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Abstract

The seasonal prediction of sea surface temperature (SST) and precipitation in the North Pacific based on the
hindcast results of The First Institute of Oceanography Earth System Model (FIO-ESM) is assessed in this study.
The Ensemble Adjusted Kalman Filter assimilation scheme is used to generate initial conditions, which are shown
to be reliable by comparison with the observations. Based on this comparison, we analyze the FIO-ESM 6-month
hindcast results starting from each month of 1993-2013. The model exhibits high SST prediction skills over most
of the North Pacific for two seasons in advance. Furthermore, it remains skillful at long lead times for mid-
latitudes. The reliable prediction of SST can transfer fairly well to precipitation prediction via air-sea interactions.
The average skill of the North Pacific variability (NPV) index from 1 to 6 months lead is as high as 0.72 (0.55) when
El Nifio-Southern Oscillation and NPV are in phase (out of phase) at initial conditions. The prediction skill of the
NPV index of FIO-ESM is improved by 11.6% (23.6%) over the Climate Forecast System, Version 2. For seasonal
dependence, the skill of FIO-ESM is higher than the skill of persistence prediction in the later period of prediction.
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1 Introduction

The North Pacific climate variability significantly affects the
physical, biological and human environment over the ocean and
its adjacent continents (Latif and Barnett, 1994; Mantua et al.,
1997; Overland et al., 2010). Accurate predictions of climate vari-
ability are crucial for social management, such as for disaster
prevention in the affected regions. The temporal characteristics
of the North Pacific sea surface temperature (SST) exhibit variab-
ility on different time scales extending from weather forecasting
scale to decadal or even longer scales. On the interannual and in-
terdecadal time scales, the North Pacific SST can strongly influ-
ence the El Nifio-Southern Oscillation (ENSO) and the tropical
Pacific physical variabilities (Wang et al., 2009; Di Lorenzo et al.,
2010; Yeh et al., 2015; Yu et al., 2017). In addition to its influences
on the tropical ocean, the evolution of the North Pacific SST
modulates the weather and climate over North America and East
Asia on the seasonal time scale (Lau et al., 2004; Zhou et al., 2007;

Hu and Huang, 2009; Beattie and Elsberry, 2012; Li et al., 2017).
Besides, ocean environmental prediction in the North Pacific re-
gion, with an emphasis on the mid-latitudes, is the focus of the
North Pacific Marine Science Organization (PICES, http://meet-
ings.pices.int/). Therefore, accurate prediction of the seasonal
variability in the North Pacific region is an important issue in cli-
mate research.

Studies have generally focused on seasonal prediction in the
tropical Pacific, but prediction in the extra-tropics has received
less attention. In these limited studies, various methods and
models have been used to predict the North Pacific SST and pre-
cipitation with short lead times. On seasonal and longer time
scales, based on whether linear method (Landman and Mason,
2001; Alexander et al., 2008) or two-tier method (Auad et al.,
2004), the SST prediction skills were limited at mid-latitudes of
the North Pacific. Such limitation should be attributed to the lack
of proper physical processes and air-sea interactions. Therefore,
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coupled climate model was expected to improve seasonal, inter-
annual and decadal prediction. Lienert (2011) studied seasonal
prediction skill based on coupled climate data assimilation and
prediction system (CHFP2). This system reasonably predicted
the historical evolution of the Pacific decadal oscillation (PDO)
on seasonal time scale. Wen et al. (2012) investigated the skill of
the North Pacific SST with the National Centers for Environment-
al Prediction (NCEP) Climate Forecast System (CFS). They
demonstrated that the North Pacific SST, except for the Kurosh-
i0-Oyashia Extension (KOE) region, could be predicted with reas-
onable skill for two-season lead times. Hu et al. (2014) examined
the prediction skill of North Pacific variability (NPV) in a fully
coupled forecast system (NCEP CFSv2). The model and data as-
similation improvements of CFSv2 resulted in higher skill in the
North Pacific. Although these coupled climate models have
shown some capabilities of predicting the North Pacific climate
variability, the prediction skills at mid-latitudes are still relatively
low.

The prediction skill for the mid-latitudes of the North Pacific
is constrained by the chaotic and unpredictable nature of the at-
mospheric circulation. The predictability in the North Pacific is
overall much lower than that in the tropical ocean due to the
small signal-to-noise ratio (Goddard, 2012). Thus, accurate pre-
diction of the North Pacific SST at mid-latitudes has been a long-
standing challenge. Comparatively, precipitation processes and
patterns have much smaller spatial scales and are more affected
by local scale features (Goddard, 2012). Coupled climate models
presently experience greater difficulty simulating the regional
patterns and temporal variations of precipitation (Dai, 2006; Xing
etal., 2016).

To extend skillful mid-latitude predictions to longer times,
the physical processes of the model, initialization procedures
and the quantity of ocean observations require further improve-
ment. Although Hasselmann (1991) noted that the ocean surface
wave plays an important role in the earth climate system, and
that this process should be well considered in the climate model,
the inclusion of the surface wave into ocean general circulation
models, climate models and earth system models remains chal-
lenging. The First Institute of Oceanography Earth System Model
(FIO-ESM) is the first climate model coupled with the surface-
wave component proposed by Qiao et al. (2013) to conquer this
challenge. Numerical experiments have shown that the addition-
al wave-induced vertical mixing significantly improves the simu-
lation of the North Pacific SST when compared with model runs
without wave effects (Song et al., 2007).

In addition to the physical processes, the initial conditions
and ensemble methods are also important for seasonal predic-
tion. The greater availability of ocean observations has promoted
the development and application of ocean data assimilation. The
effective use of these observations for data assimilation is import-
ant in ocean data assimilation research (Haines, 1991; Ezer and
Mellor, 1994, 1997; Yin et al., 2010; Ratheesh et al., 2012). The
data assimilation scheme Ensemble Adjusted Kalman Filter
(EAKF) (Anderson, 2001) was introduced into the FIO-ESM (Yin,
2015). The results indicated many improvements, not only in the
upper ocean, but also in atmospheric motions, vapor distribu-
tion (Chen et al., 2015) and sea ice evolution (Shu et al., 2015).
This data assimilation scheme has been used in climate predic-
tion for 2015/2016 El Nifo events and showed the potential to en-
hance ENSO prediction skill (Song et al., 2015). The improved
ENSO prediction could further enhance NPV prediction since the
NPV is highly correlated with the variability of ENSO due to the
atmospheric bridge mechanism (Lau and Nath, 1994, 1996; Alex-

ander et al., 2002).

In this study, we quantify the FIO-ESM'’s prediction skills for
SST and precipitation in the North Pacific. This paper is organ-
ized as follows: Section 2 briefly describes the data and methods
used in this study, Section 3 assesses the data assimilation and
hindcast results of the FIO-ESM, and Section 4 summarizes the
major results.

2 Data and methods

2.1 Data assimilation and hindcast data from FIO-ESM

Based on the non-breaking wave-induced mixing theory pro-
posed by Yuan et al. (1999) and Qiao et al. (2004, 2010), a coupled
climate model including the surface wave was developed and
named FIO-ESM (Qiao et al., 2013), which was the first attempt to
couple with the surface-wave model. The FIO-ESM includes five
model components: the atmospheric component CAM3.0 (Com-
munity Atmosphere Model Version 3.0), the land component
CLM3.5 (Community Land Model Version 3.5), the sea-ice com-
ponent CICE4 (Los Alamos Sea Ice Model Version 4.0), the ocean
circulation component POP2.0 (Parallel Ocean Program Version
2.0), and the wave component developed by the Key Lab of Mar-
ine Science and Numerical Modeling (MASNUM), Ministry of
Natural Resources of China. In this study, only the data from the
atmospheric and oceanic components are analyzed. The hori-
zontal resolution of the atmospheric model is T42 (about 2.875°)
with 26 vertical layers. The horizontal resolution of the ocean cir-
culation model is 1.1°x0.3° to 1.1°x0.5° with 40 vertical layers. The
EAKF scheme has been used to establish a data assimilation sys-
tem for the FIO-ESM (Chen et al., 2015; Yin, 2015) in which the
model runs with 10 ensemble members. The SST and SLA (sea
level anomaly) data from satellite observations are assimilated
into the FIO-ESM. A long-term data assimilation experiment is
conducted that covers all calendar months from 1992 to 2013.
With the assimilation data as the initial conditions, Song et al.
(2015) carried out a series of 6-month El Nifio hindcast experi-
ments from 1993 to 2013 as a test. The monthly data assimilation
results and hindcast results of the FIO-ESM from 1993 to 2013 are
used in this study. To quantify the influence of the initial condi-
tions used for prediction, the simulation capability of the FIO-
ESM is examined before the analysis of the seasonal prediction
skill based on the hindcast results.

2.2 Data for validation

The SST data used in this paper are daily-averaged Advanced
Very High Resolution Radiometer (AVHRR) satellite observation
data with a horizontal resolution of (1/4)°x(1/4)°. Since the ob-
servation data include signals of mesoscale process due to their
high horizontal resolution, a 1.5° running mean average is con-
ducted, and the daily SST is then averaged into a monthly mean.

The precipitation data used in this paper are provided by the
Global Precipitation Climatology Project (GPCP). These data are
a product of the World Climate Research Program (WCRP),
which combines infrared and microwave satellite observations
and global monthly precipitation data generated by more than 6
000 conventional precipitation observations. The horizontal res-
olution of GPCP is 2.5°%2.5°.

2.3 Methods

For simplicity, the average of the 10 ensemble members is
used in this study. Before verification, SST data from the FIO-
ESM and from the AVHRR are both interpolated onto the grid of
1°x1°. The precipitation data of FIO-ESM are interpolated onto
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the GPCP grid. Both the simulated and observed SST anomalies
(SSTAs) are calculated with respect to each monthly climatology,
and the predicted SSTAs are calculated in the same way accord-
ing to their own time series of different lead times. The SSTAs are
then converted into 3-month means. The following evaluation
criteria are used to calculate the fidelity of the model data.

(1) Root mean square error

The root mean square error (RMSE), which gives an estimate
of the deviation of the simulated value relative to the observa-
tional value, is used to assess the error distribution of the data as-
similation results. At a certain grid point, it is the square root of
the mean of the squared differences between the corresponding
elements of the model and the observations. The equation for
RMSE is:

RMSE = (S, — 0,)°, (1

where S represents the simulation at each spatial grid point; O
represents the observational value at the corresponding grid
point; and T represents the length of the time series.

(2) Anomaly correlation coefficient

The prediction skill for SST and precipitation is quantified by
the anomaly correlation coefficient (ACC), which is a commonly
used measure of the linear relationship between the predicted
anomalies and the observed anomalies. The equation for ACC is:

T
cov(S,0 1 — _
ACC = 7( ) = - E (S¢—S)(0;— Oy)/os00, (2)
gs00 Tt:l

where cov(S, O) represents the covariance of the predicted and
observational anomaly; o represents the standard deviation of
the variable; and the overbar indicates the temporal average of
the time series.

(3) NPV index

The NPV index, defined as the SSTAs averaged in 30°-50°N
and 150°E-150°W, is used to test the prediction skills. Previous
studies (Hu et al., 2014; Duan and Wu, 2015) showed that the
NPV index has a strong negative correlation with the PDO index
(Mantua et al., 1997) and can well represent the total SST vari-
ance in the North Pacific. As the NPV index is a typical index that
reflects the temporal evolution of the North Pacific SST, it is pop-
ularly used to study the North Pacific climate variability.

3 Results and discussion

3.1 Data assimilation results

The SST and precipitation are two key indicators of climate
variability, and their seasonal variations have received wide at-
tention. This study will focuses on these two variables in the
North Pacific. To examine whether the data assimilation results
can provide reliable initial conditions for prediction, we first as-
sess the SST and precipitation simulation capabilities after as-
similation.

The average of the SSTAs in the North Pacific is calculated.
Figure 1 shows the interannual variability of the spatial mean SS-
TAs in the North Pacific. The data assimilation results and the
observations have a strong correlation (ACC, 0.92; RMSE, 0.058°C),
which indicates that the temporal evolution of SST is reliable in
the North Pacific. For the spatial distribution of RMSE (Fig. 2), the
largest RMSE (0.3-0.5°C) occurs near the KOE region and off the
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Fig. 1. Time series of 3-month mean SSTAs with respect to
1993-2013 climatology for the North Pacific region (30°-65°N,
110°E-100°W). Black and red lines represent SSTAs from the ob-
servation data and the FIO-ESM assimilation result, respectively.
Dashed gray line represents SSTAs from the observation without
3-month mean.
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Fig. 2. RMSE distribution of SSTAs in the North Pacific. Only the
0.3 contour is plotted.

California coast. The KOE region is characterized by complex in-
teractions between dynamics and thermodynamics and between
atmosphere and ocean (Kelly et al., 2010), which is difficult to
simulate in a coupled system. Most climate models with coarse
resolution are not able to resolve the dynamics necessary for the
correct location or strength of the KOE (Kwon et al., 2010). The
bias off the coast of California presenting in most coupled mod-
els is generally associated with the atmospheric general circula-
tion model’s lack of ability to generate marine stratocumulus
clouds in this anticyclonic region (Guilyardi and Madec, 1997). In
general, the RMSE in most regions of the North Pacific is less
than 0.3°C. The simulated SST is basically consistent with the ob-
servation.

The ability of the model to simulate precipitation is also ex-
amined. The comparison between the climatological precipita-
tion and the observations is shown in Fig. 3. The pattern of pre-
cipitation is consistent with the observations, with more precipit-
ation in the tropical and westerly zone and less in the subtropical
high region. The mean error is less than 1 mm/d. In the FIO-
ESM, the atmospheric component has not been assimilated, and
only the SST and SLA are assimilated into the ocean general cir-
culation model. Improvements in the ocean simulation can af-
fect the low-level atmospheric heat transport and movement pro-
cess via air-sea interactions, which makes the atmospheric hu-
midity and cloud cover more realistic (Chen et al., 2015). Thus,
the simulation abilities of the oceanic and atmospheric compon-
ents are both improved.

The results above show the capability of FIO-ESM to repres-
ent SST and precipitation in the North Pacific. Thus, the data as-
similation results should be reasonable to provide the initial con-
ditions for further prediction.
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Fig. 3. Distributions of long-time averaged precipitation and its
deviations in the North Pacific. Upper panel is the FIO-ESM as-
similation result. Middle panel is the GPCP result. Bottom panel
is the difference between the FIO-ESM and GPCP results.

3.2 Seasonal prediction skill

Based on the initial conditions, a series of 6-month hindcasts
are conducted for each month from 1993 to 2013. We analyze the
hindcast results of FIO-ESM and examine the performance of the
model in predicting the North Pacific SST and precipitation. First,
we assess the prediction skill of seasonal anomalies and then as-
sess seasonal prediction skill of NPV, including its interannual
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variability and seasonal dependence.

The evolution of the ACC of the North Pacific SST is shown in
Fig. 4. The ACC of the SST first decays near the KOE region, fol-
lowed by the California coast and the western tropical Pacific,
resulting in higher skill in the eastern North Pacific than in the
western North Pacific. The model exhibits high SST prediction
skills over most of the North Pacific for two seasons in advance
and remains skillful at long lead times for mid-latitudes. Com-
pared with previous studies based on the coupled climate mod-
els (Lienert, 2011; Wen et al., 2012; Hu et al., 2014; Zhu et al.,
2015), FIO-ESM shows higher seasonal prediction skill for the
North Pacific SST. We take the hindcast results of NCEP CFSv2 as
an example. NCEP CFSv2 is an upgraded version of CFSv1 and
has reasonable prediction skill for SSTAs in the North Pacific (Hu
etal., 2014). The SST prediction skill of the FIO-ESM and CFSv2
shows a similar distribution and evolution of the decaying pro-
cess, while the FIO-ESM shows higher skills at all lead times, es-
pecially at mid-latitudes (Fig. 4). The simulation of SST is indeed
effectively improved to the north of 35°N in the North Pacific by
consideration of wave-induced mixing (Song et al., 2007), so the
improvement of the SST prediction skill at mid-latitudes could be
due to the inclusion of the surface-wave component in the FIO-
ESM.

As discussed above, the FIO-ESM makes more precise predic-
tions for the North Pacific SST. The accuracy of SST plays an im-
portant role in improving precipitation in the climate system,
which makes water distribution more reasonable (Chen et al.,
2015; Yin, 2015). Next, we analyze the prediction skill for North
Pacific precipitation.

The ACCs for North Pacific precipitation in summer (JJA) and
winter (DJF) are calculated (Fig. 5). The initial months and target
prediction months in our numerical experiment are the same as
those in CFSv2 (Zhang et al., 2017; Kim et al., 2012). For summer
prediction, the FIO-ESM hindcast is initialized on April 1 during
1993-2013. Skillful precipitation predictions mostly reside in the
tropical oceans. Over the mid-latitudes, there are some regions
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Fig. 4. Distributions of SST ACC between the FIO-ESM hindcast and the observation in the North Pacific for 1 to 6 months lead. Only

the 0.5 contours are plotted.
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Fig. 5. Distributions of precipitation ACC between the FIO-ESM
hindcast and GPCP in the North Pacific. Upper panel is the skill
for summer (JJA) precipitation and bottom panel is the skill for
winter (DJF) precipitation. Only the 0.2 contours are plotted.

with systematic skill, such as the central North Pacific and North
America. For winter prediction, the FIO-ESM hindcast is initial-
ized on November 1 during 1993-2013. It is evident that the skill
for winter precipitation is higher than that for summer. The FIO-
ESM shows high skills at mid-latitudes. Even at 50°N, the ACC
can still reach 0.2. The distribution of skillful regions in the FIO-
ESM is similar to that in CFSv2. Compared with CFSv2, the FIO-
ESM shows significant improvement at mid-latitudes, which
likely corresponds to the improvement in local SST prediction.
Even without assimilation of the atmospheric component in the
FIO-ESM, the prediction skill for North Pacific precipitation is
comparable to that of CFSv2. Therefore, we suggest that better
SST prediction in the FIO-ESM can transfer fairly well to precipit-
ation prediction via air-sea interactions.

3.3 NPV prediction

The variability in the North Pacific is well represented by the
NPV index. We calculate the NPV index as the evaluation criteria
for seasonal prediction and quantify the improvement of predic-
tion skill at mid-latitudes.

Figure 6 shows the FIO-ESM'’s ability to predict the monthly
variability of the NPV index. Although there exist some drifts, the
6-month hindcasts (red lines) can basically catch the observa-
tion variability (black line). The development of cold and warm
events in the North Pacific also can be reflected. It is notable that
the NPV index exhibits different skills in different time periods,
which shows interannual and seasonal dependence.

We first assess the prediction skill of the NPV on the interan-
nual time scale. The phase relationship between the ENSO and
NPV at initial conditions affects the prediction skill for the NPV
index. Skillful prediction of NPV mainly results from the impact
of ENSO teleconnection to the cases of an in-phase relation. Op-
posite phase variations imply that part of the NPV is not forced by
ENSO, but its local variability influenced by air-sea interactions
(Hu et al., 2014). We calculate the ACCs of the NPV index when
ENSO and NPV are in phase and out of phase separately at initial
conditions, following the approach of Hu et al. (2014). The ACCs
of the NPV index are shown in Fig. 7. The average skill from 1 to 6
month lead is as high as 0.72 (0.55) in the in-phase (out-of-
phase) cases. The differences between the two cases reach a
maximum at 4 month lead, which implies that it takes 4 months

NPV index/°C

1995 2000 2005

Year

Fig. 6. Monthly variability of the FIO-ESM predicted NPV index.
Black line is calculated from the observation data. Red lines are
6-month hindcasts that started every month.
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Fig. 7. Dependence of prediction skills (ACC) for the FIO-ESM
predicted NPV index on lead time and phase relationship. Red
and blue bars represent the prediction skills of the NPV index for
in-phase and out-of-phase variations between the Nifno 3.4 in-
dex and the NPV index at initial conditions. The rightmost bar is
the average skill from 1 to 6 months lead.

for the ENSO-NPV phase relation to affect the prediction skill for
the NPV index. When ENSO and NPV are in phase at initial con-
ditions, the ACCs of the NPV index in the FIO-ESM are statistic-
ally higher than that in CFSv2 by 0.12, 0.12, 0.12, 0.08, 0.03 and
0.01 for lead times from 1 to 6 months, respectively. When ENSO
and NPV are out of phase, the ACCs are higher than that in CFSv2
by 0.16, 0.20, 0.14, 0.04, 0.01 and 0.09, respectively. It indicates
that FIO-ESM has a significant advantage in the first three lead
months, while the skills in the last three lead months decay rap-
idly to a normal level. It should be the consequence of the better
initial conditions achieved by the joint effects of the surface wave
and the EAKF assimilation scheme. Overall, the FIO-ESM'’s pre-
diction skill for the NPV index increases by 11.6% (23.6%) over
the CFSv2 when ENSO and NPV are in phase (out of phase) at
initial conditions. More skillful NPV index prediction to the cases
of an out-of-phase relation demonstrates that the FIO-ESM ex-
hibits a greater degree of improvement in predicting the local
variability within the North Pacific.

The seasonal dependence of skill for the NPV index is further
assessed (Fig. 8), which shows the ACCs as a function of target
month and length of the hindcast. We compare the FIO-ESM pre-
diction of the NPV index with persistence prediction. Both FIO-
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Fig. 8. Seasonal dependence of skill (ACC) for NPV as a function of target month and length of the hindcast.

ESM prediction and persistence prediction show marked season-
al variation. In particular, the NPV index has the lowest persist-
ence in summer (i.e., the ACC falls below 0.4 after 6 months)
compared with the other seasons, which also presents in the FIO-
ESM prediction. It is caused by the “summer persistence barrier”
(Namias and Born, 1970; Zhao et al., 2012; Duan and Wu, 2015).
In winter, SSTAs extend down to the deep winter mixed layer and
then become sequestered beneath the shallow summer mixed
layer, which are decoupled from the surface layer. The shallow
mixed layer reduces the memory of the atmosphere-ocean coup-
led system. Thus, winter SSTAs do not persist through the follow-
ing summer. Analyzing their difference in skill, the skill of the
FIO-ESM is higher than that of persistence prediction in the later
period of prediction, especially in summer and winter. The high-
er prediction skill of FIO-ESM shows the capability of represent-
ing the oceanic dynamic and coupled processes related to NPV.

4 Summary

In this study, data assimilation and hindcast results from the
FIO-ESM are assessed in the North Pacific. We aim to analyze the
seasonal prediction skills of the FIO-ESM, which is coupled with
a surface-wave model and uses the EAKF assimilation scheme.

Seasonal predictions depend more on the oceanic initial con-
ditions. Due to the ocean data assimilation of the EAKF scheme,
the simulation of the North Pacific SST is fairly accurate. Surface
wave can improve the simulation of heat content in the upper
ocean. The prediction of precipitation is subsequently improved
due to the air-sea interaction. Capable of representing SST and
precipitation in the North Pacific, the data assimilation results of
the FIO-ESM can be reasonably used as the initial conditions for
short-term climate prediction.

On this basis, we analyze the 6 months hindcast results of the
FIO-ESM in 1993-2013. The FIO-ESM exhibits high SST skill over
most of the North Pacific for two seasons in advance and re-
mains skillful atlong lead times at mid-latitudes. Reliable predic-
tion of SST can transfer fairly well to the prediction of precipita-
tion, contributing to high precipitation skills at mid-latitudes. We
then assess the NPV prediction. The average skill for the NPV in-
dex from 1 to 6 months lead is as high as 0.72 (0.55) when ENSO
and NPV are in phase (out of phase) at initial conditions. The
FIO-ESM prediction and persistence prediction of the NPV index

show similar seasonal dependence, with the lowest skill in sum-
mer, and the FIO-ESM prediction outperforms persistence pre-
diction in the later period of prediction. The prediction skill of
the FIO-ESM are compared with that of CFSv2. The FIO-ESM’s
prediction skill for the NPV index is higher than that of CFSv2 by
11.6% (23.6%) when ENSO and NPV are in phase (out of phase) at
initial conditions.

All mentioned above suggest that the FIO-ESM has high cap-
abilities of predicting SST and precipitation in the North Pacific.
It can be applied to the operational seasonal forecast to predict
the states of the North Pacific for two seasons in advance. The
FIO-ESM can effectively improve the prediction skill by includ-
ing both surface wave and EAKF assimilation scheme. For sea-
sonal prediction, the mixed layer depth dominates the memory
of the atmosphere-ocean coupled system. The temperature
structure in the upper ocean plays an important role in the per-
sistence of SSTA. Considering the mixing process of surface
waves, the upper ocean temperature structure of ocean circula-
tion models and climate models can be dramatically improved
(Qiao et al., 2004, 2010, 2013; Huang et al., 2011, 2012). An effect-
ive assimilation scheme is also helpful to obtain a more realistic
upper ocean state. Further research is still required to quantitat-
ively investigate the relative contributions of EAKF ocean data as-
similation and the inclusion of the surface-wave for the improve-
ments of the FIO-ESM prediction skill. In addition, to upgrade
the prediction system, the model resolution needs to be in-
creased. More ensemble members and assimilation of profile
data would also benefit the model’s performance. These works
will be carried out in the future step by step.
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