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ABSTRACT

The “summer prediction barrier” (SPB) of SST anomalies (SSTA) over the Kuroshio—Oyashio Extension (KOE) refers
to the phenomenon that prediction errors of KOE-SSTA tend to increase rapidly during boreal summer, resulting in large
prediction uncertainties. The fast error growth associated with the SPB occurs in the mature-to-decaying transition phase,
which is usually during the August—September—October (ASO) season, of the KOE-SSTA events to be predicted. Thus, the
role of KOE-SSTA evolutionary characteristics in the transition phase in inducing the SPB is explored by performing perfect
model predictability experiments in a coupled model, indicating that the SSTA events with larger mature-to-decaying transi-
tion rates (Category-1) favor a greater possibility of yielding a more significant SPB than those events with smaller transition
rates (Category-2). The KOE-SSTA events in Category-1 tend to have more significant anomalous Ekman pumping in their
transition phase, resulting in larger prediction errors of vertical oceanic temperature advection associated with the SSTA
events. Consequently, Category-1 events possess faster error growth and larger prediction errors. In addition, the anomalous
Ekman upwelling (downwelling) in the ASO season also causes SSTA cooling (warming), accelerating the transition rates of
warm (cold) KOE-SSTA events. Therefore, the SSTA transition rate and error growth rate are both related with the anoma-
lous Ekman pumping of the SSTA events to be predicted in their transition phase. This may explain why the SSTA events
transferring more rapidly from the mature to decaying phase tend to have a greater possibility of yielding a more significant

SPB.
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1. Introduction

Better understanding of the climate predictability over ar-
eas with significant ocean—atmosphere interaction is of great
importance in improving the performance and forecast skill
of numerical models. Considerable effort has been invested in
exploring the predictability of El Nifio—Southern Oscillation
(ENSO) events and Indian Ocean Dipole (IOD) events (Web-
ster and Yang, 1992; Lau and Yang, 1996; McPhaden, 2003;
Luo et al., 2007; Feng et al., 2014; Yang et al., 2015), both of
which have global climatic and social impacts (Cane, 1983;
Philander, 1983; Dai and Wigley, 2000; Curtis and Adler,
2003; Yamagata et al., 2004; Chang et al., 2006; Schott et
al., 2009). The “spring predictability barrier”, which refers
to the phenomenon that most ENSO prediction models often
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experience an apparent drop in prediction skill across boreal
spring (Webster and Yang, 1992; Latif et al., 1994), is a well-
known characteristic of ENSO forecasts. In numerical fore-
casts of IOD events, the prediction skill often drops rapidly
across boreal winter regardless of the starting month, indicat-
ing the existence of a “winter predictability barrier” (Feng et
al., 2014). The existence of a “spring predictability barrier”
and “winter predictability barrier” often lead to unsuccess-
ful forecasts of ENSO and IOD events, respectively (Webster
and Yang, 1992; Latif et al., 1994; Luo et al., 2007), which in
turn greatly restricts the prediction skill of climate variability
in the tropical Pacific and Indian oceans.

The SST anomalies (SSTA) over the Kuroshio—Oyashio
Extension (KOE) play a critical role in the ocean—atmosphere
interaction in the North Pacific (Gan and Wu, 2012). How-
ever, the forecast skill of SSTA in the KOE region is quite
poor (Guemas et al., 2012; Wen et al., 2012), which seri-
ously limits the predictability of North Pacific SSTA. The
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low predictability of SSTA in the KOE region is possibly
due to its weakest “memory” being in the boreal summer
(Motokawa et al., 2010; Zhao et al., 2012) and the fastest
error growth when bestriding the boreal summer in numeri-
cal forecasts [i.e., the “summer prediction barrier” described
in Duan and Wu (2015)]. The “summer prediction barrier”
(SPB) refers to the phenomenon that the prediction errors
of SSTA in the central and western North Pacific always in-
crease rapidly in the August—September—October (ASO) sea-
son, and ultimately cause large prediction uncertainties at
prediction times. Similar to the impact of the “spring pre-
dictability barrier” on ENSO forecasts and the “winter pre-
dictability barrier” on IOD forecasts, the SPB is considered
to be one of the main factors limiting the predictability of
North Pacific SSTA (Duan and Wu, 2015; Wu et al., 2016).
Therefore, more comprehensive knowledge about the SPB is
needed to understand the SSTA predictability in the North
Pacific, as well as in the KOE region.

In Duan and Wu (2015), the physical and dynamical
mechanisms were explored by primarily focusing on the in-
fluence of the climatological mean state and initial errors
on the rapid error growth associated with the SPB. How-
ever, they did not discuss in depth the impact of the refer-
ence states [i.e., the KOE-SSTA events described in Wu et
al. (2016)] on the occurrence of the SPB. KOE-SSTA events
are defined as SSTA in the KOE region (30°-50°N, 145°E—
150°W) larger (smaller) than 0.25 K (-0.25 K) persisting for
at least five months (Wu et al., 2016). The SSTA of these
events are usually established in boreal spring and reach their
peak in boreal summer (Duan and Wu, 2015). The transi-
tion from the mature to decaying phase always occurs in the
ASO season, which is the period when the error growth asso-
ciated with the SPB is most significant. That is, the predic-
tion errors associated with the SPB usually increase rapidly
during the mature-to-decaying transition phase of the SSTA
events to be predicted. It is therefore hypothesized that the
evolutionary characteristics in the transition phase of KOE-
SSTA events probably have impacts on the SPB. Accord-
ingly, in this paper, we attempt to address the influence of
KOE-SSTA events (especially the evolutionary characteris-
tics in the mature-to-decaying transition phase) on the SPB,
and further explore the related physical and dynamical mech-
anisms, which may be helpful in better understanding the
SPB and the predictability of North Pacific SSTA. Herein,
we investigate these issues by analyzing the results of perfect
model predictability experiments in a fully coupled global
model. In section 2, we briefly describe the model and ap-
proach used in our study. The impact of KOE-SSTA events
on the occurrence of the SPB is reported in section 3. In
section 4, we investigate the mechanisms responsible for the
influence of KOE-SSTA events on the SPB. And finally, a
summary of the key findings is presented in section 5.

2. Model and strategy

In this study, the Fast Ocean Atmosphere Model [FOAM;
Jacob (1997)] is used to perform perfect model predictabil-
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ity experiments. FOAM is a fully coupled global model: the
atmospheric component has a horizontal resolution of 7.2°
longitude x 4.75° latitude and 18 levels in the vertical di-
rection; the ocean component has a horizontal resolution of
1.4° latitude x 2.8° longitude and 32 vertical levels. A de-
tailed description of FOAM is available in Wu et al. (2016).
FOAM simulates the large-scale sea temperatures and atmo-
spheric circulation of the KOE region well, and the simula-
tion of KOE-SSTA events is also quite reasonable (Duan and
Wu, 2015). Thirty 12-month-long KOE-SSTA events, includ-
ing 15 warm ones and 15 cold ones, are randomly selected
from the long-term control run of the fully coupled simu-
lation of FOAM, and regarded as the reference states (i.e.,
the “true states”) to be predicted. Figures la and b respec-
tively show the selected warm and cold SSTA events, illus-
trating that the SSTA of these events are established in bo-
real spring, reach their peak in boreal summer, and start to
transfer to the decaying phase from the ASO season. In ad-
dition, some of the KOE-SSTA events rapidly transfer from
the mature to decaying phase, with a transition rate (blue
bars in Figs. la and b) larger than 0.3 K month™! during
the ASO season, while other events less so (red bars in Figs.
la and b). The composite spatial patterns of SSTA and re-
lated wind stress anomalies for the warm events of the two
categories shown in Fig. la are illustrated in Figs. 1c and
d. It is apparent that warm SSTA in the KOE region de-
cay very rapidly and almost disappear when leading by six
months for Category-1 events (Fig. 1c). However, the warm
SSTA of Category-2 events persist for more than six months
after the peak phase (Fig. 1d). Therefore, the KOE-SSTA
events to be predicted can be classified into two categories
based on their mature-to-decaying transition rates: Category-
1 (blue lines in Figs. 1a and b) includes SSTA events with
transition rates larger than 0.3 K month~! in the ASO season;
and Category-2 (red lines in Figs. 1a and b) comprises SSTA
events with relatively smaller transition rates. Statistically,
there is a total of 56 typical KOE-SSTA warm events and 49
cold events in a 200-year control run of FOAM, and the per-
centage of warm (cold) events in Category-1 is about 58.9%
(51.0%). Similar features of KOE-SSTA events can be found
in observations (ERSST.v3b/NOAA during 1950-2014): the
percentage of warm (cold) events in Category-1 is about
60.0% (57.1%) events (data not shown), which is similar to
the FOAM-simulated results. To investigate which kinds of
KOE-SSTA events are more likely to yield a significant SPB,
two groups of perfect model predictability experiments are
conducted by predicting the SSTA events in Category-1 and
Category-2 for 12 months with perturbed initial fields start-
ing from Nov(-1) [i.e., November in Year(—1)], Feb(0) [i.e.,
February in Year(0)], May(0), and Aug(0). Year(0) denotes
the year when the SSTA events attain their peak value, and
Year(—1) is the year before Year(0). The difference between
these two experiments (referred to as “Exp_Reference” and
“Exp-Random”) lies in the approaches of constructing initial
perturbations (i.e., initial errors).

In Exp_Reference, the approach of constructing initial er-
rors is to calculate the differences between the North Pacific
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sea temperature fields (20°~60°N, 120°E-100°W) in the start
months of the predictions and other months. As described
in Duan and Wu (2015), the warm—cold cycle of the SSTA
in the KOE region has a dominant period of three years. It
is conceivable that the initial errors also follow a three-year
(36-month) oscillation period when the start month of a pre-
diction is given. Therefore, in order to adopt as many ini-
tial errors as possible, for every SSTA event we construct
36 initial errors by calculating the differences between the
North Pacific sea temperature fields at five levels (surface,
40 m, 60 m, 80 m, and 100 m) in its start month and the
successive 36 months before the start month. The initial er-
rors are scaled to the same magnitude, which is about 30%-—
50% of the initial anomalies, following Duan and Wu (2015).
For convenience, we call the initial errors obtained by this
method the Ref-type initial errors. Exp_Random is similar
to Exp_Reference, except it uses 36 random initial errors.
For every random initial error in Exp_Random, the initial er-
ror at each grid point is randomly selected from a time se-
ries obeying the normal distribution with an average of zero
and a standard deviation the same as the Ref-type initial er-
rors. In Exp_Random, all the SSTA events in Category-1 and
Category-2 are predicted with the 36 random initial errors.
Exp_Random is conducted to confirm the robustness of the
results in Exp_Reference. Ultimately, a total of 144 predic-
tions with four start months and 36 Ref-type initial errors (36
random initial errors) can be obtained for every SSTA event
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in Exp_Reference (Exp_Random). By analyzing the results
of these predictions, we investigate the impact of the SSTA
events in Category-1 and Category-2 on the SPB.

3. Impact of the SSTA events to be predicted

on the SPB

As in Duan and Wu (2015), the monthly error growth
rates of the SSTA events at time ¢ (f = 1,2,--- 12 months) are
roughly estimated by

k(t) =0y()/0t =~ [y(@t+ 1) —y®O/[t+ 1) —t] =y + 1) - (),

(D
in which the magnitude of the prediction error is calculated
by

Y@ =T =Tl = Z(Tp,(x,y)(t)—Tr,(x,y)(t))2, (@)

(x,y)

(x,y) represent the longitude and latitude in the KOE region,
and T,(t) and T () are the SSTA of warm or cold events and
their predictions, respectively. The large absolute value of
k(1) corresponds to the fast error increase or decrease. The
seasonal growth rates of prediction errors can be obtained by
calculating the sum of the error growth rates during differ-
ent seasons. To investigate the results of the experiments, the
criteria of an SPB in this paper are as follows: (1) the error
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Fig. 1. (a) The warm KOE-SSTA events in Category-1 (dashed blue lines; units: K) and Category-2 (dashed
red lines; units: K) and their ensemble means (solid blue line for -Category-1 and solid red line for Category-
2). The blue (red) bars represent the mature-to-decaying transition rates (units: K month™!) for Category-1
(Category-2). (b) As in (a) but for cold events. The warm (cold) KOE-SSTA events in (a, b) are randomly
selected from the long-term control run of the fully coupled simulation of FOAM according to the definition in
section 1. (c) The composite spatial patterns of SSTA (contours; units: K) and sea surface wind stress anomalies
(vectors; units: 0.1 N m~2) for the KOE-SSTA warm events in Category-1 shown in (a). (d) As in (c) but for the
warm events in Category-2 shown in (a). Color shading in (c, d) represents the 95% confidence level. The lead
“0” represents the month when the events attain their peak and the leads “—6(6)”, “—4(4)” and “-2(2)” denote
the 6th, 4th and 2nd month before (after) the peak month. The black rectangle marks the KOE-SSTA region
(30°-50°N, 145°E-150°W) which is the study area in this paper.
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Fig. 1. (Continued)

growth rate in the ASO season (i.e., kaso) is larger than the is roughly equivalent to two times the standard deviation of
error growth rate in any other season; (2) the prediction error KOE-SSTA). The predictions simultaneously satisfying these
measured by () in the ASO season is five times larger than  two criteria can be regarded as reflecting the occurrence of an
the magnitude of the initial error (five times the initial error SPB.
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3.1. Results from Exp _Reference

In Exp_Reference, the monthly error growth rates for ev-
ery KOE-SSTA event are estimated based on their ensemble
mean of the 144 predictions reported in section 2. The results
show that, regardless of the start month, both of the predic-
tions for Category-1 and Category-2 tend to have the fastest
error growth in the ASO season (i.e., the mature-to-decaying
transition phase) and exhibit the SPB phenomenon. However,
the magnitudes of the error growth rates in the ASO season
(referred to as kaso) are different between Category-1 and
Category-2. As an example, Fig. 2 shows the seasonal error
growth rates measured by «(¢) and the seasonal growth rates
of regional-mean SSTA errors for the KOE-SSTA events in
the two categories starting from Feb(0). The regional-mean
KOE-SSTA error at time ¢ (t = 1,2,---12 months) is calcu-
lated by

e(t) = |Tp(t)|regi0n—mean - |Tr(t)|region—mean . (3)

Itis illustrated that although the error growth rates in the ASO
season for all the KOE-SSTA events in the two categories are
larger than in the other seasons, the magnitudes of xaso for
the SSTA events in Category-1 are significantly larger than
those in Category-2. As reported in Duan and Wu (2015),
the rapid error growth in the ASO season is the most typi-
cal feature of the SPB, and the large prediction uncertainties
associated with the SPB are largely contributed by the error
growth in the ASO season. That is, the rapid error growth
in the ASO season usually implies a significant SPB. So, the
magnitude of the error growth rate in the ASO season kaso
can be used to measure the intensity of the SPB, wherein a
larger kaso represents a more significant SPB. Therefore, the
results shown in Fig. 2 indicate that SSTA events transfer-
ring more rapidly from the mature to decaying phase (i.e.,
the SSTA events in Category-1) tend to yield a more signifi-
cant SPB than those events with smaller transition rates (i.e.,
the SSTA events in Category-2).

Furthermore, as mentioned in section 2, every KOE-
SSTA event has 36 predictions initiated with Ref-type per-
turbations for each start month. Thus, for every SSTA event,
the amount among the 36 predictions that have an SPB can
be approximately considered as a measurement of the likeli-
hood that an SPB occurs, i.e., the more predictions exhibiting
an SPB, the more likely one is to occur. Figure 3 illustrates
the amount of predictions with an SPB for every SSTA event
in the two categories, initiated from different start months, in
Exp_Reference. It is clear that the SSTA events in Category-
1 possess many more predictions exhibiting an SPB than
those in Category-2, indicating that SSTA events with larger
mature-to-decaying transition rates are more likely to yield
an SPB than those with smaller rates.

Therefore, the results of Fig. 2 and Fig. 3 allow us to
conclude that if the KOE-SSTA events transfer more rapidly
from the mature to decaying phase, they tend to have a greater
possibility of a more significant SPB. This implies that fore-
casting KOE-SSTA events in Category-1 may be much less
successful, due to the significant SPB, especially when the
forecasts are made before and through their transition phase,
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Fig. 2. (a) The seasonal error growth rates measured by () de-
scribed in section 3 of every KOE-SSTA event in Category-
1 and Category-2. (b) As in (a) but for the growth rates of
regional-mean KOE-SSTA errors (units: K month™). The re-
sults of every SSTA event are the ensemble mean of the pre-
dictions initiated from Feb(0) with 36 Ref-type initial errors
in Exp_Reference. It should be noted that the error growth
rates for cold events shown in (b) are calculated by (-1) %
(T p(Dlregion—mean — |77 (H)lregion-mean) to Visually compare with
the result of warm events.

FMA MJJ

which is usually during the ASO season. In addition, we also
predict the SSTA events in Category-1 by perturbing their ini-
tial fields with the Ref-type initial errors of the SSTA events
in Category-2, or vice versa. The results show that the SSTA
events in Category-1 tend to have a greater possibility of a
more significant SPB, despite their initial fields being per-
turbed by the Ref-type initial errors that often fail to cause an
SPB for the SSTA events in Category-2. However, the SSTA
events in Category-2 have less possibility of yielding an SPB
when predicted with the initial errors causing the SPB of the
SSTA events in Category-1. These results further demon-
strate the robustness of the conclusion reported in this paper.

3.2. Results from Exp_Random

In contrast to Exp_Reference, we conduct Exp_Random
by predicting the KOE-SSTA events in Category-1 and
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Fig. 3. Each of the bars represents the amount of predictions with an SPB among
the 36 predictions for every KOE-SSTA event shown in Figs. 1a and b. The 36
predictions for every SSTA event are obtained by predicting with 36 Ref-type
initial errors in Exp_Reference from each of the initial months shown on the
horizontal axis. The blue (red) bars represent the results of 17 (13) KOE-SSTA
warm and cold events in Category-1 (Category-2) in Figs. la and b.
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Category-2 with 36 random initial errors (see section 2). The
results of the monthly prediction errors are illustrated in Fig.
4. It is shown that when predicted with random initial errors,
the SSTA events in Category-1 (blue shaded area) also tend
to have a greater possibility of yielding an SPB with large in-
tensity, compared to those events in Category-2 (red shaded
area). Therefore, the results of Exp_Random support those of
Exp_Reference. As a comparison, the ensemble mean of the
monthly prediction errors for Category-1 and Category-2 in
Exp_Reference are also shown in Fig. 4. It is apparent that
both the predictions with Ref-type initial errors and random
initial errors for Category-1 exhibit the rapid error growth in
the ASO season and yield the SPB phenomenon. However,
the predictions by random initial errors show a slower error
growth in the ASO season and a smaller total prediction er-
ror than those predictions by Ref-type initial errors, indicat-
ing the SPB of the former is relatively weaker. In addition,
neither shows a significant SPB when predicting Category-2
events with Ref-type or random initial errors. The results of
this experiment suggest two conclusions: The first one is con-
sistent with the main conclusion of this paper, which is that
the occurrence of an SPB is dependent on the SSTA events to
be predicted, i.e., the KOE-SSTA events with large mature-
to-decaying transition rates tend to yield a more significant
SPB phenomenon. The second one is that the initial errors
with certain spatial patterns, such as the Ref-type initial er-
rors in Exp_Reference, prefer to induce a more significant
SPB than the random initial errors. In this paper, we primar-
ily focus on the impact of the KOE-SSTA events on the SPB.
Discussion on the role of the initial errors with certain spatial
patterns in inducing the SPB is presented in section 5.

50 1 1 1 1 1
1 —=—==  Category-1+Random error 3
] —=—=—=  Category-2+Random error [
1 ——  Category-1+Ref-type initial error 3
40 7 Category-2+Ref-type initial error -
30 1 -
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0 1 1
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Fig. 4. The ensemble mean of monthly prediction errors by
predicting the SSTA events in Category-1 (blue lines) and
Category-2 (red lines) with random initial errors (dashed lines)
and Ref-type initial errors (solid lines) initiated from Feb(0).
The ensemble error evolutions (shaded area) for the predictions
with random initial errors are also shown. The measurement of
prediction errors is the same as that in section 3.

4. Possible mechanisms

Why do the KOE-SSTA events with larger mature-to-
decaying transition rates have a greater possibility of yield-
ing a more significant SPB? What is the relationship between
the transition rate of SSTA events and the error growth rate
associated with the SPB? To address these issues, we explore
which physical processes are responsible for the error growth
associated with the SPB and compare their differences be-
tween the KOE-SSTA events in the two categories.
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Duan and Wu (2015) explored the physical mechanisms
responsible for the SPB through mixed-layer heat budget
analysis based on the equation governing the mixed-layer
temperature, which is a good proxy for SST. The equation
can be expressed as:

or Qo ( or aT

0z
— = — +v—|-ATw—-AT—-ATr+R. 4
ot pcpz u@x +V(9y) v ot reR.- (&)

On the right-hand side of Eq. (4), Q in the first term repre-
sents the net sea surface heat flux; p,c, and z are respectively
the density of sea water, the specific heat capacity and the
mixed-layer depth, which is defined as the layer depth where
the sea temperature is 0.5°C less than the SST. The second
term, —[u(0T /0x) +v(OT /dy)], is the horizontal advection by
zonal velocity u and meridional velocity v. In the third term,
—ATw, AT = (T —T(-z2))/z is the entrainment due to the ver-
tical velocity w. The vertical advection induced by the Ekman
pumping is one component of this entrainment term because
the Ekman pumping is the vertical velocity induced by the
wind-stress curl and w implicitly includes the vertical veloc-
ity due to the wind stress. On seasonal to annual timescales,
the vertical velocity field is usually considered as naturally
filtered, and is then approximately equal to the vertical Ek-
man advection, i.e., w = wg (de Boisséson et al., 2010). The
analysis of this study mainly focuses on seasonal timescales.
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Therefore, this entrainment term in this study is dominated
by the vertical advection induced by Ekman pumping. The
fourth and fifth terms are respectively the entrainment due
to the tendency of the mixed layer depth and the entrain-
ment due to “advection of the mixed layer depth”, in which
r=—[u(dz)/(0x) +v(0z)/(0y)]. The last term includes the tur-
bulent mixing and heat diffusion. In the heat budget analysis
of KOE-SSTA events (not shown here), it is found that the
SSTA tendency of KOE-SSTA events is largely dominated
by the net sea surface heat flux, the vertical advection and the
horizontal advection. The contributions of the entrainment
terms (i.e., —AT(0z/0¢t) and —AT'r) and the turbulent mixing
and heat diffusion term R are negligible, which thus can be
neglected in our following analysis. Therefore, the equation
governing the evolution of KOE-SSTA prediction errors can
be expressed as:

o _ AT+T*+T") T +T")

ot ot ot
= =+ (Uadv + U:dv + U;dv) + (‘_/adv + V:dv + V;dv)
pcph
+(Waay + Wigy + Wig,) » (5)
in which,

Usggy = —ﬁaT, —u'ﬁ U: =—u*a—T,—u'ﬁ ! :—u'aT/
adv 0x dx = Ay Ox ox = A ox ’
7o o _v,@ v 0T T ;0T
adv 6}7 ay ’ adv ay 6)7 ’ adv 6y ’
Waay = =W(AT) =W AT , Wi =-w (ATY =w/(AT)", W/, ==-w'(AT) . (6)

In Egs. (5)—(6), the climatological mean state, the anomaly
and the error are respectively denoted by an overbar, aster-
isk and prime. Q’ represents the sea surface heat flux er-
ror and is the sum of the latent heat flux error Q’LH, sensible
heat flux error QéH, shortwave radiation flux error Q’SWH, and

longwave radiation flux error Q] y - h is the climatological
monthly mean mixed-layer depth. As in observations (Wang
etal., 2012), the simulated 7 in the KOE region is deeper than
150 m in boreal winter and shallower than 30 m in boreal
summer. The terms in Eq. (6) indicate the effects of oceanic
temperature advection on the SSTA error growth. Duan and
Wu (2015) revealed that the latent heat flux errors (QiH) and
the vertical oceanic temperature advection associated with
the climatological mean state (W,q,), which are both largely
forced by the sea surface wind stress errors, dominate the
SSTA error growth associated with the SPB. Clearly, the ef-
fects of both O ;; and Waay on the error growth are directly
influenced by the climatological annual cycle and prediction
errors, but not the SSTA events to be predicted. In Figs. 5a
and b, we show the ensemble means of Q’LH and W,q, aver-
aged over the KOE region in the ASO season for the warm
and cold events in Category-1 (black bars) and Category-2

(gray bars), respectively. They both have few differences be-
tween the two categories (differences shown in Fig. Se), indi-
cating that the larger error growth rates of the SSTA events in
Category-1 are not due to the physical processes of Q] ,; and
Waav. Furthermore, the terms O Q5w QL wars Uady, U4
Vadvs V., and W, are not directly influenced by the SSTA
events to be predicted and make little contribution to the dif-
ferent error growth rates between Category-1 and Category-2
(not shown here).

Among all terms in Egs. (5)-(6), only the physi-
cal processes of U = —u*(dT")/dx—u'(8T")/dx, V

rd =
v (AT") /8y — ' (9T*)/3y and W*, = —w*(ATY — w'(AT)*

are directly related with the SSTXV events to be predicted,
and they respectively describe the effect of the prediction er-
rors of the zonal, meridional and vertical oceanic tempera-
ture advection associated with the warm or cold events on
the SSTA error growth. The u*, v*, w* and T* are respec-
tively the anomalies of the zonal, meridional, vertical current
velocities and SSTA in the North Pacific; and «’, v/, w’ and
T’ represent their related prediction errors. A larger abso-
lute value of U}, , Vi, or W, causes a larger growth ten-

dency (i.e., growth rate) of prediction errors (i.e., (3T")/dt)
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shown in (a—d). (f) As in (e) but for the term A = —w*(AT)’ and B = —w/(AT)*. Units: K month™".

and, as a result, leads to faster error growth. To investi-
gate which of these terms contribute most to the larger er-
ror growth rates in the ASO season for the SSTA events in
Category-1, the regional-mean U}, , V>, or Wy, in the ASO
season for the warm and cold events in Category-1 (black
bars) and Category-2 (gray bars) are illustrated in Figs. 5¢
and d. Itis shown that only the W, , i.e., the prediction errors
of the vertical oceanic temperature advection associated with
the SSTA events to be predicted, exhibits a significant differ-
ence between the two categories (as shown in Fig. 5e), imply-
ing that the difference in W, is the major factor contributing
the most to the large difference in error growth rates between
the Category-1 and Category-2 events. In addition, a positive
(negative) value of the processes on the right-hand side of Eq.
(4) indicates the effect of favoring the error growth for warm
(cold) events. Therefore, as shown in Figs. 5c and d, a pos-

itive (negative) value of W: 4, for the warm (cold) events in
Category-1 causes error growth, while a negative (positive)
value for the warm (cold) events in Category-2 suppresses er-
ror growth, which therefore leads to much larger error growth
for the SSTA events in Category-1 than those in Category-2.

Wi, = —w*(AT) —w'(AT)" is composed of the oceanic
temperature advection errors by anomalous vertical currents
of KOE-SSTA events [i.e., A = —w (AT) = —-w*(T’' - T}’l)/ﬁ,
T’ is the SST error, and 7, is the temperature error just below
the mixed layer base] and the anomalous oceanic tempera-
ture advection by vertical current errors [i.e., B=—w/(AT)* =
-w'(T" - T;)/E, T* is the SST anomaly, and 7, is the tem-
perature anomaly just below the mixed layer base]. In Fig.
5f, we plot the differences in term A and term B between the
two categories for both warm and cold events in the ASO
season. It is shown that the dynamical process indicated by
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term A plays a more important role in the contribution from
W, to the large difference in SSTA error growth between
Category-1 and Category-2. Term A, the oceanic tempera-
ture advection errors by anomalous vertical currents of KOE-
SSTA events, is dominated by the anomalous vertical cur-
rents (i.e., the anomalous upwelling or downwelling) and the
difference between the SST error and the temperature error
just below the mixed layer base [i.e., (AT) = (T’ - T,’l)/ﬁ].
The anomalous upwelling or downwelling can be caused by
the Ekman pumping, which is generated by the wind stress
curl anomaly. In fact, Ekman pumping can be related to the
wind stress by Wg = curl,(t/pf), where 7 is the vector wind
stress, p is the density of sea water and f is the Coriolis pa-
rameter (Stewart, 2008, Chapter 9). Obviously, the positive
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(negative) wind stress curl can cause the upwelling (down-
welling). Here, we show the anomalous Ekman pumping and
sea surface wind stress anomalies in the ASO season for the
warm and cold events in the two categories in Fig. 6, where
the positive (negative) shaded values indicate the anoma-
lous upwelling (downwelling). The (AT)* = (T* -T,)/h and
(ATY =(T"-T}) /h in the ASO season for both categories are
also shown in Fig. 6.

For warm events, the anomalous upwelling induced by
the cyclonic wind stress anomalies over the KOE region for
Category-1 is much more significant than for Category-2
(Figs. 6a and b). The positive (AT)* = (T* - T;)/fz, which
also shows a larger value for Category-1 than Category-2
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Fig. 6. (a) The anomalous Ekman pumping (i.e. upwelling and downwelling; contours; units: 107> m s™!) and
wind stress anomalies (vectors; units: 0.1 N m~2) in the ASO season for the warm events in Category-1. (b)
As in (a) but for the warm events in Category-2. (c¢) The (AT)" = (T* - T;)/E and (AT) =(T' - T,;)/E in the
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which is the study area in this paper.
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(blue bars and yellow bars in Fig. 6¢), implies that the anoma-
lous upwelling brings the cold water to upper ocean layers
and leads to the cooling of KOE-SSTA. Therefore, the more
significant anomalous upwelling for Category-1 causes much
more cooling of KOE-SSTA, which explains why the warm
events in Category-1 transfer more rapidly from the mature
to decaying phase than those in Category-2. Moreover, Fig.
6¢ shows that the (AT) = (T’ —=T)/h is negative with a large
absolute value for Category-1 (green bars). Therefore, for the
warm events in Category-1, the significant upwelling (i.e., a
positive value of vertical velocity w* in term A) and a nega-
tive value of (AT) = (T’ — T;l)/ﬁ lead to a positive term A (i.e.,
positive oceanic temperature advection errors by anomalous
vertical currents of the SSTA events), and in turn cause a pos-
itive W7, , which favors the rapid growth of warm prediction
errors according to Eq. (5). Compared with Category-1, the
error growth induced by W, is much weaker due to the neg-
ligible vertical advection for Category-2 (Fig. 6b). As shown
in Fig. Sc, the large difference in W = enhances the difference
in error growth rates between the SSTA events in Category-1
and Category-2, and therefore favors a greater possibility of a
more significant SPB for the SSTA events in Category-1. The
mechanisms are similar for the cold events (see Figs. 6d—f).

Overall, the mature-to-decaying transition of SSTA and
the growth of prediction errors in the ASO season are both
related with the anomalous upwelling or downwelling in the
transition phase of the SSTA events to be predicted. The
anomalous upwelling or downwelling in the ASO season for
the SSTA events in Category-1 is much more significant than
in Category-2, which not only leads to the largest mature-to-
decaying transition rate of SSTA but also results in the fastest
error growth for the SSTA events in Category-1. Therefore,
this explains why the SSTA events transferring more rapidly
from the mature to decaying phase tend to yield a greater pos-
sibility of a more significant SPB.

5. Summary and discussion

This paper investigates the impact of KOE-SSTA events
on the SPB in the North Pacific by analyzing the results from
two perfect model predictability experiments (Exp_Reference
and Exp_Random). Thirty KOE-SSTA events are randomly
selected as the reference states to be predicted, which can
be classified into two categories: Category-1 transfers more
rapidly from the mature to decaying phase, with a transition
rate larger than 0.3 K month™!; and Category-2 has a rela-
tively smaller rate. The KOE-SSTA events in both categories
are predicted from different start months with Ref-type initial
errors that have certain spatial patterns in Exp_Reference, and
with random initial errors in Exp_Random. The results from
both experiments show that the SPB usually occurs during
the mature-to-decaying transition phase of the SSTA events
to be predicted; and the SSTA events in Category-1, which
transfer more rapidly from the mature to decaying phase, tend
to yield a greater possibility of a more significant SPB than
those events in Category-2.

The physical mechanisms responsible for the dependence
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of the SPB on the mature-to-decaying transition rates of
SSTA events are explored. It is found that the SSTA events
in Category-1 have larger wind stress curl anomalies over
the KOE region during the ASO season than those events in
Category-2. For the SSTA events in Category-1, the larger
positive (negative) wind stress curl anomalies favor the larger
anomalous upwelling (downwelling) of waters dynamically
through the Ekman effect for warm (cold) events, which con-
tributes most to the larger oceanic temperature advection er-
rors by anomalous vertical currents of KOE-SSTA events,
and in turn leads to the larger prediction errors of vertical
oceanic temperature advection associated with SSTA events
[i.e., W;dv in Eq. (4)]. Therefore, the large difference in
W, favors the large difference in error growth rates in the
ASO season between the Category-1 and Category-2 events.
Ultimately, the SSTA events in Category-1 yield a greater
possibility of a more significant SPB than those events in
Category-2. Furthermore, a more significant anomalous up-
welling (downwelling) in the ASO season favors much more
SSTA cooling (warming), i.e., the faster SSTA transition
from the mature to decaying phase for the warm (cold) events
in Category-1. That is, the mature-to-decaying transition rate
of SSTA and the error growth rate in the ASO season are
both related with the anomalous upwelling (downwelling) in-
duced by wind stress curl anomalies. Therefore, this explains
why the SSTA events transferring more rapidly tend to yield
a greater possibility of a more significant SPB.

In Fig. 5, it should be noted that the ensemble mean errors
associated with latent heat and vertical advection have the
same sign as the KOE-SSTA to be predicted, which indicates
overestimated SSTA during the mature-to-decaying transition
phase in predictions. Duan and Wu (2015) explained that the
overestimated SSTA is caused by enhanced anticyclonic (cy-
clonic) wind stress error for warm (cold) events. Also, the
enhanced anticyclonic (cyclonic) wind stress error is proba-
bly induced by the perturbed initial sea temperature fields in
predictions. The results of Exp_Random are analyzed with
the same method as in Exp_Reference, showing that the mag-
nitudes of QiH and Wadv are much smaller than the results
of Exp_Reference (not shown here). This may imply that the
Ref-type initial errors can cause more enhanced anticyclonic
(cyclonic) wind stress errors and result in larger prediction
errors of Q] ,; and W,y than the random initial errors. How-
ever, how the sea temperature initial errors cause the anticy-
clonic (cyclonic) wind stress errors for warm (cold) events
remains unclear and needs to be explored in future work.

The results presented in this paper suggest that the oc-
currence of the SPB is dependent on the evolutionary char-
acteristics of the SSTA events to be predicted. The fore-
cast skill may decline dramatically due to the significant error
growth when predicting the SSTA events with large mature-
to-decaying transition rates. However, it is obvious that the
transition rate of an SSTA event is unknown to us before it
really happens in real-time forecasts. This matter of what can
be considered as the indicator of the transition rate for the
KOE-SSTA events should be addressed. It is demonstrated
in section 4 that the cyclonic (anticyclonic) wind stresses in
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the transition phase are responsible for the SSTA transition
for the warm (cold) events. Thus, it is interesting whether
the sea surface wind stress is an indicator of the SSTA transi-
tion. In Figs. 1c and d, it is shown that the anticyclonic wind
stress anomalies favor the development of warm KOE-SSTA
for both categories at leads of —4 and —2 months. However,
for Category-1, the cyclonic wind stress anomalies appear af-
ter the peak, which therefore results in the fast decay of warm
SSTA. For Category-2, the wind transformation from anticy-
clonic to cyclonic is much later, which therefore favors the
persistence of warm SSTA. A similar feature of wind evolu-
tion also can be seen in observations (not shown here). Fur-
thermore, we show the composite spatial patterns of the sea-
sonal SSTA growth rate and the related growth rate of sea sur-
face wind stress anomalies in the North Pacific for the warm
events in the two categories (Fig. 7). The results illustrate that
the SSTA transition from mature to decaying phase during the
ASO season for the warm events in Category-1 is much more
significant than in Category-2 (negative shaded values indi-

(cold) KOE-SSTA events.

cate the SSTA decaying rates for warm events). In addition,
the cyclonic wind stress tendency (i.e., wind stress growth
rate) in the KOE region appears in the developing phase [the
May—June—July (MJJ) season] and becomes much stronger in
the transition phase (the ASO season) for Category-1. How-
ever, Category-2 does not exhibit this feature. The results
for cold events are similar, except for the anticyclonic wind
stress tendency in the MJJ season (not shown here). There-
fore, the cyclonic (anticyclonic) wind stress appearing in the
developing phase may suggest a rapid transition of the warm
That is, the warm (cold) KOE-
SSTA events with cyclonic (anticyclonic) wind stress anoma-
lies in the developing phase may exhibit a significant SPB
phenomenon. However, why the evolution of wind stress
anomalies between the two categories shows such a large dif-
ference is still unclear and further efforts should be addressed
to explore this problem.

Furthermore, it is demonstrated that the SPB induced by
random initial errors is weaker than the initial errors with spa-
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tial patterns, such as the Ref-type initial errors in this study.
This implies that the initial errors with certain spatial patterns
may lead to more prediction uncertainties in the forecasts of
North Pacific SSTA. Therefore, it is suggested that removing
the initial errors with certain spatial patterns before the pre-
dictions may weaken or eliminate the SPB and improve the
forecast skill of North Pacific SSTA. In fact, previous stud-
ies have demonstrated that the prediction errors caused by
the two kinds of initial errors with certain spatial patterns are
most likely to induce a spring prediction barrier for ENSO
events (Duan et al., 2009; Yu et al., 2009), and removing
these kinds of initial errors could reduce the prediction er-
rors in ENSO forecasts (Yu et al., 2012). This encourages
us to explore which kinds of initial errors with certain spa-
tial patterns are most likely to induce an SPB of KOE-SSTA
and whether the forecast skill can be improved when remov-
ing these initial errors in predictions. Furthermore, the ini-
tial perturbations in this paper are only superimposed on the
North Pacific and there are no perturbations over the equa-
torial Pacific. The present analyses only consider the local
atmosphere—ocean coupling process. It is known that ENSO
has a strong influence on the seasonal changes over the ex-
tratropical North Pacific. The impact of the tropical Pacific
on the predictability of KOE SSTA is also an important is-
sue to be explored. Therefore, further efforts relating to these
problems need to be made in our future work.
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