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Abstract Although the western North Pacific (WNP) monsoon circulation significantly impacts the
socioeconomic communities around Asia, its prediction is only limited to a few months. By examining the
Coupled Model Intercomparison Project phase 5 decadal hindcast experiments, we explore a possibility of
the extended prediction skill for the WNP monsoon circulation beyond seasonal time scales. It is found that the
multimodel ensemble (MME) predictions, initialized in January, successfully predict the WNP circulation in spring
and early summer. Somewhat surprisingly, a reliable prediction of the WNP circulation appears even in the
following spring with a maximum lead time of 14 months. This unexpected prediction skill is likely caused by
the improved El Nifo-Southern Oscillation (ENSO) prediction and the exaggerated dynamical link between the
ENSO and premonsoon circulation in the MME prediction. Although further studies are needed, this result may
open up new opportunities for the multiseasonal prediction of the WNP monsoon circulation.

1. Introduction

The seasonal-to-interannual prediction of regional climate variability is known to have more important socioe-
conomic implications than the decadal or multidecadal climate projection, which has been extensively
explored in the Intergovernmental Panel on Climate Change (IPCC) assessment report [Intergovernmental
Panel on Climate Change, 2013]. For example, in South and East Asia, a reliable prediction of the western
North Pacific (WNP) summer monsoon circulation several months in advance would be very beneficial [e.g.,
Wang et al., 2013]. This is especially true for water resource management, because the summer monsoon largely
controls the annual precipitation in these regions. Recently, not only the summer season but also the spring-to-
summer transition season has received an attention because the air-sea interaction and resulting anomalies
over the WNP region from April to June play a crucial role in shaping the June-August WNP monsoon anoma-
lies [e.g., Hu et al,, 2014; Wu and Hu, 2015].

It is well documented that the prediction skill of summer monsoon precipitation is considerably low [e.g.,
Lee et al., 2010; Seo et al., 2015]. A reliable prediction is limited to only a month or two in the state-of-the-
art seasonal prediction systems [Lee et al.,, 2011a, 2011b]. This limited prediction skill in precipitation is
partly caused by the uncertainties of cloud physics and cumulus parameterizations in the models. In
contrast, the large-scale atmospheric circulation associated with the WNP summer monsoon is known
to be predictable with a longer lead time. For instance, the intensity of the western Pacific Subtropical
High, which modulates the Asian summer monsoon system, can be qualitatively predicted with a
maximum lead time of 5 months in fully coupled seasonal prediction systems [e.g., Lee et al., 2011b; Li
et al, 2012; Wang et al., 2013].

This extended prediction skill of the monsoon circulation, which cannot be simply explained by atmospheric
memory, is partly caused by the remote impacts from the tropical sea surface temperature (SST) variability.
Wang et al. [2008] showed that the interannual variation of monsoon circulation over the WNP is strongly
influenced by the El Niflo-Southern Oscillation (ENSO), especially in the postsatellite era. In general, the
WNP circulation in spring (March-April-May (MAM)) and in summer (June-July-August (JJA)) is negatively
correlated with the previous winter’'s ENSO index. In other words, if the ENSO in the previous winter is in
its warm phase, the WNP monsoon circulation in the following spring and summer seasons is often weaker
than normal. This leads to a drier spring and summer over the WNP, but wetter seasons over East Asia.
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In the state-of-the-art seasonal prediction models, ENSO prediction skill is typically about 6 months but
can be extended to maximum 2years in the select models [Jin et al., 2008; Luo et al., 2008; Choi et al.,
2016]. By analyzing the Coupled Model Intercomparison Project phase 5 (CMIP5) decadal hindcast
experiments [Meehl et al., 2014], Choi et al. [2016] recently showed that the multimodel ensemble
(MME) prediction can predict ENSO up to 15 months in advance when the coupled model is initialized
in January with the observed initial and boundary conditions. This extended prediction skill of ENSO
suggests that the WNP circulation in spring and summer can be predicted beyond a seasonal time scale
if the dynamic link between ENSO and monsoon circulations is well represented by the MME. This may
potentiate the seamless seasonal-to-interannual prediction of the WNP monsoon circulation. This possi-
bility is tested in the present study.

2, Data and Methodology

The summer monsoon circulation over the WNP has been quantified by several indices. Among many others,
the Western North Pacific Monsoon (WNPM) index [Wang et al., 2001], which has been widely used in the
literature, is utilized in this study to quantify the WNP circulation in both spring and summer. Briefly, this
index measures the intensity of low-level circulations associated with the WNP subtropical high. In particular,
it is defined by the horizontal shear of zonal wind at 850 hPa (U850) between the tropics averaged over
5°-15°N and 100°-130°E (southern box in Figure S1a in the supporting information) and the subtropics
averaged over 20°-30°N and 110°-140°E (northern box in Figure S1a). The positive value (i.e., tropical minus
subtropical U850 is positive) signifies cyclonic circulation near the South China Sea (see Figures S1c and S1d)
and precipitation in the Southeast Asia (see Figures S1a and S1b).

The WNPM index prediction is evaluated for the CMIP5 decadal hindcast experiments. More than 10
models are available from the CMIP5 archive [Meehl et al, 2014]. Among them, only seven models
(Table 1) that have been initialized every year since 1980 are used in this study as in Choi et al.
[2016]. These models are BCC-CSM1-1 [Wu et al, 2014], CanCM4 [Arora et al., 2011], GFDL-CM2p1
[Delworth et al., 2006], MIROC5 [Tatebe et al., 2012], MPI-ESM-LR [Matei et al., 2012], and HadCM3 with
anomaly initialization (HadCM3a) and full-field initialization (HadCM3f) [Smith et al., 2010]. Of these
seven models, only the first five models, initialized in January, are used to calculate the MME predic-
tions. The latter two models from HadCM3 were initialized in November and are examined separately
to test the sensitivity to the initialization month. As summarized in Table 1, each model consists of at
least three ensemble members. The five-model MME is computed using each model’s ensemble mean
value. Since the last initialization of BCC-CSM1-1 is January 2007, the MME prediction is evaluated from
1981 to 2007. In all analyses, a 3 month running mean is applied.

The model predictions are compared with the European Centre for Medium-Range Weather Forecasts Interim
Reanalysis (ERA-Interim) [Dee et al., 2011] and the Global Precipitation Climatology Project (GPCP) [Adler et al.,
2003] data sets. The ENSO prediction skill is evaluated by comparing the observed NINO3.4 SST with the
model predictions. The observed NINO3.4 index is defined as the SST averaged over 5°S-5°N and
170°-120°W from the Extended Reconstructed Sea Surface Temperature Version 3b (ERSSTv3b) [Smith
et al., 2008]. Both observational and decadal hindcast data are first interpolated to a uniform 2.5°x 2.5° grid
to reduce uncertainty associated with different spatial resolution of each data. Bias adjustment is then
applied to the model output in accordance to International CLIVAR Project Office [2011] to remove model drift
[Meehl et al., 2014].

The prediction skills are evaluated by computing two deterministic metrics: the anomaly correlation
coefficient (ACC) and mean squared skill score (MSSS), as proposed by Goddard et al. [2013]. The ACC
is defined as

5 2 [Hye = H] [0 = O]
ACC(z) = = . Q)

\/gi [H;,*R]z\/%g 0,0,

j=1 j=1

Here observations (O) correspond to either gridded observations or reanalysis data. Each hindcast run can be repre-
sented by Hj, in which His the ensemble mean prediction, j is the initialization year (j=1~n, n=27 for MME), and
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Table 1. Description of the Models Used in This Study?

Initialization
Name Institution Type Period (Number of Start Years, n)  Number of Ensemble Members
BCC-CSM1-1 BCC, China Full field Jan 1981-2007 (27) 3
CanCM4 CCCma, Canada Full field Jan 1981-2011 (32) 10
GFDL-CM2p1  NOAA GFDL, USA  Full field Jan 1981-2011 (32) 10
MIROC5 AORI, Japan Anomaly Jan 1981-2010 (31) 6
MPI-ESM-LR MPI-M, Germany Anomaly Jan 1981-2010 (31) 3
HadCM3a Met Office, UK Anomaly Nov 1980-2009 (30) 10
HadCM3f Met Office, UK Full field Nov 1980-2009 (30) 10

An acronym follows those in the IPCC fifth assessment report.

is the forecast lead time. In equation (1), the climatological mean over 1981-2007 is denoted by an overbar. The
MSSS, which is based on the mean squared error (MSE), is defined as

_ . MSE4(r) "=
MSSS(z) = 1 MEE(e) | . 2)

Although both ACC and MSSS quantify the model bias, the MSSS is more focused on the magnitude of the
bias. As shown in equation (2), it evaluates the model MSE against the observed MSE. For the perfect predic-
tion, both ACC and MSSS are unity.

A reliable prediction skill is conventionally defined by ACC greater than 0.5-0.7 and MSSS greater than 0 (i.e.,
model MSE smaller than observed MSE). Following these criteria, we define the lower limit of prediction skill
with ACC>0.5 and MSSS > 0. Here both ACC and MSSS must be statistically significant at the 95% confidence
level. Statistical significance is tested by a bootstrap method suggested by Goddard et al. [2013]. Both ensem-
ble mean from each model’s single integrations and skill scores (i.e,, ACC and MSSS) are randomly calculated
1000 times at the same lead time. From the bootstrap-generated sample distributions of skill scores, the
counted negative value ratio serves as the p value for the significance test. If the p value is lower than o,
the skill score is considered to be significant at the (1 — a) X 100% confidence level. We set « as 0.05, so if
the counted negative values are less than 50 for 1000 samples, then the prediction skill score is statistically
significant at the 95% confidence level. See Goddard et al. [2013] for the details.

3. Results

The observed time series of the WNPM index during the spring (MAM) and summer monsoon seasons (JJA)
are depicted by black lines in Figures 1a and 1b, respectively. The springtime WNPM index is usually negative,
because the monsoon region is located in the western boundary of the subtropical high (see Figure S1c). As
the low-level westerly jet expands to the east in the summer, the WNPM index becomes positive (see Figure
S1d). Here it is important to note that although the WNPM index quantifies the summer monsoon circulation
over the western North Pacific, it also explains the low-level circulation and precipitation over the region in
spring (Figures S1a and S1c). Moreover, it has been known that the WNP circulation in spring significantly
controls the timing of the onset and mature structure of the Asian summer monsoon [Joseph et al., 1994; Li
and Yanai, 1996].

Figures 1a and 1b also illustrate the predicted WNPM index in the spring and summer seasons for the first and
second prediction years. Both spring and summer WNPM indices show strong interannual variations that are
reasonably well predicted by the MME. The MME for the first prediction year explains 55% and 29% of the
observed interannual variation in spring and summer WNPM indices, respectively. These values are statisti-
cally significant at the 95% confidence level, indicating that the WNP circulations in spring and summer
are reasonably well predicted by the MME with a lead time of 2 months for the spring and 5 months for
the summer. Somewhat surprisingly, a statistically significant relationship is also found even in the spring
of the second prediction year. The R? in MAM of the second prediction year (14 lead months) is lower than
that of the first prediction year, partly due to the reduction of the simulated ENSO amplitude in the second
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Figure 1. (a) Spring (MAM) WNPM index time series from ERA-Interim (black line) and CMIP5 MME of the first (red lines) and
second (blue lines) prediction years. Units are m/s. (b) Same as Figure 1a but for the summer (JJA) season. R%is the percent
of variance explained by the MME. An R? of 1 refers that the model perfectly reproduces the observed variance. R? that is
statistically significant at the 95% confidence level is denoted by asterisks.

prediction year as discussed below [see also Choi et al., 2016, Figure 8], but is still 0.30 that is comparable to
that in JJA of the first prediction year (Figure 1).

To quantitatively evaluate MME prediction skill, ACC and MSSS are computed for the seasonal-to-interannual
time scales in Figure 2a (2 lead months to 17 lead months), only spring and summer seasons are considered.
Both metrics decrease with lead times and become statistically insignificant in the third prediction year. As
anticipated from Figure 1a, the WNP circulation in spring is reliably predicted in the first prediction year
(two lead months). ACC and MSSS are statistically significant and greater than 0.5 and 0.0, respectively.

1 (a) WNPM index
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Figure 2. (a) The ACC and MSSS of the 3 month moving-averaged MME WNPM index. The prediction target covers from
spring (MAM) to summer (JJA) seasons of the first and second years after the initialization in January. Shaded bars indicate

values that are statistically significant at the 95% confidence level. (b) Same as Figure 2a but for NINO3.4 index from boreal
late-winter (January-February-March (JFM)) to late-spring (April-May-June (AMJ)) seasons.
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A significant ACC is also found in JJA (five lead months), while the MSSS is not statistically significant in this
time lag. This indicates that the MME predicts the summer monsoon circulation in JJA only qualitatively.
Therefore, it is concluded that WNP monsoon circulations are reliably predicted with a maximum lead time
of 4months (May-June-July (MJJ) in Figure 2a).

It is unclear what limits the prediction skill in summer monsoon circulation in the first prediction year. Wang
et al. [2008] have shown a significant correlation between winter ENSO and WNP circulation in summer. One
possible factor is a slow decaying of ENSO in the model. The predicted ENSO index has a longer e-folding time
scale than observation (see Figure S2), exaggerating remote impact of equatorial SST on regional circulation
over the WNP. Another factor might be the different air-sea interaction in spring and summer. Springtime
circulation over the WNP is primarily controlled by the tropical Pacific SST [e.g., Wang et al., 2003], whereas
summer monsoon circulation is influenced by the summer SST over the Indian Ocean [e.g., Xie et al., 2009]
and the South China Sea (see Figure S3b). This seasonally varying air-sea coupling is not well reproduced
by the MME predictions especially during the summer (Figures S3c and S3d).

In consistent with Figure 13, a reliable prediction skill reappears in the second prediction year (Figure 2a). Both
ACC and MSSS are statistically significant and greater than the threshold values in the second-year MAM. This
result indicates that the WNP circulation in spring is predictable with a maximum lead time of 14 months when
the January-initialized MME prediction is used. This result might be simply due to the long-term trend asso-
ciated with global warming. To test the effect of long-term trend, the same analyses are repeated by filtering
out the linear trend. The results are essentially the same (see Figure S4a), indicating that the extended predic-
tion of the WNP circulation in MAM shown in Figure 2a is likely caused by the improved representation of the
interannual variations of the WNP circulations in the MME predictions.

The above results suggest that springtime WNP circulations can be predicted a year in advance. If this is true,
what is the possible source(s) of the improved and extended prediction skill? As discussed earlier, one
possibility is the influence of the tropical SST. ENSO plays an important role on the interannual variability
of the WNP monsoon circulations [e.g., Wang et al., 2008]. This implies that the statistically significant predic-
tion skills of the spring WNP circulation in the second prediction year may be caused by the extended ENSO
prediction skills. Figure 2b presents the ENSO prediction skills from late winter (January-February-March
(JFM)) to late spring (April-May-June (AMJ)). Although not shown, the ENSO prediction skills rapidly decrease
in the boreal spring (also known as spring predictability barrier) and increase again in the following winter
[see Choi et al., 2016, Figure 10]. It is clear from Figure 2b that ENSO is well predicted by MME up to AMJ in
the second prediction year (15 lead months). This ENSO prediction skill is comparable to or even better than
the one reported in the literature [Luo et al., 2008; Stockdale et al., 2011]. Such an improved prediction skill is
partly due to the MME approach instead of using a single model. As discussed below, the ENSO prediction
skill of each model is generally worse than that of MME.

The dynamic link between the ENSO and springtime WNP circulation in the second prediction year is further
illustrated in Figure 3 for individual models. This figure presents the intermodel spread of late-winter ENSO
and springtime WNPM index prediction skills in the second prediction year. Two HadCM3 runs (i.e., triangles
in Figure 3), which were initialized 2 months earlier than the other models, are also illustrated. They generally
lie within the other five models’ ranges. This result suggests that the prediction skills of late-winter ENSO and
springtime WNP circulation are not sensitive to the initialization method and month, if the models are
initialized in the cold season. The same result is also found in the first prediction year (Figure S5). Here it is
worth to note that the MME (i.e., crosses) generally has a higher prediction skill than individual models.
More importantly, only MME and CanCM4 show statistically significant ACC skill, which is greater than
0.5, for the spring WNPM index.

Figure 3a clearly shows that the two ACC skills are highly correlated with each other in the second prediction
year. The correlation coefficient reaches 0.77 across the seven models. Likewise, MSSS skills are well corre-
lated (r=0.67) at the 90% confidence level (Figure 3b). Although not shown, these values are higher than
instantaneous correlations (i.e, MAM NINIO3.4 and MAM WNPM indices). It is further found that the models
that have a stronger ENSO-WNPM relationship tend to have a higher prediction skill of spring WNPM index
(Figure S6). Thus, the model with a better previous winter's ENSO prediction can reproduce a more reliable
spring WNP circulation. This result indicates that the extended prediction skill of the springtime WNP circula-
tion is indeed modulated by the improved ENSO prediction skill in the previous winter.
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Figure 3. (a) Multimodel spread of ACC of the predicted MAM WNPM index against ACC of the predicted JFM NINO3.4 index
in the second prediction year. Multiplication and plus signs indicate the prediction skills from MME and seven-model MME
(includes HadCM3a and HadCM3H), respectively. (b) Same as Figure 3a but for the MSSS. Correlation coefficients with two
asterisks (an asterisk) indicate that values are statistically significant at the 95% (90%) confidence level.

Figure 4 illustrates the observed and predicted lag correlation map between the MAM WNPM index and the
JFM SST. Here SST leads the MAM WNPM index by 2 months. The observed relationship (Figure 4, left) shows
that a strong spring WNP circulation is associated with La Nifa-like SST anomalies in winter (i.e., anomalous
cold SST in the equatorial eastern Pacific and warm SST over the western North Pacific). The MME predictions
(Figure 4, middle and right) show similar spatial patterns in both the first and second prediction years.
However, correlation coefficients are much higher than observation around the NINO3.4 region (boxed in
Figure 4). These results indicate that the dynamical link between the tropical Pacific SST and MAM WNPM
index is severely exaggerated in the MME predictions. This stronger-than-observed relationship remains up
to the second prediction year, and the exaggerated relationship is also clear in the temporal correlation
between JFM NINO3.4 and MAM WNPM indices (i.e., —0.64 for observations but —0.93 and —0.73 for the first
and second prediction years). These results indicate that the extended prediction skill of spring WNP circula-
tion more than 1year in advance likely results from the combined effects of the improved winter ENSO
prediction and the exaggerated dynamical coupling between the winter ENSO and spring WNP circulation
in the MME prediction.

It is worthwhile noting that significant correlations are found not only over the Pacific but also over the Indian
Ocean, particularly in the first prediction year. In contrast to observation (e.g., Figure S3a), the predicted spring
WNPM index is highly correlated with the late-winter Indian Ocean SST (see also Figure S3c). The intermodel

CORR [WNPM index(MAM), SST(JFM)]

180 120W  60E 120E 180 120W

N o8BS | _ MME YrO1__ _ MME Yr02
2084/ - {M\ N
60E 120E 180 120W  60E 120E

I
-0.9 -07 -05 -03 0.J3 0.5 a.7 0.9

Figure 4. Lagged-correlation coefficient map (shading) between late-winter (JFM) SST field and spring (MAM, 2 month lag)
WNPM index from the (left) observation, (middle) first, and (right) second prediction years. The values that are statistically
significant at the 95% confidence level are shaded. Black boxes indicate the area where the WNPM and NINO3.4 indices are
defined.
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spread of the prediction skill of spring WNPM index is also largely explained by the Indian Ocean SST (see blue
marks in Figure S5). This may reduce the prediction skill of WNPM index.

4, Conclusions

The MME predictions, based on the CMIP5 decadal hindcast experiments initialized every January from 1981 to
2007, successfully reproduce the springtime atmospheric circulations over the WNP that is quantified by the
WNPM index [Wang et al, 2001]. Quantitatively, reliable prediction skills are found from the spring to early-
summer seasons in the first prediction year (four lead months). Although summer WNPM index can be qualita-
tively predicted with a maximum lead time of 5 months (i.e,, statistically significant ACC that is greater than 0.5), it
is not in quantity (i.e,, statistically insignificant MSSS). This result holds for individual models regardless of the initi-
alization months (November versus January) and initialization methods (full field versus anomaly initialization).

Somewhat surprisingly, reliable prediction skill of the springtime WNPM index reappears in the second predic-
tion year with a maximum lead time of 14 months. This extended prediction skill is likely caused by the
extended prediction skill of winter ENSO up to 12 months in advance and the delayed ENSO impact on the
springtime atmospheric circulation in the western North Pacific in MME predictions. However, MME predictions
severely exaggerate the later link. The lag correlation, in which ENSO index leads the WNPM index for 2 months,
is —0.93 in the first prediction year and this is much higher than the observed correlation (—0.64) indicating that
the extended WNPM prediction skill is likely controlled by strong tropical-subtropical teleconnection and highly
dependent on the models.

Although further analyses and evaluations are needed, this finding has important implications to the seasonal-
to-interannual prediction of the western North Pacific atmospheric circulation. The MME likely filters out climate
noises and effectively captures the WNPM circulation. In fact, although all models show significant prediction
skills in the first prediction year (Figure S5a), only one model, out of seven models, shows a reliable ACC skill
in the second prediction year (Figure 3a). In other words, the exaggerated ENSO-WNPM coupling may result
from noise reduction, which could be physically meaningful. If this is the case, the present study would be help-
ful in improving the interannual prediction of the western North Pacific monsoon circulation.
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