14 The same as in Fig. 13, but for the warm events

arises in the south of the cyclonic wind. Furthermore, we
notice that the largest wind stress errors are in the ASO sea-
son and are also cyclonic (Fig. 13c), which is superimposed
onto the cold events-related cyclonic wind stress anoma-
lies and increases the northwesterly occurring in the PDO-
related SSTA region in the ASO season. The increased
northwesterly wind brings the cold and dry air from the
land to the PDO-related SSTA region and induces more
anomalous release of latent heat flux [see Eq. (5); also see
Cayan 1992b], ultimately favoring much colder SST for the
cold events and making the events to be over-estimated in
the ASO season. In addition, a cyclonic wind stress anom-
aly favors an anomalous upwelling of cold waters dynami-
cally through the Ekman effect. The cyclonic wind errors
force the cold events-related cyclonic wind anomalies
and also contribute to the over-prediction of the events by
increased anomalous upwelling. Especially, the particular
cyclonic winds in the ASO season may induce the larg-
est error growth of PDO-related SSTA in the ASO season.
However, for warm events, an anticyclonic wind occurs
over the North Pacific in summer and early autumn. The
southeasterly along the PDO-related SSTA region leads
to anomalous absorption of latent heat flux. Moreover, the

@ Springer

5405005 1152253 4 3 2 4 0 1 2 3

150W 120w 120E  150E 180 150w 120W

0.1N/m?”
—_—

anticyclonic wind stress favors the downwelling of waters.
Thus, a large positive prediction error of the PDO-related
SST warm events occurs in the ASO season and makes the
warm events to be over-estimated; furthermore, it grows
most rapidly in the ASO season due to the particular anticy-
clonic wind in this season (Fig. 14b, c).

4.2 Dynamics

The contributions of oceanic dynamical processes to the
error growth for the PDO-related SST warm and cold
events can be estimated by Eq. (4). Figure 15 shows the
details, which are measured by the norm A = ,/Zi J Ai
[A; denotes the oceanic temperature advection error at
each grid point (i, j) in the PDO-related SSTA region]. It is
shown that, for either warm or cold events, the contribution
of the climatological vertical temperature advection W is
significantly larger than that of other kinds of temperature
advections during the ASO season. In other words, the con-
tribution of the climatological vertical temperature advec-
tion may dominate those of temperature advections to the
growth of prediction errors for the PDO-related SSTA in
the ASO season.
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Fig. 15 Error growth tendencies of the PDO-related SST a cold and
b warm events in each season (black bars) and their related oceanic
temperature advection errors (colored bars; measured by the given
norm in Sect. 4.2), which are respectively based on the mean of the
200 predictions for the cold and warm events. The starting month of
the predictions is Feb(0). The w-, v-, and u-clm in each panel rep-
resent the effect of the climatological mean state (vertical, meridi-
onal, and zonal temperature advections) on the error growth [the first
row of Eq. (4)]; w-, v-, and u-event denote the effect of anomalous
temperature advection associated with PDO-related SSTA events on
the error growth [the second row of Eq. (4)]; and w-, v-, and u-error
signify the effect of the temperature advection induced by the initial
errors on the error growth (which indicates the effect of nonlinearity)
[the third row of Eq. (4)]. Units: K/month

The contribution of climatological vertical tem-
perature advection to the error growth, denoted by
W=—w. BT/ 0z —w- BT’/ dz, can be rewritten as
W =A+ B ,whereA = —w/' - BT/BzandB =—w- 8T’/8z
describe the effect of the vertical gradient of climatological
mean sea temperature on the anomalous upwelling (down-
welling), and the effect of climatological mean upwelling
(downwelling) on the anomalous vertical sea temperature
gradient, respectively. In Fig. 16a, we plot the terms A and B
for both warm and cold events. It is shown that A, similar to
the error growth behavior of PDO-related SSTA, also exhib-
its a season-dependent evolution with the largest evolution
in August or September, which indicates that the dynamical
process indicated by the term A plays a major role in the
effect of climatological vertical temperature advection on
the error growth of PDO-related SSTA. In fact, in the term
A, the vertical gradient of climatological mean sea temper-
ature (indicated by 87 / d7) is largest during the ASO sea-
son due to the shallowest mixing-layer depth of the North
Pacific occurring in this season (Fig. 16b), which combines
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Fig. 16 Time-dependent evolution of a two components
A=—-w- 87_"/ 0z, B=—w- 8T//8z) of the effect of climatologi-
cal vertical temperature advection (W = —w’ - 3T / 0z —w-oT’ / 07)
(units: K/month); b the vertical gradient of the climatological mean
sea temperatures oT / dz) in the North Pacific (units: K/m); and ¢ the
vertical velocity errors of ocean currents (w') (units: 1077 m/s). a, ¢
are calculated based on the mean of the 200 predictions for warm and
cold events

the anomalous upwelling component w’ of the prediction
errors superimposed on the cold events (or downwelling of
the prediction errors on the warm events; and then enhances
the growth of the negative (positive) prediction errors for the
PDO-related SST cold (warm) events, ultimately favoring
the largest error growth occurring in the ASO season.

From the above analysis, it is demonstrated that the
anomalous upwelling or downwelling induced by the ini-
tial errors makes a major contribution to the dynamical
temperature advections in enhancing the error growth of
PDO-related SSTA, although the largest vertical sea tem-
perature gradient in the PDO-related SSTA region in sum-
mer induces the seasonality of the error growth of PDO-
related SSTA. The oceanic upwelling or downwelling is
closely related to the anomalous wind stress field. There-
fore, the error growth of the SPB for PDO-related SSTA is
largely contributed to by the effect of the anomalous wind
stress field in view of the dynamics. In fact, the anomalous
northwesterly (southeasterly) [or cyclonic (anti-cyclonic);
see Figs. 13, 14] wind stress component of the prediction
errors for cold (warm) events strengthens the upwelling
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Fig. 17 Composite spatial pat-
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(downwelling) in the PDO-related SSTA region, which,
combined with the largest vertical temperature gradient
in the North Pacific in summer (see Fig. 17), could most
significantly enhance the growth of the negative (positive)
prediction errors of PDO-related SSTA in the ASO season.
Meanwhile, we have also demonstrated that, in terms
of thermodynamics, the anomalous summer northwest-
erly (southeasterly) winds associated with the prediction
errors for cold (warm) events bring dry and cold (warm
and wet) air to the PDO-related SSTA region and enhance
the anomalous release (absorption) of net latent heat flux,
which is favorable for a negative (positive) prediction error
occurring in the PDO-related SSTA region, and signifi-
cant growth of these errors in the ASO season. Therefore,
in terms of both the thermodynamics and dynamics of the
error growth, the anomalous wind stress over the PDO-
related SSTA region plays an important role in the error
growth associated with the SPB of PDO-related SSTA.

5 Robustness of the results
The results presented here have demonstrated that an SPB

exists in the predictions of PDO-related SSTA from the
viewpoint of initial error growth. We constructed initial
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errors by using the leading 20 EOF modes of NP-SST
anomalies associated with the PDO-related SST warm and
cold events and showed the SPB phenomenon of PDO-
related SSTA. We demonstrate that the initial errors that
cause a significant SPB make the PDO-related SSTA to
be under-predicted during the growing phase of the PDO-
related SST warm (cold) events; and, after that, it grows
to be a positive (negative) prediction error with the largest
growth in the ASO season and hinder the damping of the
events, ultimately delaying the peak of the events. To exam-
ine the robustness of the results, we conducted another
group of perfect model predictability experiments, in which
the initial errors were also extracted from the NP-SST in
the model’s control run, but exactly described by the dif-
ference of the North Pacific sea temperatures between
2 months. In particular, for a PDO-related SST warm or
cold event to be predicted, we took the sea temperature
field at a month before the starting month of predictions as
the initial analysis field, which was clearly different from
the sea temperature field of the reference state PDO-related
SSTA event at the starting month. We normalized the differ-
ence between these two sea temperature fields to a reason-
able magnitude (i.e., 0 = 5) by the approach described in
Sect. 2 and regarded it as an initial error used in the predict-
ability experiments, where the initial errors, as described
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Fig. 18 The prediction error 12 T
variances of PDO-related
SSTA normalized by the signal
variances and related four
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in Sect. 2, have magnitudes being about 30-50 % of initial
anomalies of the PDO-related SSTA events. Considering
that the period of the PDO-related SSTA warm—cold cycle
is about 3 years, for each starting month of the predic-
tions, we chose the sea temperature field in each month of
the continuous 36 months before the starting month as ini-
tial analysis field and constructed 36 initial errors with the
magnitude o = 5 to predict the corresponding PDO-related
SSTA events, respectively. In this group of experiments, we
obtained similar results to those reported in Sects. 3 and 4.
That is, the largest error growth of PDO-related SST warm
and cold events often occurs in the ASO season, indicat-
ing that the predictions of PDO-related SSTA may be much
more likely to yield the SPB phenomenon; furthermore, the
initial errors that yield a significant SPB often cause the
PDO-related SSTA to be under-predicted during the grow-
ing phase of the corresponding events; while they, due to
the fastest growth of these initial errors in the ASO sea-
son, usually cause a positive prediction error for the PDO-
related SST warm events but a negative prediction error
for the PDO-related SST cold events at the prediction time
(exactly after the peak phase of the events), ultimately hin-
dering the damping of the events and delaying the peak of
the events. For simplicity, we do not show the details here.
These results help to validate the SPB phenomenon for the
PDO-related SST warm and cold events and demonstrate
the robustness of the results presented in Sects. 3 and 4.

In this study, the SPB of PDO-related SST warm and
cold event was revealed by tracing the evolutions of predic-
tion errors caused by initial errors. In the numerical experi-
ments, the SPB was also confirmed by a signal-to-noise-
ratio-like measurement, which is defined by a ratio of the
prediction error variance normalized by the signal variance
(the signal variance is referred to as the variance of SSTA
associated with the warm and cold events) and measures

the relative growth of prediction errors against the PDO-
related SSTA. In Fig. 18, we plot this ratio as a function of
time. It is shown that the largest prediction error variance
normalized by the signal variance occurs in September
with the ratio exceeding 1.0, which suggests that the pre-
diction errors are much more likely to conceal the signal in
this month, and the predictions of the warm and cold events
tend to be more unsuccessful bestriding this month, being
most likely to cause an SPB. The signal-to-noise-ratio-like
measurement is a statistical one. Despite the greater likeli-
hood of the predictions being unsuccessful when bestriding
this month, it does not mean that the predictions of PDO-
related SSTA in ASO season are always unsuccessful. In
our experiments, we found that some of the initial errors
lead to a significant SPB but others fail to do despite the
existence of seasonality of the climatological annual cycle.
We can also see from Fig. 18 that the net latent heat flux
and climatological vertical temperature advection almost
dominate the prediction error variance normalized by the
signal variance, which implies the net latent heat flux and
climatological vertical temperature advection both play
major roles in the error growth of the PDO-related SSTA
events. These results are in accordance with those reported
in Sects. 3 and 4, further emphasizing the robustness of the
findings obtained in this study.

6 Summary and discussion

In this paper, the “summer prediction barrier” (SPB) of
PDO-related SST warm and cold events has been revealed
from the viewpoint of initial error growth. Perfect model
predictability experiments were conducted for typi-
cal PDO-related SSTA events including 10 warm and 10
cold ones. The 20 initial sea temperature errors, which
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were obtained by applying EOF and linear regression to
the NP-SST anomalies and being scaled to have the same
amplitude, were superimposed on the initial field of each
PDO-related SST warm and cold event, finally obtain-
ing 20 members of predictions for each of starting months
Nov(—1), Feb(0), May(0) and Aug(0). By investigating the
growth tendencies of prediction errors in different seasons,
the phenomenon that initial errors exhibit a significant
season-dependent evolution with the largest error growth
occurring in the ASO season is revealed as the SPB of
PDO-related SSTA events. Due to the effect of the SPB, the
prediction error of PDO-related SSTA events starts to grow
rapidly during the ASO season and yields a positive (nega-
tive) prediction error for the warm (cold) events, essentially
inducing a delay of the events. The possible mechanism of
the error growth associated with the SPB is explored, and it
is found that the error growth is mainly due to the net sea
surface heat flux and oceanic temperature advections.

For the net sea surface heat flux component, we dem-
onstrated that the net latent heat flux errors exhibit a sig-
nificant season-dependent evolution, with the largest error
growth occurring in the ASO season, almost dominating
the net sea surface heat flux component of the prediction
errors for PDO-related SSTA. In particular, the SPB-related
SSTA error growth for warm events is mainly due to the
anomalous absorption of the latent heat flux induced by the
anomalous southeasterly wind over the PDO-related SSTA
region, while that of cold events is mainly caused by the
anomalous latent heat flux release induced by the anoma-
lous northwesterly wind. It is indicated that the anomalous
wind stress errors play an important role in the growth of
latent heat flux error in the ASO season. In addition, we
found that the climatological mean state and the prede-
termined reference state warm or cold events themselves
also play major roles in enhancing the error growth associ-
ated with the SPB of PDO-related SSTA. Specifically, the
weakest climatological surface wind stress over the North
Pacific in summer is most favorable for the fast growth of
PDO-related SSTA errors due to the weakest forcing effect
of the summer climatological winds on the NP-SST. And
the anomalous summer northwesterly (southeasterly) winds
associated with the predetermined cold (warm) events also
increase the anomalous release (absorption) of net latent
heat flux and enhance the error growth of PDO-related
SSTA.

In terms of the effect of dynamical oceanic temperature
advection on the growth of prediction errors for the PDO-
related SSTA, we found that the effect of the vertical gradi-
ent of climatological mean sea temperature on the anoma-
lous upwelling or downwelling plays an important role in
the error growth of the PDO-related SSTA. In particular,
the largest vertical sea temperature gradient in the PDO-
related SSTA region in summer, together with anomalous
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upwelling (downwelling) induced by the anomalous sum-
mer cyclonic (anti-cyclonic) wind stress errors, aggressively
increases the prediction errors of the PDO-related SST
cold (warm) events over the PDO-related SSTA region and
favors the largest error growth occurring in the ASO season.

Clearly, for either the oceanic thermodynamical or
dynamical mechanisms associated with the error growth
for the SPB of the PDO-related SSTA, the anomalous wind
stress over the PDO-related SSTA region plays an impor-
tant role in the error growth associated with the SPB of
PDO-related SSTA. That is to say, the evolution of the ini-
tial errors superimposed on the PDO-related SSTA may be
mainly driven by the anomalous wind stress; and the weak-
est climatological wind stress over the PDO-related SSTA
region in summer, as well as the largest vertical sea temper-
ature gradient in the North Pacific in summer, is favorable
for the error growth being season-dependent.

We noted from Figs. 13c, 14c that, in terms of the evo-
lution of the prediction errors of NP-SST, the most sig-
nificant error growth mainly occurs over the PDO-related
SSTA region. That is to say, the PDO-related SSTA region
shows more considerable error growth compared to other
regions, indicating that it is hard to predict the PDO-related
SSTA successfully. Indeed, Alexander et al. (2008), Wen
et al. (2012), among others, used state-of-the-art models
to demonstrate that the PDO-related SSTA is predicted
for lead times of barely longer than one season. That is to
say, the PDO-related SSTA may be much less predictable
compared to the SSTA in other regions of the North Pacific.
Therefore, the results reported in the present paper may
provide a physically based explanation of the low predict-
ability of PDO-related SSTA.

The above results were derived from the viewpoint
of error growth. As mentioned, we also used a signal-to-
noise-like measurement to estimate the predictability in
the numerical experiments and confirmed the results asso-
ciated with the SPB for PDO-related SST warm and cold
events. In particular, we demonstrated that some initial
errors cause a significant SPB, while others fail to cause
an SPB. Which features, then, display the spatial patterns
of initial errors associated with the SPB? Despite using a
similar approach to that of Duan et al. (2009) for identi-
fying the spatial characteristics of the initial errors that
cause a significant “spring prediction barrier” for El Nifio
events, it may be challenge to determine the common char-
acteristics of initial errors that cause a significant SPB for
PDO-related SSTA events due to the effect of complicated
multi-scale phenomena. Nevertheless, the initial error that
is most likely to cause a significant SPB should be possi-
ble to determine. Unfortunately, the statistical approach
used here may not provide sufficient information for us
to explore this problem. One major reason for this is that,
although different strategies have been applied to obtain the
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initial errors, they may not guarantee that the chosen initial
errors contain all the different kinds of initial error patterns,
and ultimately may not be able to identify the particular
initial errors that are most likely to cause a significant SPB
for PDO-related SSTA events. Therefore, it is necessary
to explore this problem by some other advanced dynami-
cal methods, such as the conditional nonlinear optimal per-
turbation (CNOP; Mu et al., 2003), which represents the
initial errors that have the largest effect on the prediction
uncertainties and has been successfully applied to explore
the characteristics of the initial errors that are most likely
to cause a significant “spring predictability barrier” for
ENSO (Mu et al., 2007a, 2007b; Yu et al., 2009, 2012). In
addition, Yu et al. (2009) showed that random initial errors
cannot yield a significant “spring prediction barrier” for El
Niflo events. ENSO is a strong ocean—atmosphere coupling
phenomenon, while the PDO-related SST warm and cold
events, as mentioned above, are mainly derived by atmos-
pheric wind forcing. Therefore, PDO-related SST warm
and cold events are significantly different from ENSO, and
so we naturally question whether random initial errors can-
not cause an SPB for PDO-related SSTA events. In sum-
mary, concerning the roles of initial errors in the error
growth associated with SPB, there are still questions to be
addressed. This encourages us to explore the characteristics
of initial errors associated with SPB in future work, in an
attempt to provide useful information for improving the
forecast skill of PDO-related SST warm and cold events.

In addition, the marked effect of surface wind stress on
the error growth associated with the SPB of PDO-related
SSTA indicates the importance of extratropical ocean—
atmosphere feedback in understanding the mechanism
responsible for the seasonal to interdecadal variability of
the North Pacific. In this paper, we have not explained how
the anomalous wind stress is induced by the SSTA initial
errors, which is related to the problem of how the atmos-
phere responds to extratropical SST. Although observa-
tional and modeling studies have provided some evidence
for an atmospheric response to extratropical SST variabil-
ity (e.g., Sutton and Hodson 2005; Delworth et al. 2007,
Liu et al. 2007), the issue remains debatable (Liu 2012). In
summary, there are many unresolved issues in studies of
the predictability of NP-SST. However, as more coupled
general circulation models and advanced methods become
available, greater insights into addressing these issues are
likely in the future.
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