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Abstract

The abilities of three models (Climate Forecast System version 2 [CFSv2], Cana-
dian Coupled Climate Model version 3 [CanCM3] and Canadian Coupled Climate
Model version 4 [CanCM4]) in the North American Multimodel Ensemble for the
East Asian summer monsoon (EASM) forecast were evaluated with their 29-year
hindcast data (1982-2010). Many EASM features including monsoon precipitation
centres, large-scale monsoon circulations and monsoon onset and retreat are gener-
ally captured by the three models and their ensemble mean, and the multimodel
ensemble has the best performance. Since the East Asian domain includes the tropi-
cal western North Pacific summer monsoon (WNPSM) and the subtropical conti-
nent monsoon, two well-known monsoon indices, the WNPSM index (WNPSMI)
and EASM index (EASMI), and their associated low-level winds and precipitation
anomalies are well forecasted by the models. However, the forecast performance
generally decreases as the leads increase, and the performance of EASMI is not as
good as that of WNPSMI. CFSv2 forecasts well at leads up to 6 months whereas
the skill of CanCM3 (CanCM4) decreases rapidly when the lead increases to
2 months (3 months). The failure of CanCM3 is mainly attributed to the poor fore-
cast of the relationship of EASMI with the El Nifio-Southern Oscillation and
Northern Indian Ocean-western North Pacific (WNP) sea surface temperature
anomaly. However, the causes of the poor forecast of CanCM4 for EASMI require
further investigation. Sources of the forecast error (FE), which is the difference
between model and observation for monsoon precipitation, are more significant
than those of the predictability error (PE), which originates from the initial condi-
tion error, indicating that model deficiency plays a dominant role in limiting the
EASM precipitation forecast. However, the PE cannot be neglected over the tropi-
cal western Pacific in CFSv2, over the WNP in CanCM3 and over the Tibetan Pla-
teau in CanCM4. As the lead time increases, the FE does not remarkably change

whereas the PE decreases significantly.
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1 | INTRODUCTION

The East Asian summer monsoon (EASM), which is charac-
terized by the heaviest seasonal precipitation, affects approx-
imately one third of the world's population. EASM
precipitation is crucial for agriculture, water resources,
energy and transportation. Due to its pronounced interannual
and decadal variability, the EASM can cause serious natural
disasters such as extreme floods and severe droughts (Ding,
1991; Huang et al., 1998; Huang and Zhou, 2002; Huang,
2014). Therefore, it is significant to understand the physical
mechanism of the EASM variation and provide reliable fore-
casts of the EASM.

The predictability on seasonal to interannual time scales
mainly stems from the slowing varying boundary conditions.
Sea surface temperature (SST) anomalies associated with
basin-wide events such as the El Nino-Southern Oscillation
(ENSO), North Atlantic SST triple, Indian Ocean dipole
(IOD), Indo-Pacific warm pool and North Pacific Ocean
dipole (IPOD) are primary predictability sources for the
EASM seasonal forecast (Wang et al., 2000; Yuan et al.,
2008; Wu et al., 2009; Zheng et al., 2014). Due to advances
in the understanding of air—sea interaction and computing
capability, one-tier systems using fully coupled climate
models are routinely used for seasonal forecast at several
weather and climate centres worldwide. The European Cen-
tre for Medium-Range Weather Forecasts System
4 (ECMWF4), Climate Forecast System version 2 (CFSv2),
Canadian Centre for Climate Modelling and Analysis
(CCCma) Coupled Climate Model 4 (CanCM4) and Global
Seasonal forecast system version 5 (GloSea5) are the latest
operational seasonal forecast systems in the ECMWEF,
National Center for Environment Prediction (NCEP),
CCCma and Met Office, respectively (Molteni et al., 2011;
Merryfield et al., 2013; Saha et al., 2014; MacLachlan et al.,
2015). A variety of studies have evaluated these forecast
systems. Kim et al. (2012) compared the forecast skill of
CFSv2 and ECMWF4 for the EASM and found that both
models capture the variability of large-scale monsoon circu-
lation but have poor performance in reproducing monsoon
precipitation. Zuo et al. (2013) showed the good perfor-
mance of CFSv2 in forecasting the monsoon precipitation
patterns associated with the ENSO due to its good forecast
skill for ENSO. GloSea$5 is useful to forecast the western
North Pacific subtropical high (WNPSH) that largely deter-
mines the summer precipitation over East Asia (MacLachlan
et al.,2015). Li et al. (2016) also demonstrated that GloSea5
is good at forecasting the summer rainfall over the Yangtze
river valley, and suggested that the predictability corre-
sponds to skilful prediction of rainfall in the deep tropics
and around the Maritime Continent.
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Multimodel ensemble (MME) is a more effective
approach to reduce forecast bias (Krishnamurti et al., 1999;
Krishnamurti et al., 2000). After the European Multimodel
Ensemble System for Seasonal to Interannual Prediction pro-
ject DEMERTER (2000) and ENSEMBLES (2004), the
United States launched the North American Multimodel
Ensemble (NMME) forecast project (Kirtman et al., 2014),
phase I of which is the seasonal-to-interannual forecast and
phase II is developing the intraseasonal forecast. The
NMME consists of nine coupled forecast systems from sev-
eral modelling centres in North America and provides real-
time forecasts since August 2011. In addition to real-time
forecasts, each model provides hindcasts covering the last
three decades. CFSv2, CanCM3 and CanCM4 are three part-
ner models with complete hindcast data available. CFSv2 is
an improved version of CFSv1 in all aspects including the
model components, data assimilation system and ensemble
configuration. Generally, it has moderate forecast skill in
global monsoon precipitation and shows higher skill than
CFSv1 (Shi et al., 2011; Yuan et al., 2011; Saha et al.,
2016). However, CFSv2 has some biases in the Asian sum-
mer monsoon precipitation forecast (Jiang et al., 2013).
Compared with CFSv2, whose fidelity has been widely eval-
uated, few studies have evaluated CanCM3 and CanCM4 in
forecasting the EASM. In this work, we focus on the above
three models and their MME, and evaluate their performance
for the EASM forecast. This is a prerequisite for selecting
superior models to enhance the forecast skill for the EASM.

In this study, we focus on three issues of the EASM fore-
cast. First, the 0-month lead forecasts are evaluated for the
climatological EASM circulations and precipitation, the
annual cycle of precipitation, and the year-to-year variation
of the EASM. Second, the forecast accuracy for EASM indi-
ces at different leads are examined and the possible reasons
for incorrect forecasts are studied. Finally, sources of the
forecast error for EASM precipitation are analysed. The
remainder of this paper is organized as follows. Section 2
introduces the model hindcast data and the observational
data for verification. The evaluation of the O-month lead
forecast is described in Section 3. Section 4 shows the fore-
cast skills at different leads and analysis of possible causes
of the forecast failure. Section 5 provides an analysis of the
sources of the forecast error for EASM precipitation. A brief
summary and discussion are given in Section 6.

2 | DATA

Three models in the NMME are used in this study, CFSv2,
CanCM3 and CanCM4. CFSv2 is the second version of the
fully coupled operational forecast system at the NCEP. It
consists of the GFS at TI126 resolution, MOM4 at
0.25° x 0.25° grid coupled with a four-layer Noah land
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surface model and a two-layer interactive global sea ice
model. Its 9-month run initiates every 5 days with 4 cycles
(0000, 0600, 1,200 and 1800 UTC) on those days. To reflect
the uncertainty of the initial conditions, a 24-member ensem-
ble is formed for each month with initial dates after the sev-
enth of the previous month (Saha et al., 2014). CanCM3
(CanCM4) uses the CCCma's third- (fourth-) generation
atmospheric general circulation model CanAM3, T63/L31
(CanAM4, T63/L.35) and CCCma's ocean model CanOM4
(1.41° % 0.94°/L40). Each hindcast is initiated every month
and integrates 12 months, and has 10 ensemble members
originated from different initial conditions (Merryfield et al.,
2013). In this study, the model assessment period is
1982-2010. For each model, only the multimember ensem-
ble mean is employed. For the June—July—August (JJA)
mean EASM, the 0-month lead forecast is the forecast initi-
ated in the beginning of June. In addition to O-month lead
forecast, forecasts at different leads were also evaluated.

Observational data used for verification include the Global
Precipitation Climatology Project (GPCP) precipitation dataset
version 2.3 on a 2.5° X 2.5° grid (Adler et al., 2018), the
ERA-Interim reanalysis dataset on a 1° X 1° grid (Berrisford
et al., 2009) and the NOAA Extended Reconstructed Sea Sur-
face Temperature (ERSST) dataset on a 2° x 2° grid (Huang
et al., 2015). For comparison, all the model hindcast and obser-
vational data were interpolated into a common 1° X 1° grid
with the bilinear interpolation method.

3 | 0-MONTH LEAD FORECAST

In this section, the O-month lead forecasts of the EASM of
the three models (CFSv2, CanCM3 and CanCM4) and their
ensemble mean are evaluated in terms of the climatological
features and year-to-year variation.

3.1 | Climatological features

Figure 1 shows the observed JJA mean precipitation and
winds at 850 and 200 hPa and the forecast biases from the
individual models and their ensemble mean. At the low
level, it is characterized by a monsoon trough over the South
China Sea (SCS), southwesterly over the western North
Pacific (WNP) and the WNPSH. Associated with this circu-
lation, several heavy precipitation centres appear over the
SCS and WNP (Figure 1a). These major features are basi-
cally reproduced by the three models, with some biases.
CFSv2 shows an abnormally weak monsoon trough over the
SCS and a weak WNPSH. It overestimates the precipitation
over the south SCS and underestimates the precipitation
around Korea and the Yangtze-Huaihe River basin in China
(Figure 1b). CanCM3 shows a northward-shifted WNPSH,
resulting in a strong dry bias over Southern China and south
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FIGURE 1 The climatology (1982-2010) of (a) JJA precipitation
(mm day", shading) and 850 hPa winds (m s™1, vectors) from
observations, and the corresponding forecast bias (0-month lead) for
(b) CFSv2, (¢) CanCM3, (d) CanCM4 and (e) the three-model
ensemble mean. (f)—(j) as in (a)—(e) but for 200 hPa winds

of Japan. Wet biases are observed over the SCS and north-
western China (Figure 1c). CanCM4 generally exhibits the
same bias pattern as CanCM3 with obviously smaller magni-
tude (Figure 1d). The ensemble mean generally appears to
be better than the individual models, although it has the bias
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of a northward-shifted WNPSH with suppressed precipita-
tion there (Figure le). At the upper level, it is characterized
with a Tibetan anticyclone with a westerly jet over its north
side and an easterly jet over its south side (Figure 1f). The
individual models and their ensemble mean obviously
underestimate the Tibetan anticyclone. CanCM3 and
CanCM4 also show a bias of anticyclone over northeast
China (Figure 1h-i). The biases from CFSv2 and MME are
relatively small.

In addition to the summer mean precipitation, the intra-
seasonal variation of precipitation was examined. Figure 2
shows the time-latitude cross sections of precipitation aver-
aged over 110°-140°E from observation, the individual
models and their ensemble mean. In the observation, the
maximum precipitation centre is located at approximately
5°N from January to April and, after April, abruptly jumps
northward to approximately 15°N, which corresponds to the
earliest monsoon onset over the SCS (Wang and LinHo,
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2002; Wang et al., 2004). After the SCS monsoon onset,
one maximum precipitation centre advances northward to
30°N in June and continues to move northward in July at a
relatively quick pace and abruptly retreats southward in
September, which corresponds to the East Asian rainfall sea-
son (Ding and Chan, 2005); the other maximum precipita-
tion centre remains at approximately 15°N and then
gradually retreats, which corresponds to the WNP summer
monsoon (WNPSM) rainfall (Wu and Wang, 2000). In addi-
tion, a premonsoon rainfall belt, mainly due to the frontal
systems, appears at approximately 25°N-30°N (Wan and
Wu, 2007) (Figure 2a). The individual models generally cap-
ture the month-to-month evolution of EASM precipitation
but underestimate the first maximum precipitation centre
(Figure 2b—d). CFSv2 can reproduce monsoon onset and
retreat well, but the WNPSM rainfall belt is southward-
shifted (Figure 2b). Both CanCM3 and CanCM4 show ear-
lier monsoon onset and retreat (Figure 2c¢,d). The MME
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does not reproduce the evolution of EASM precipitation
well (Figure 2e).

3.2 | Year-to-year variation

In addition to the distribution of climatological monsoon cir-
culation and precipitation, the year-to-year variation was
also evaluated. Figure 3 shows the spatial distributions of

(@) Grsve precip. (®) CFsv2

the temporal correlation coefficient (TCC) between observa-
tions and the forecasted JJA precipitation, 850 hPa zonal and
meridional winds from CFSv2, CanCM3, CanCM4 and their
ensemble mean. It seems that precipitation is very difficult
to forecast, with insignificant TCCs in most East Asian
regions except the tropics (Figure 3a—d). The low-level mon-
soon circulation is better forecasted than precipitation, show-
ing superiority over southeast China and the WNP
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(Figure 3e-1). In addition, the forecast skill of CFSv2 for
precipitation and meridional winds is better than that of
CanCM3 and CanCM4, and the MME showed the best
zonal winds forecast performance.

Monsoon indices are defined to describe the year-to-
year variation of EASM strength. Since the East Asian
domain includes the tropical WNPSM and the subtropical
continent monsoon, two well-known monsoon indices
defined in previous studies are employed here. One is the
WNPSM index (WNPSMI), defined (Wang and Fan,

1999) as a normalized difference of the 850 hPa zonal

(a)
3.0

WNPSMI
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wind between 5°-15°N, 100°-130°E and 20°-30°N, 110°-
140°E. The WNPSMI largely reflects the features in low
latitudes and is well-studied (Wang e al., 2001; Cherchi
and Navarra, 2002; Sooraj et al., 2014). The other is the
EASM index (EASMI), defined (Zhao et al., 2015) as a
normalized tripole of 200 hPa zonal wind anomaly, that is,
u (2.5°-10°N, 105°-140°E) —u (17.5°-22.5°N, 105°-
140°E) + u (30°-37.5°N, 105°-140°E). The EASMI
reflects the circulation feature over WNP and the related
features over the mid-latitudes and tropics. The fidelity to
reproduce above two monsoon indices and their associated
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circulation and precipitation anomaly patterns are evaluated
in the following section.

Figure 4 shows the year-to-year variation of the
WNPSMI and its associated patterns of JJA precipitation
and 850 hPa wind anomalies from observations, the individ-
ual models and their ensemble mean. All models reasonably
reproduce the year-to-year variation of WNPSMI, with
TCCs of 0.71, 0.72 and 0.77 for CFSv2, CanCM3 and
CanCM4, respectively, exceeding the 0.01 significance
level. The MME performs better than individual models and
has the highest TCC of 0.84 (Figure 4a). Associated with the

positive WNPSMI anomaly, an anomalous westerly appears
over the tropical Indo-Pacific Ocean and an anomalous
cyclone and anticyclone appear over the WNP and the Japan
Sea. The WNPSMI has significant positive correlation with
the precipitation over the WNP and negative correlation over
the Meiyu-Changma-Baiu (Figure 4b). All models generally
capture the associated pattern of low-level circulation and
precipitation anomalies with the WNPSMI. However, the
negative correlation of the WNPSMI with precipitation is
overestimated over the Meiyu-Changma-Baiu in CFSv2
(Figure 4c). In CanCM3/CanCM4, the associated winds are
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abnormally weak and the meridional distribution of the cor-
relation between the WNPSMI and precipitation is shifted
northward (Figure 4d—e). For the MME, the associated low-
level winds and precipitation are also generally slightly wea-
ker (Figure 4f).

Figure 5 shows the year-to-year variation of the EASMI
and its associated patterns of precipitation and 850 hPa
winds. Compared with the WNPSMI, the forecast skill for
EASMI is slightly lower, with TCCs of 0.62, 0.49, 0.48 and
0.61 for CFSv2, CanCM3, CanCM4 and the MME, respec-
tively, but still exceeding the 0.01 significance level. Associ-
ated with the positive EASMI anomaly, an anomalous
easterly appears over the tropical Indo-Pacific Ocean and an
anomalous cyclone and anticyclone appear over the WNP
and the Japan Sea. The correlation of the EASMI with pre-
cipitation is significant positive over the Meiyu-Changma-
Baiu and negative over the WNP. The models reproduce the
major features in the observed patterns, with some biases in
strength and displacement. CFSv2 shows an extremely weak
cyclonic anomaly over the Japan Sea and a slightly
southward-shifted meridional distribution of precipitation
anomalies (Figure 5c¢). In CanCM3, the associated meridio-
nal distribution of the correlation is slightly northward-
shifted (Figure 5d). In CanCM4 and the MME, the associ-
ated patterns are well captured, although the associations are
mainly in the Pacific (Figure Se,f).

The WNPSMI is better forecasted than the EASMI,
which has been indicated in evaluations on other climate
models (Lee et al., 2011; Park et al., 2018). This result is
consistent with those shown in Figure 3 that higher TCCs
appear both in 850 hPa zonal wind over the WNP and in
precipitation over the Maritime Continent and east of the
Philippines. Similarly, good forecasts over the WNP were
also seen in ENSEMBLES models (Li et al., 2012).

4 | FORECAST SKILLS AT
DIFFERENT LEADS

Figure 6 shows the forecast skills for the WNPSMI and
EASMI at leads of O to 6 months based on CFSv2,
CanCM3, CanCM4 and their ensemble mean. Despite a few
fluctuations, the forecast skill generally decreases as the
leads increase. For the WNPSMI, the models and their
ensemble mean provide an acceptable forecast at leads up to
6 months (Figure 6a). In contrast, the forecast skill for
EASMI is not as good as that of WNPSMI. Only CFSv2
shows an acceptable forecast at leads up to 6 months. The
forecast skill of CanCM3 (CanCM4) decreases rapidly when
the leads exceed 2 months (3 months), although the perfor-
mance of CanCM4 at 5-month lead is acceptable

(Figure 6b).
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What are the factors limiting the forecast skill of the
EASMI at long leads? In the following, we analyse the pos-
sible causes. A variety of studies revealed that the ENSO
has an important influence on the EASM in the decaying
summer through an anomalous anticyclone over the WNP
that is triggered by ENSO and maintained by ENSO-induced
Indian Ocean (IO) warming (Zhang et al., 1996; Wang
et al., 2000; Du et al., 2009; Xie et al., 2016). Figure 7
shows the spatial distribution of the TCCs of the EASMI
with the monthly global SST from the preceding December
to August in observation. Corresponding to the positive
EASMI anomaly, two SST anomaly (SSTA) signals are
notable. One is the El Nino-typed SSTA over 10°S—10°N,
80°-150°W from the preceding December to May and the
other is the warming SSTA over the Northern IO and WNP
(NIOWNP, 0°-20°N, 50°-130°E) from May to August.
Accordingly, two SSTA indices are defined as the area-
averaged SSTA to describe the above two signals, that is,
ENSO and NIOWNP. Figure 8a shows the lead—lag correla-
tion of the EASMI with the monthly ENSO and NIOWNP
indices from the preceding December to the simultaneous
December. The ENSO index has a significantly positive cor-
relation with the EASMI from the preceding December to
May, and the NIOWNP index has a significantly positive
correlation from May to July. These results are consistent
with the previous finding from Zhao et al. (2015).
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FIGURE 7 The correlation coefficients (1982-2010) of the monthly SST with the EASMI from the preceding Dec. to Aug. in observation.
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How well do CFSv2, CanCM3 and CanCM4 reproduce
the observed relationship of the EASMI with the ENSO and
NIOWNP indices? The cross-correlations of the EASMI
with the ENSO and NIOWNP indices for all forecasts with
start times from the preceding December to June
(corresponding to the L6, L5, L4, L3, L2, L.1 and LO fore-
casts) and all integration months are shown in Figure 8b—g.
For example, the first column from bottom to top in
Figure 8b shows the TCCs of the EASMI and monthly
ENSO index from the start time (preceding December) to
the 10th integration month (September) for CFSv2. The area
between the two diagonals in Figure 8b represents June to
August. CFSv2 reasonably reproduced the relationships of
EASM with both the ENSO and the NIOWNP SSTA in all
lead forecasts (Figure 8b,c). CanCM3 failed to reproduce the
relationship between the EASM and the ENSO from the pre-
ceding winter to April in three lead forecasts initiated in the
preceding December, January and February, respectively
(Figure 8d). Moreover, the relationship between the EASM
and the NIOWNP SSTA from May to July is generally mis-
sed in CanCM3 forecasts except two forecasts initiated in
May and June (Figure 8e). The failure of CanCM3 to capture
the observed relationship of the EASM with the precursory

ENSO and NIOWNP SSTA is responsible for its low skill in
forecasting the EASMI at leads from 2 to 6 months
(Figure 6b). Compared with CanCM3, CanCM4 can gener-
ally reproduce the observed relationships of the EASM with
the ENSO and NIONWP SSTA, although the relationship
with the NIONWP SSTA in May is missed in most forecasts
(Figure 8g), which might affect its forecast skill for the
EASMI. However, the failure of CanCM4 in forecasting the
observed relationship of the ENSO and NIONWP SSTA
does not exactly match its low skill in forecasting the
EASMI at leads of 3, 4 and 6 months (Figure 6b), which
suggests other causes may contribute to the forecast failure
in CanCM4.

In addition to reproduction of the relationships between
the EASM and precursors such as the ENSO and NIOWNP
SSTA, the fidelities to forecast precursors were examined
because they also affect a model's forecast skill for the
EASMI. Figure 9 shows the forecast skill (measured by
TCC) for the ENSO and NIOWNP indices from CFSv2,
CanCM3 and CanCM4 for all forecasts with start times from
the preceding December to June and all integration months.
The figure shows that the models can forecast the above two
precursors well.
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FIGURE 8 (a) Lead-lag correlation of the EASMI with the ENSO
and NIOWNP indices from the preceding Dec. to Dec. Cross-correlation
as a function of start time and integration month of the EASMI with the
ENSO and NIOWNP indices of CFSv2 (top), CanCM3 (middle) and
CanCM4 (bottom) forecasts. The area between the two slanting lines
indicates the JJA season. The stars represent the 0.05 significance level

S | FORECAST ERROR AND
PREDICTABILITY ERROR OF EASM
PRECIPITATION

After examining the models' forecast of monsoon indices,
more quantitative analyses on the precipitation forecast error

of Climatology

were conducted. The predictability of a model is featured by
two types of errors. One is the initial condition error and the
other is the model error arising from the imperfection of the
model due to its parameterization schemes, resolution, and
truncation (Pokhrel et al., 2016). Forecast error (FE) refers
to the difference between the model and observation, which
represents the error due to all possible reasons such as model
physics, dynamics, and initial conditions. Assuming the
model is perfect, the predictability error (PE) largely origi-
nates from the initial condition error. Following the
approach of Lee Drbohlav and Krishnamurthy (2010), the
PE is defined as the difference between the model's two
adjacent lead forecasts, 1 month apart (e.g., PE of
L1 = L1 — L0O). The difference is quantified by the root
mean square error (RMSE). Therefore, the FE and PE in i-th
year at j-th lead are

> (Xi,-0)’

FEj= N

PEJ= \/zi\’:_ll (Xi,j—Xl'J_l)z
N

where X, ; is the forecast in the i-th year at the j-th lead of a
sample of N years (1982-2010). O; is the observation in the
i-th year.

The FE and PE of the JJA mean precipitation in CFSv2,
CanCM3 and CanCM4 with different leads were calculated
and are shown in Figures 10—12. The FE is much larger than
the PE in the forecasts with the same leads, indicating that
model error rather than initial condition error is the dominant
source of the precipitation forecast error. In addition, the PE
generally decreases as the leads increase, which has been
interpreted as the initial condition effect becoming trivial as
the integration time increases (Charney and Shukla, 1981).

The locations of the FE and PE vary in the individual
models. For CFSv2 (Figure 10), the maximum FE centres
are mainly located over the Korea-Japan region, South
China, the SCS, the Philippine Sea and the tropical WNP
and the maximum PE centres are mainly concentrated over
the SCS and the tropical WNP. The FE is much larger than
the PE over the SCS, the Philippine Sea and the tropical
WNP, which indicates that the model deficiency mainly cau-
ses the precipitation error in those areas. Conversely, the PE
is considerable over the WNP, meaning that initial condition
error primarily accounts for the FE there. Notably, although
the PE usually decreases as the leads increase, the PE over
the tropical western Pacific at L2 is almost the largest
(Figure 10h). This is consistent with the result reported by
Pokhrel et al. (2016), who speculated that it may be
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associated with the spring predictability barrier (SPB) of
the ENSO.

For CanCM3 (Figure 11), the FE is mainly located over
central China, southwest Japan, Southern China and the SCS
(Figure 11a—f). The PE, which wanes as the leads increase,
is mainly distributed over central China, southwest Japan,
and the WNP (Figure 11g—1). Comparing these two types of
error, we speculate that the large FE over central China and
the SCS is primarily caused by model deficiency.

Figure 12 shows the FE and PE for CanCM4. The FE
centres are mainly located over western China, the Korea-
Japan region, Southern China and the SCS (Figure 12a—f).

The PE errors are smaller and are mainly distributed over
western China, southwest Japan and the SCS (Figure 12g-1).
The model deficiency adversely affects CanCM4's forecast
for precipitation over the Korea-Japan region, Southern
China and the SCS because of the large FE and small PE.

6 | SUMMARY AND DISCUSSION

In this study, the capabilities of three models in the NMME
(CFSv2, CanCM3 and CanCM4) and their ensemble mean
in forecasting the EASM were comprehensively evaluated
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FIGURE 10 Forecast error (left) and predictability error (right)
of the EASM precipitation for the CFSv2 hindcast at leads from 1 to
6 months

using hindcast data covering a 29-year period from
1982-2010. Their forecasts for EASM circulation and pre-
cipitation were examined in terms of the climatology and
year-to-year variation. We also assessed the variation of
forecast skill for the EASM indices as the leads increase and
analysed the possible reasons limiting the forecast skill for
the EASM. In addition, the sources of forecast error for
EASM nprecipitation were studied through analysing the
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FIGURE 11 Asin Figure 10 but for CanCM3

forecast error and predictability error. The key findings are
summarized as follows.

The individual models can generally reproduce the clima-
tological spatial distribution of the EASM circulation and
precipitation. CFSv2 exhibits an abnormally weak monsoon
trough over the SCS and a weak WNPSH. It also overesti-
mates the precipitation over western China, the SCS and the
WNP and underestimates the precipitation around eastern
and Southern China as well as Korea. CanCM3 shows a
northward-shifted WNPSH, corresponding to the strong dry
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FIGURE 12 As in Figure 10 but for CanCM4

bias over the WNP and strong wet (dry) bias over central
(southeast) China. CanCM4 generally exhibits the same bias
pattern as CanCM3 but with a smaller bias, especially the
precipitation bias over central China. Their MME obviously
reduces the bias when forecasting the climatological features
of EASM circulation and precipitation. For the intraseasonal
evolution of EASM rainfall, CFSv2 performs the best over-
all, although the Meiyu-Changma-Baiu rainfall belt is
slightly underestimated and the WNPSM rainfall belt is
slightly southward-displaced. CanCM3 and CanCM4 have

lower skill, with earlier monsoon onset and retreat than
observations.

In addition to climatological features, the year-to-year
variation of the EASM was evaluated. Two summer mon-
soon indices, that is, WNPSMI and EASMI, were consid-
ered. The forecast skill for the WNPSMI is generally higher
than that for EASMI. The highest forecast skill, measured
by the TCC, reached 0.84 for WNPSMI with the MME and
0.62 for the EASMI with CFSv2 at O-month lead. The fore-
cast skill generally decreases as the leads increase. Individ-
ual models show satisfactory forecasts for the WNPSMI at a
6-month lead. For the EASMI, only CFSv2 gives acceptable
forecasts at leads up to 6 months, and the forecast skill of
CanCM3 (CanCM4) decreases rapidly when the lead
extends to 2 months (3 months). The failing forecasts for the
EASMI from CanCM3 when the lead exceeds 2 months
may be attributed to its weakness in capturing the relation-
ship of the EASMI with the ENSO and NIOWNP SSTA.
CanCM3's forecasts initiated in the preceding December,
January, February and March fail to capture the positive
relationship of the EASMI with the ENSO from the preced-
ing winter to April or the positive relationship with the
NIOWNP SSTA from May to July.

Finally, the sources of forecast error for EASM precipita-
tion were analysed. Model error rather than the initial condi-
tion error is the main source of precipitation forecast error.
However, the PE cannot be neglected from the O-month lead
to 2-month lead over the tropical western Pacific in CFSv2,
over the WNP in CanCM3 and over the Tibetan Plateau in
CanCM4.

As a fully coupled dynamical prediction system, CFSv2
has improved forecast skill compared to CFSv1 in forecast-
ing the large-scale Asian summer monsoon circulation and
precipitation patterns (Jiang et al., 2013). In this study,
CFSv2 shows useful skill for EASM variability and gener-
ally performs better than CanCM3 and CanCM4. CFSv2 has
been evaluated in many studies but their focus was mainly
on the Asian summer monsoon and Indian summer monsoon
(Kim et al., 2012; Shin and Huang, 2015; Pokhrel et al.,
2016; Ramu et al., 2016; Rui et al., 2016). In this study, we
primarily focus on East Asia and comprehensively assess the
EASM precipitation and circulations. The better perfor-
mance of CanCM4 in forecasting the relationship of the
EASMI with SST compared to CanCM3 shows the improve-
ment of using a new generation of atmospheric general cir-
culation models. The possible causes of the low skill for
forecasting the EASMI with the CanCM4 long-lead fore-
casts are worth evaluating in the future, and the forecast skill
for the EASM should also be evaluated. In addition, due to
the unavailability of hindcast data from other NMME
models, we evaluated only three models in this study. As
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more hindcast data become available, other participating
models should be included in the MME.
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