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ABSTRACT: The first version of the Taiwan Central Weather Bureau one-tier (TCWBI1T) fully coupled global atmo-
spheric and oceanic modeling forecast system had been developed and implemented as a routine operation for seasonal
prediction at Central Weather Bureau (CWB) in 2017, with a minor revision in 2020. Based on NCEP CFSv1, the global at-
mospheric model in NCEP CFSv1 was replaced by CWB’s atmospheric global spectral model (GSM) and coupled with the
GFDL MOMS3. Several parameters have been tested and tuned in the CWB atmospheric GSM, achieving an optimal con-
figuration with better sea surface temperature (SST) predictions for integration more than one year. Using NCEP CFSR as
the initial condition, TCWBI1T conducted hindcasts from 1982 to 2011 and forecasts from 2012 to 2019 to analyze its perfor-
mance. The results of these hindcasts and forecasts show that the TCWBI1T can make useful predictions as verified against
the observations of OISST, ERSST, CFSR, and GPCP based on the methods of EOF, RMSE, anomaly correlation, ranked
probability skill score (RPSS), reliability diagram (RD), and relative operating characteristics (ROCs). TCWBIT also has
the same level of skill scores as NCEP CFSv2 and/or the ECMWEF fifth-generation seasonal forecast system (SEASS),
based on EOF, anomaly pattern correlation, climatological bias, RMSE, temporal correlation, and anomaly correlation
percentage of forecast skill. TCWBI1T shows forecast skill that is better in winter than in summer. Overall, it indicates that
TCWBIT can be used for seasonal ENSO predictions.

KEYWORDS: Climate models; Coupled models; Ensembles; Model comparison; Model evaluation/performance;
Numerical weather prediction/forecasting

1. Introduction from an uncoupled system to a one-tier fully coupled system,
at least between the atmosphere and ocean. Examples of this
include the European Centre for Medium-Range Weather
Forecasts (ECMWF) model, which evolved from a research
model directly into fully atmosphere-ocean coupled systems
(Roberts et al. 2018) for operational use, and the National
Centers for Environmental Prediction (NCEP) model, which
also evolved from research and quasi-operational models
(Ji et al. 1994) into an operational seasonal forecast model
(SFM; Kanamitsu et al. 2002) and then into the Climate Fore-
cast System, version 1 (CFSv1; Saha et al. 2006), and further
into the Climate Forecast System, version 2 (CFSv2; Saha
et al. 2014). This evolution can be seen by the fact that most
climate forecast models operate without flux correction, as
noted in the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4; Randall et al. 2007),
and there are many coupled models from all over the world
listed in IPCC reports. This indicates that each institute would
like to have a coupling forecast system for their own use and
purposes. Therefore, it is reasonable for the Central Weather
Bureau (CWB) in Taiwan to have their own coupling forecast
system for seasonal predictions.

CWB has established numerical weather predictions since the
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Numerical weather and climate predictions are initial and
boundary-value problems. In the case of long-range climate
predictions, boundary values such as external climate forcings
are important and necessary to provide along the temporal in-
tegration. Depending on the applications and resources, the
boundary-value and external climate forcings in space and
time can be provided by statistic values from datasets or inte-
grated values from other components of Earth system models.
The better the boundary values provided, the more accurate
the prediction will be. Thus, the exchange of boundary values
along spatial and temporal integration among different com-
ponents of Earth system models as a coupling system has
been adapted by current Earth modeling systems, which has
been recognized as the best boundary providing technique,
which is referred to as a fully coupling with two-way interac-
tion; we called it one-tier.

Due to the robust and full coupling by one-tier systems that
results in feedback among all model dynamics and physics,
most seasonal and climate forecast modeling systems evolve
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TABLE 1. Elements of TCWBI1T.

TCWBIT CFSvl

Contents

Atmosphere model
Ocean model
Initial conditions

GFDL MOM3
CFSR (Saha et al. 2010)

OISST (Reynolds et al. 2002)
Each member starts at 0000 UTC, 10-month integration, no flux correction, freely coupled

Integration

Taiwan Central Weather Bureau GSM (T119L40)

once per 24 h. And it is one member per day

Ensemble members (30-day
daily lagged ensemble)

Hindcast: 900 members (30 members per month for 30 years from 1982 to 2011 as climatology)
Forecast: 30 members per month

and a second-generation global atmospheric spectral model
(GSM) with a resolution of T79L18 (79 wave triangular trun-
cation with 18 vertical layers), operational in 1994 (Liou et al.
1997); the resolution improved to T119L30 in 2000. After
2000, CWB started to implement a global data assimilation
Gridpoint Statistical Interpolation analysis system (GSI)
three-dimensional variational data assimilation (3ADVAR;
Kleist et al. 2009) together with CWB GSM. They called
their global atmospheric modeling with the data assimila-
tion system the global forecast system (GFS) with a resolu-
tion of T319L40 routine operation in 2011 and T511L60 in
2015 with reduced Gaussian grid (Juang 2004) and two-
dimensional message passing interface (MPI) programming
(Juang and Kanamitsu 2001; Juang et al. 2007) and then
Tco639L.72 with noniteration dimensional-split semi-Lagrangian
(NDSL) dynamics (Juang 2007, 2008). Nevertheless, for seasonal
and climate forecasts, CWB started developing an uncoupled
multimodel ensemble system in 2002 and made it operational
in 2009. The multimodel ensemble climate forecast system in-
cludes the T42L18 European Centre Hamburg general circula-
tion model 5 (ECHAMS; Roeckner et al. 2003) and CWB
GSM using CWB optimized global sea surface temperature
(OPGSST; Weng et al. 2005) and NCEP CFSvl sea surface tem-
perature (SST).

It is clear that CWB has a well-developed global atmospheric
model for routine operational weather forecasts, seasonal, and
climate predictions. However, CWB has less capability for oce-
anic modeling. Moving to a one-tier atmospheric and oceanic
fully coupled modeling system may not be easy. The strategy
to start with NCEP CFSv1 and only replace the NCEP global
atmospheric model with the CWB global atmospheric model

was an acceptable method to start from. However, it required
tuning model physics to a fully coupled system to perform a
similar phenomenon as the observed Earth system through
the reforecast period and then the forecast period. This pro-
ject started in 2010, and the final coupling system is called the
Taiwan Central Weather Bureau one-tier (TCWBI1T) sea-
sonal and climate forecast system. TCWB1T became a routine
operational system in 2017 (Wu et al. 2019), with a minor op-
erational revision in 2020.

This article documents the successful development of the
first version of TCWBIT as a fully coupled system without
flux correction for operational seasonal prediction. We de-
scribe coupling strategy and methods with the required data-
set in section 2, briefly illustrate our procedure for the fully
coupled model for seasonal prediction in section 3, evaluate
hindcast results in section 4, verify forecasts in section 5, and
finally wrap up with our conclusions and discussion in section 6.

2. One-tier fully coupled atmospheric and
oceanic modeling

a. Methodology and model components

As mentioned, CWB had been developing its own atmo-
spheric general circulation GSM for years. CWB GSM was
familiar to the dynamics and physics scientists in the bureau,
and thus, it was quite reasonable to use CWB GSM for the
atmospheric component of the atmosphere—ocean coupling
system. Since the National Oceanic and Atmospheric Admin-
istration (NOAA) NCEP CFS system was a successful cou-
pling system and available for external institutes to use, we
adapted the CFSvl package system, including all scripts and

TABLE 2. Resolution and physical schemes of TCWBI1T.

Atmospheric model resolution
Radiation scheme
Boundary layer parameterization

Fu and Liou (1993)
MRF PBL

T119 (about 1° X 1°), 40 vertical levels

A first-order nonlocal scheme (Hong and Pan 1996; Troen and Mahrt 1986)

Land surface model

Ice model

Cumulus parameterization

Ocean model resolution
(MOM3) 74°S to 64°N

Noah 4-layer soil model (Ek et al. 2003)

Three-layer sea ice model (Winton 2000)

New SAS (Han and Pan 2011)

Zonal resolution: 1° domain wide

Meridional resolution: 1/3° from 10°S to 10°N, increasing gradually from 1/3° to 1° meridional

resolution poleward to 30°S and 30°N, and 1° for the remaining 40 vertical layers (see
Table 3) with 10-m thickness from surface to 240 m, with 27 layers in the top 400 m to
resolve the mixed layer and then gradually increasing layer thickness of the remaining
13 layers to bottom depth at 4500 m with a bottom layer thickness of about 511 m

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/28/24 03:25 PM UTC



MAY 2024 JUANG

ET AL. 747

TABLE 3. MOM3 model layers in meters from sea surface to sea bottom.

Vertical coordinate (m) 5 15 25 35 45
55 65 75 85 95
105 115 125 135 145
155 165 175 185 195
205 215 225 238.4779 262.2945
303.0287 366.7978 459.091 584.6193 747.187
949.5881 1193.53 1479.588 1807.187 2174.619
2579.091 3016.798 3483.029 3972.294 4478.478

coupling system, and replaced the atmospheric component,
NCEP GSM in NCEP CFSvl, with the CWB operational
GSM (T319L40 operation in 2011, based on Liou et al. 1997).
With the assumption that the ocean model was already a well-
tuned component in the NCEP CFSv1 coupling system, only
the replaced atmospheric component, CWB GSM, had to
be tuned to harmonically couple with the Geophysical Fluid
Dynamics Laboratory (GFDL) Modular Ocean Model, version 3
(MOM3; Pacanowski and Griffies 1999).

Table 1 shows the elements of TCWBIT, including the at-
mosphere model CWB GSM with T119 and 40 vertical layers,
and the ocean model of GFDL MOMa3. Table 2 continuously
shows the major model physics in CWB GSM, including
a radiation scheme (Fu and Liou 1993), a first-order non-
local boundary-layer parameterization (Hong and Pan 1996;
Troen and Mahrt 1986), Noah (NOAA/NCEP-Oregon State
University—Air Force Research Laboratory-NOA A/Office of
Hydrology land surface model) land surface model with the
four-layer soil model (Ek et al. 2003), and cumulus parame-
terization of simplified Arakawa—Schubert scheme (Han and
Pan 2011). We are using climatologic values for ice at initial and
daily update with a three-layer sea ice physics (Winton 2000).
There is no ice prediction, so there is no ice drift issue. And
GFDL MOMS3 covers from 74°S to 64°N with zonal resolution

of 1° and meridional resolution of 1/3° from 10°S to 10°N, then
increasing grid spacing from 1/3° to 1° poleward to 30°N and
30°S, and 40 vertical layers, whose thickness was 10 m from the
ocean surface to 240 m deep, with total 27 levels in top 400 m to
resolve the mixed layer, and the bottom depth is 4500 m with
the bottom layer thickness of about 511 m (Saha et al. 2006).
The details of the layer depth can be found in Table 3.

b. Data, integration, and ensemble members

To establish a climate coupling system, we must make sure
that we have enough consistent initial conditions from the past
several decades for reforecast to the future for forecast, and
thus, we must either have our own reanalysis for the past and fu-
ture or obtain available data from other operational centers.
The CFSv2 was the operational system in NCEP with reforecast
and forecast initial conditions through its analysis. It was the
best candidate for CWB to use for the CWB coupling system.
Table 1 shows the initial condition from Climate Forecast Sys-
tem Reanalysis (CFSR; Saha et al. 2010) based on CFSv2; the
CFSR initial data contain atmosphere data (upper air data and
surface data) which have high resolution and needed to interpo-
late to T119 with 40 layers for CWB GSM. CFSR also has ocean
data of GFDL MOM4 (Griffies et al. 2005) and needed to inter-
polate to MOM3 domain and resolution. The Optimum

10 10
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-2 -2
-3 -3
-6 -6
3 10
SoN 5
3N : FIG. 1. Mean bias results of SST against OISST
@ ; over a 5-yr integration starting at 0000 UTC
1 1 Jan 1979, from TCWBIT fully coupled runs for
308 —2 (a) without flux correction, (b) with flux correction,
s -3 and (c) after tuning without flux correction.
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908
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FIG. 2. SST mean bias with respect to OISST within 30°S-30°N
global band of 9-month ensemble forecasts starting from January
with six members (1, 6, 11, 16, 21, and 26 Jan) and 29 years (1980
2008). The black curve is the result of TCWBIT before model
physics tuning, and the blue curve is after model physics tuning.
The vertical lines with end marks along the black and blue curves
indicate the ranges of maximal and minimal values of SST mean
bias among 174 members.

Interpolation Sea Surface Temperature (OISST; Reynolds et al.
2002) dataset is used for the atmosphere SST initial condition.
For reforecast and forecast, TCWBI1T conducted 10 months
of integration with a coupling frequency of once every 24 h.
The fully coupled system integrates in a sequential way: First,
it integrates the atmospheric component (CWB GSM) with
OISST as the initial boundary condition. After 1 day, the at-
mospheric component passes daily mean fluxes to MOM3 and
then integrates MOM3 for 1 day to update ocean fields. Then,
MOM3 passes SST to CWB GSM, which completes the first

TCWB1T_clm M=299.826
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fully couple cycle. Then it returns to integrate CWB GSM
with forecast MOM3 SST for the next couple cycle, and this
process repeats until the end of integration.

Each TCWBIT integration is called a member of the en-
semble forecast, which starts at 0000 UTC of any given date
as an initial condition. For simplicity and other concerns (dis-
cussed later in section 2c), all members are conducted with a
10-month integration. For ensemble forecast, past 29 days of
any given date and the given date form a 30-member daily
lagged ensemble forecast. For consistency between forecast
and hindcast, each hindcast uses the same daily lagged ensemble
as forecast. For hindcast years from 1982 to 2011 (30 years),
each climatological hindcast ensemble contains 900 members:
30 members per year for 30 years. Each forecast ensemble
contains 30 members.

c¢. Operational strategy

On the 20th day of any given month, the operational center
in CWB issues the upcoming TCWBI1T monthly and seasonal
forecasts. It uses the past 30 days, counting backward from the
14th of the current month until around the 15th of the previous
month, as the 30 members of daily lagged ensemble forecast, it
then uses 5 days (from the 15th to 19th of the current month) to
do postprocessing and product generation, and then releases
monthly and seasonal forecasts on the 20th of the current
month. For example, the 20 April monthly and seasonal fore-
casts release, daily lagged initial dates are 16 March-14 April,
and postprocessing and product generation dates are 15-19 April.
Thus, the monthly mean result of 1-31 May is lead O forecast;
that of 1-30 June is lead 1 forecast, etc.

We follow the original design for ensemble initial condi-
tions as used in NCEP CFSvl, except that we used only initial
conditions of 0000 UTC. The degradation due to longer time
lagged members as compared to shorter time lagged members
has been realized. However, we found that more distant different
dates have better ensemble spread than closer different dates,
and they also have the same conclusion that multiple cycles have
M=1.291

. TCWB1T_Anomaly_La—Nina M=-0.973

EQ

5?70* 160W 130W 120W
S | ——

297 298 300 301

—1.5—1.2—

0OISSTv2_clm
5N

M=299.716

- OISSTv2_Anomaly_El—Nino

1.2 1.
M=-1.144

EQ

5?70“

5?70# 160W 150W

297 298 299

- TCWB1T—-0ISSTv2_EI—-Nino

- TCWB1T—0ISSTv2_clm M=0.110
SN
EQ- EQ- EQ
S$7ow 160W 150W 140W 130W 1200 170w 160W 150W 140W 130W 200 170w 160W 150W 140W 130W 120W

-=1.5-1.2-0.

FIG. 3. The DJF SST anomaly in Nifio-3.4 area. (top) The result from TCWBIT with initial conditions of August, (middle) the result
from OISSTV2, and (bottom) the difference of the top and middle rows (TCWBI1T minus OISSTv2); (left) climate average, (center) mean
anomaly of all El Nifio cases, and (right) mean anomaly of all La Nifia cases, in hindcast years from 1982 to 2011.
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FIG. 4. As in Fig. 3, but with

less ensemble spread (figure not shown here). Note that our find-
ings are similar to those in Vitart and Takaya (2021). Thus, using
a long time lag up to 30 days as ensemble members, as did NCEP
CFSv1, may not be an issue.

For consistency and for anomaly forecast in monthly and
seasonal predictions, we must pick the reforecast members
with 30-member initial conditions at the same range of dates
used in the operational forecast as illustrated in the previous
paragraph. Note that, due to the lagged initial conditions, the
10-month integration will leave the months after lead 8 with
incomplete members. Since the official seasonal forecasts in
CWB issue only two seasons, it is practical for simplicity for
all members to use 10-month integration.

3. Physical parameterization tuning for one-tier fully
coupled system

In this section, we will illustrate our procedure to tune the
fully coupled model for seasonal forecasts based on the pre-
diction of SST, especially on the tropical SST from 30°S to

SST anomaly in NINO 3.4 Region
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F1G. 5. DJF SST anomaly forecast over Nino-3.4 by TCWBIT
with initial conditions from August to November and from 1982 to
2011, as compared to OISSTv2. The horizontal axis is for hindcast
years, and the vertical axis is for SST anomaly (°C). The legend at
the right-hand side indicates the curve colors to the different initial
conditions and the black color is for OISSTv2.
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initial conditions of November.

30°N. Figure 1 shows the SST bias of TCWBIT fully coupled
results averaged over 5-yr integration with respect to OISST,
(i) without flux correction, (ii) with flux correction before
model physics tuning for operational seasonal forecast, and
(iii) after tuning without flux correction. It implies there is a
cold bias for the current operational atmospheric model while
it is coupled with MOM3. Based on the statistical bias, we can
make a bias correction on atmospheric fluxes (Anderson et al.
2003) to be used in MOM3; however, the flux correction
made a better result but overcorrected to a warm bias. As
mentioned in the previous section, we would like to have a
fully coupled model, and the flux correction cannot be helpful
to atmospheric model physics parameterization. It will be bet-
ter to have no flux correction so that the atmospheric re-
sponse to the ocean can be fully coupled.

We used physical parameters to test the sensitivities of
TCWBIT behavior on SST and investigate the model results
of all fields. We found that RHc is the most sensitive and effec-
tive to alter tropical SST. RHc is defined as a given relative hu-
midity threshold value in the model for phase change from
vapor to water, which is used in the large-scale precipitation
model physics, usually less than 100%. When RHc is larger, the
water vapor will not easily condensate, so that more water vapor
will be kept in the atmosphere, which could potentially increase

NINO3.4 Anomaly Pattern Correlation

-Aug
-Sep
--Oct

Nov

FIG. 6. Asin Fig. 5, but for anomaly pattern correlation.
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TABLE 4. The Nifio-3.4 area-averaged SST anomaly pattern
correlation for DJF by TCWBIT with the initial conditions from
August to November of years from 1982 to 2011.

November

0.502938

October
0.456913

August
0.322 888

September
0.393491

Area mean

the greenhouse effect to warm up SST. We are not using it re-
lated to convection but large-scale precipitation parameterization.

We have the final optimal model physics package with the
new simplified Arakawa-Schubert cumulus scheme (NSAS;
Han and Pan 2011) to catch up with the operational GSM for
weather forecast, land ice/snow with an albedo of 0.65 instead
of 0.55 to reduce surface heating, the ocean sea ice tempera-
ture changes to avoid rapid melting, and RHc of 0.95 instead
of 0.85 to keep more vapor in the air. Figure 2 shows the com-
parison of statistical climatological mean SST bias with respect
to OISST for 9-month integrations. Again, it is within the 30°S—
30°N global band mean SST from six members of each January
of all 29-yr means and their variation with maximal and minimal
values of the SST mean bias among 174 members. The black
curve indicates the results before the final tuning, and the blue
curve shows the results after the final tuning. It is clearly shown
that the final tuning results have remarkably close to zero mean
bias, but before tuning, it had a cold bias close to 2°C colder af-
ter 9-month integrations. Note that we did not conduct flux cor-
rection results for Fig. 2 because we will not use flux correction
and we did save resources. The final tuned model physics pack-
age will be used in TCWBIT for hindcast in the next section
and prediction in section 5 for operational purposes.

Based on the 30°S-30°N global band mean SST bias with respect
to OISST, we have model physics tuned for minimal SST bias. This
tuned model physics with some related modifications is used in
TCWBIT for hindcasts and forecasts in sections 4 and 5, respec-
tively. The related modifications include (i) changing machine

BIAS
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accuracy from 1.0 X 10°® to 1.0 X 10*” to fit on the current opera-
tional supercomputer; (ii) adjusting all negative moisture by bor-
rowing moisture from nearby lower layers. There is no moisture
conservation issue because we borrow existing moisture, so mois-
ture is conserved, but it results in slightly more moisture in the up-
per layers; (iii) changing the first near ground surface pressure by
the mean of the first level and ground surface pressures; and
(iv) changing four-point interpolation to optimum interpolation
with effective radius of 60 km for interpolating the ocean initial
condition from MOM4 grids to MOM3 grids.

4. 1982-2011 hindcast results

Based on the model configuration in the previous section
for TCWBIT, we conducted hindcast from 1982 to 2011. To
evaluate the hindcast results, we emphasize the climatological
phenomena of El Nifio-Southern Oscillation (ENSO) first. The
datasets used for verification are OISSTv2 (in 0.25° resolution
which is higher resolution than original version of OISST;
Reynolds et al. 2007, 2009), the Extended Reconstructed Sea
Surface Temperature (ERSST; Smith and Reynolds 2004;
Smith et al. 2008; Banzon et al. 2010), ECMWF interim re-
analysis (ERA-Interim; Berrisford et al. 2011), CFS Reanalysis
and Reforecast (CFSRR; Saha et al. 2014) project, and Global
Precipitation Climatology Project (GPCP; Huffman et al. 1997,
Adler et al. 2003). The predicted variables used to compute their
skill scores are SST, 2-m temperature (T2M), and precipitation.
Since we emphasized on ENSO, the domain to be used for
validation is mainly Nifio-3.4; however, we also include domains
of the global band from 40°S to 40°N, from 60°S to 60°N, and
entire globe for related scores to have more coverage for
hindcast verification.

a. Results over Nifio-3.4

Since we used CFSR for initial condition and verification,
we found that CFSR has one discrepancy with SST jump in

AC

=

—TCWB1T
—NCEPCFSv2

Anomaly Correlation
© © o 9o
o N B O ® »

L

0 1 2 3 4 5 6
Forecast month

F1G. 7. The 12-month (January—December) and 29-yr
(1982-2010) averaged hindcast performance of the
6-month forecast over the Nifio-3.4 area, validated with
OISSTV2 for (a) climatological bias, (b) anomaly correla-
tion, and (c) RMSE of Nifio-3.4 indexes. The red curves
are for TCWBI1T, and the blue curves are for NCEP
CFSv2. Note that the horizontal axis is for forecast
month, 0 is for the initial condition, 1 is for lead O fore-
cast, 2 is for lead 1 forecast, etc.
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FIG. 8. Temporal correlation between (a) TCWBI1T and (b) NCEP CFSv2 predictions of Nifio-3.4 SST and verify-
ing with NCEP CFSR ground temperature over the 1982-2010 period. Temporal correlation for (c) TCWBIT and (d)
NCEP CFSv2 following the elimination of discontinuities in the predictions of each model by using split climatology.
(e),(f) Differences of squared correlation between TCWBI1T and NCEP CFSv2 without the split climatology and with

the split climatology for each model, respectively.

October 1998, due to the start of using Advanced TIROS Op-
erational Vertical Sounder (ATOVS) satellite observation
data, as pointed out and illustrated with three possible reasons
in Xue et al. (2011). This discrepancy is also mentioned in
Saha et al. (2014). This SST jump results in two kinds of
climatology, colder before October 1998 and warmer after
October 1998, which is referred to as the split climatology.
We made corrections to the hindcast results in this subsection
due to this split climatology for Nifio-3.4 area.
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The elements of ENSO can be characterized by El Niflo
and La Nifia. During 1982-2011, there are 10 years of El Nifio
and 11 years of La Nifla. The El Nifio years are 1982, 1986,
1987, 1991, 1994, 1997, 2002, 2004, 2006, and 2009, and the La
Nifia years are 1983, 1984, 1988, 1995, 1999, 2000, 2005, 2007,
2008, 2010, and 2011. The first row of Figs. 3 and 4 shows the
TCWBIT December-February (DJF) hindcast for climato-
logy of all cases, the mean anomaly of all El Nifio cases, and
the mean anomaly of all La Nifia cases, with initial conditions
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FI1G. 9. Fraction of variance explained by EOF modes 1-5 for the
SST anomaly. The black line is ERSST, the purple line is
TCWBIT, the red line is CFSRR, and the blue line is CWB
OPGSST, with initial conditions of November to forecast Decem-
ber for all years from 1982 to 2011.

from August in Fig. 3 and November in Fig. 4. The second
row of Figs. 3 and 4 shows the OISSTv2 DJF climatology, the
mean anomaly of all El Nifio cases, and the mean anomaly of
all La Nifa cases. The third row is the differences between
TCWBIT and OISSTv2. From the third row, we can see that
the differences are small with magnitudes of area mean values
from 0.11 to 0.17 for August and from 0.10 to 0.12 for Novem-
ber. It indicates that TCWBI1T has reasonable hindcast perfor-
mance in terms of climatology and mean anomaly of ENSO
over Nino-3.4 as compared to OISSTv2. Furthermore, Figs. 3
and 4 show that results from El Nifio are better than those
from La Nifia, but both have not extended enough westward.
Figure 5 shows the DJF forecasts of regional SST anomaly
over Nifio-3.4 for years from 1982 to 2011 by TCWBIT as
compared to OISSTv2 with the different initial conditions
from August to November of each year. It indicates that
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TCWBIT has anomaly forecast on phase with OISSTv2 even
up to 4 months ahead for all ENSO years. Figure 6 shows
the DJF forecasts of regional SST anomaly pattern correla-
tion with respect to OISST over Nifio-3.4 for years from
1982 to 2011 by TCWBIT for different initial conditions
from August to November of each year. Even though Fig. 5
shows about 87% of anomaly forecasts on phase with obser-
vation from all different initial conditions, to investigate
whether SST is well predicted, we should check SST anom-
aly pattern correlation score in Fig. 6. The SST anomaly
pattern correlation score must be larger than 0.5 for better
forecast of SST anomaly distributions. In 30 years, there are
half of the total number of hindcast years with three initial
conditions having SST anomaly pattern correlation larger
than 0.5. Within these 15 years, there are 6 El Nifio years,
6 La Nifia years, and 3 normal years. And there are 4 years
that have negative anomaly pattern correlation scores of all
different initial months: 1992, 1996, 2006, and 2011. Within
these 4 years, 1992 and 1996 have an out of phase to the
OISSTv2 SST anomaly, and 2006 and 2011 have an overpre-
diction of the SST anomaly. The remaining 11 years have a
positive anomaly pattern correlation, but it is less than 0.5.
Table 4 shows the 30-yr mean of the SST anomaly pattern
correlation for different initial conditions; it indicates that
the closer to DJF the initial condition is, the better the re-
sult is, and the November initial condition has mean score
over 0.5.

The analyzed results so far are mostly concentrated on certain
initial conditions for one season forecast (DJF). We will use dif-
ferent verification methods to investigate 6-month forecasts for all
seasons and compare them to NECP CFSv2. First, we start from
the model result of Nifio-3.4 climatological bias, anomaly correla-
tion, root-mean-square error (RMSE), and temporal correlation.

Hindcasts of TCWBI1T and NCEP CFSv2 have some differ-
ences: the TCWBIT hindcast period is from 1982 to 2011,
every day at 0000 UTC is for the initial condition, and 30 initial
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FIG. 10. Spatial patterns of the EOF first mode of SST anomaly calculated for the period from 1982 to 2011 over the global band of 40°S—40°N
for (a) ERSST, (b) CFSRR, (c) TCWBIT, and (d) OPGSST.
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conditions (30 members) are in 1 month. The NCEP CFSv2
hindcast period is from 1981 to 2010, four cycles (0000, 0600,
1200, and 1800 UTCs) of dates of 1, 6, 11, 16, 21, and 26, and
a total of 24 members are in 1 month. For consistency, we

SST RPSS (TCWB1TR60 & ERSST)

select the period from 1982 to 2010 for both model hindcasts
for comparison. Also, the results of Nifio-3.4 here from TCWBI1T
and NCEP CFSv2 have been corrected based on the split
climatology (1982-98, 1999-2010).
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FIG. 12. The lead 0 first seasonal forecasts of SST ranked probability skill scores from TCWBI1T with respect to ERSST over 60°S-60°N,
with initial conditions of February, May, August, and November as the sequence from left to right and from top to bottom, respectively. We

used three categories to calculate RPSS.
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Fi1G. 13. As in Fig. 12, but for T2M.

Figure 7 shows hindcast results that cover 1982-2010 with
forecast months from January to December. The forecast
length is 6 months; red curves are for TCWBIT, and blue
curves are for NCEP CFSv2. Based on the investigation
method of Johnson et al. (2019), hindcast results were validated
with OISSTv2 in terms of bias, anomaly correlation, and
RMSE of Nifio-3.4 indexes.

From Fig. 7a, we can see that the TCWBIT bias of Nino-3.4
indexes with respect to OISSTv2 rapidly increases negative
magnitudes to about —0.53 in the 1-month forecast and then
decreases its negative magnitudes with time to —0.11 in the
6-month forecast. However, the NCEP CFSv2 bias of Nifio-3.4
indexes increases negative magnitudes to —0.22 in 1 month and
—0.59 in 3 months and then decreases negative magnitudes
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slowly to about —0.41 in the 6-month forecast. We can com-
pare Fig. 7a to Fig. 2a in Johnson et al. (2019), which shows
slowly increasing negative bias to about —0.4 in the 4-month
forecast and then slowly decreases with time to about —0.25 in
the 12-month forecast in ECMWF’s fifth generation seasonal
forecast system (SEASS). SEAS5 and NCEP CFSv2 had simi-
lar character, which had a maximum negative bias at the third
or fourth month forecast and gradually reduced the negative
bias. However, TCWBIT has a maximum bias at the first
month and quickly decreases the magnitude of negative bias.
We do not know how to explain this behavior; we can only say
that it is the character of TCWBI1T. The result of the climatol-
ogy bias in Fig. 7a can explain the anomaly correlation of the
Nifio-3.4 index in Fig. 7b. TCWBIT has lower anomaly
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FIG. 14. As in Fig. 12, but for precipitation.
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correlation than NCEP CFSv2 at the first month because
TCWBIT has the largest bias at the first month, and the nega-
tive bias is larger than NCEP CFSv2. And after two months,
the climatology bias of TCWBIT is of small magnitude, which
implied that the anomaly correlation of TCWBIT is better
than that of NCEP CFSv2. In Fig. 7c, the RMSE of TCWBI1T
increases rapidly in the first month, which is larger than NCEP
CFSv2, and after the second month, the RMSE decreases to
the same magnitude as NCEP CFSv2. In general, TCWBI1T is
worse than NCEP CFSv2 at the first month, and in the second
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FIG. 15. The RD for T2M over the global area for
hindcast years from 1982 to 2011 with the initial con-
dition of April for running-mean seasonal forecast.
The horizontal axis is for model forecast probability,
and the vertical axis is for observed frequency; the
three rectangles with colors show the sampling dia-
gram for below-normal (blue), normal (green), and
above-normal (red) anomalies. The running mean
seasonal forecast for (top left) MJJ, (top right) JJA,
and (bottom left) JAS.

month, TCWBIT is similar to NCEP CFSv2 in terms of
RMSE and anomaly correlation, but it is better in terms of
bias.

Based on the method in Barnston and Tippett (2013) for in-
tercomparison between NCEP CFSvl and NCEP CFSv2 on
SST temporal correlation over Nifio-3.4, we validated with
NCEP CFSR ground temperature. We do the same calcula-
tions to compare between TCWBI1T and NCEP CFSv2. Fig-
ures 8a and 8b show the SST temporal correlation over Nifio-
3.4 without split climatology correction for TCWBIT and
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FI1G. 16. As in Fig. 15, but for precipitation.
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NCEP CFSv2, respectively, and their difference is shown in
Fig. 8e. In Fig. 8a, TCWBI1T can maintain a correlation above
0.7 over lead 6 months from Northern Hemisphere autumn to
winter, but Northern Hemisphere summer keeps the correla-
tion under lead 4 months. In Fig. 8b, NCEP CFSv2 also shows
similar behavior, but the correlation is extended above 0.7
more than lead 4 months in Northern Hemisphere summer.
We also can see that TCWBI1T shows a better score over the
beginning forecast of Northern Hemisphere summer and lead
3—4 months of Northern Hemisphere autumn and winter than
those of NCEP CFSv2, but TCWBI1T shows a worse score on
lead 5-6 months of Northern Hemisphere summer in Fig. 8e.
This may be because TCWBI1T1 is still using GFDL MOM3
as the oceanic model with 1° horizontal resolution, which is
much coarser than GFDL MOM4 with
1/4° in NCEP CFSv2. Increasing the horizontal resolution of
the ocean model can represent more details characteristic of
the currents over Nifio-3.4 (Stockdale et al. 2018), which is the
main reason why NCEP CFSv2 has better skill in Northern
Hemisphere summer. Figs. 8c, 8d, and 8f have same configura-
tion with Figs. 8a, 8b, and 8e, but with split climatology for
the calculation of SST temporal correlation over Nifio-3.4,
which shows that the correlation has some improvement in
both TCWBI1T and NCEP CFSv2 after using split climatology
in Figs. 8c and 8d, especially for NCEP CFSv2, so we can see
that the difference of correlation between TCWBIT and
NCEP CFSv2 decreased in Fig. 8f as compared to Fig. 8e.
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b. Results over the area of 180°-180° and 40°S—40°N

In addition to investigating the scores over the Nifio-3.4
area, we would like to expand the investigated area to cover
the global band from 40°S to 40°N on the empirical ortho-
gonal functions (EOFs) of the variance of SST anomalies. Fig-
ure 9 shows the fraction of variance explained by EOF modes
from 1 through 5 for SST anomaly of TCWBI1T as compared
to ERSST, CFSRR, and OPGSST for the lead 0 prediction.
The variances of mode 1 from model results of ERSST,
CFSRR, TCWBIT, and OPGSST are 32.63%, 36.8%, 39.14%,
and 53.11%, respectively. The result of OPGSST is different
from that of the others, OPG is a statistical model, and it
happened to be the best only in the first mode in this case.
For all other modes, the variances of TCWBIT and CFSRR
are close to observation ERSST, which indicates that CFSRR
and TCWBIT are capable of handling annual variation of
ENSO.

Messié and Chavez (2011) mentioned that the leading mode in
the SST anomalies explains better than any other modes. The
EOF1 displays the well-known ENSO pattern, with most of
the variance in the central/eastern equatorial Pacific. Figure 10
shows EOF spatial patterns of the first mode of the SST anom-
aly for ERSST, CFSRR, TCWBIT, and OPGSST. TCWBIT
and CFSRR had narrower warm anomalies than ERSST
over equatorial east Pacific Ocean. TCWBI1T has a weaker cold
anomaly than ERSST over the Northern Hemisphere central
Pacific Ocean, and TCWBIT has a cold anomaly west of the
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warm anomaly over the tropical Pacific Ocean. CFSRR is closer
to ERSST than TCWBIT on the spatial distribution of cold
anomaly over the Pacific Ocean. Even though OPGSST had
much larger difference of variance of the first EOF mode to
ERSST than others, it was closest to ERSST on spatial distribu-
tion of the first EOF mode than others.

¢. Results over the area of 180°-180° and 60°S-60°N

We continue our comparison of TCWB1T and NCEP CFSv2
hindcasts but expand the area covering the global band from
60°S to 60°N. First, we emphasized the correlation percentage
of forecast skill by counting the number of grid points for anom-
aly correlation with the correlation coefficient at the 99% signifi-
cance level. Figure 11 shows the correlation percentage of
forecast skill with red dots from TCWBIT and blue dots from
NCEP CFSv2. The forecast scores of SST, T2M, and precipita-
tion of TCWBIT are slightly better than those of NCEP CFSv2,
except lead 3 and 5 months in T2M. The overall results of
TCWBIT are comparable with NCEP CFSv2.

Ranked probability skill score (RPSS; Miiller et al. 2005;
Weigel et al. 2007) measures the improvement of the multicate-
gory probabilistic forecast relative to a reference forecast (usually
the long-term or sample climatology). Taking the climatological
frequency into account, the values of RPSS are between negative
infinity and 1; when RPSS is equal to 1, it means it is a perfect
forecast. In Figures 12-14, we used three categories to calculate
RPSS and show the first season forecast of SST with respect
to ERSST, T2M with respect to CFSR, and precipitation with
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False Alarm Rate (%)

Fi1G. 18. As in Fig. 17, but for precipitation.

respect to GPCP from TCWBIT with initial conditions of
February, May, August, and November. Wherever the shaded
color is deeper while the value of RPSS is approaching 1, the
forecast is better. There are higher RPSS scores of SST over the
Pacific, Indian, and tropical Atlantic Oceans. There are higher
RPSS scores over 0.6 for T2M along the tropical area. Neverthe-
less, the higher RPSS scores for rainfall are concentrated over
the tropical Pacific Ocean. This indicates that SST and T2M cor-
relation scores are significantly better than precipitation. Over-
all, February is the preferable initial condition to forecast MAM
for all three variables as compared to other initial conditions to
forecast other three seasons. The worst initial condition for SST
is May, for T2M it is November, and for precipitation it is May.

d. Results over the global area

Due to the analyzed package in CWB, we show the forecast
reliability over the global area and using hindcast data for the
period from 1982 to 2011. And we discuss forecast reliability
based on the reliability diagrams (RDs; Hartmann et al. 2002)
and the relative operating characteristics (ROCs; Mason
1982; Jolliffe and Stephenson 2008). Since all results of RD
and ROC from different initial months showed similar features
for T2M and precipitation, we use April as the initial condition
forecasting the running seasonal means of May—July (MIJ),
June-August (JJA), and July-September (JAS) for T2M and
precipitation as an example.

A reliability diagram is used to analyze the relationship be-
tween observed frequency (OF) and forecast probability
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FIG. 19. The lead 0 monthly forecast results of SST anomaly over (a) Nifio-3.4, (b) Nifio-3, (c) Nifio-4, and (d) Modoki
areas from 2012 to 2019 by TCWBIT (red curves) as compared to ERSST (black curves).

(FP). When FP is equal to OF, the result is perfect reliability.
Figure 15 shows the RD of T2M, the black line from the top-
right corner to the bottom-left corner is the perfect reliability,
and the red, green, and blue curves are for anomalies that are
above normal, normal, and below normal, respectively. Over-
all, when the value of FP is larger than 0.45, these three curves
show the overforecast probability (or overconfidence), and
the anomaly above normal (red curve) shows the closest
value to perfect reliability (black line) compared with the
normal and below-normal curves. When the value of FP is
smaller than 0.35, these three curves show underforecast
probability (or underconfidence) and the anomaly below
normal (blue curve) is closest to perfect reliability (black
line) compared with the normal and above-normal curves.
The slope of three curves in the first running season is larger
(means better reliability) than those of the second and third
running seasons.

Figure 16 shows the same features as Fig. 15 for precipitation,
except these three curves are packed together and have much
less slope than T2M in Fig. 15. From the sampling for these three
categories, there are much smaller values for precipitation in
Fig. 16 than those for T2M in Fig. 15. This may be why precipi-
tation has less reliability than T2M. In summary, Figs. 15 and 16
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show that the model has limited resolution or less dispersion since
the probability of occurrence does not change much with forecast
probability, and they are overconfident in general, especially for
precipitation, which is approaching uniform overconfidence.
Figures 17 and 18 show ROC diagrams for T2M and precip-
itation, respectively, with three categories of below-normal,
normal, and above-normal anomalies using 10 probability
thresholds for running-mean seasonal forecasts of MJJ, JJA,
and JAS with April as the initial condition from TCWBI1T
hindcast years from 1982 to 2011. The horizontal axis is for
the false alarm rates and the vertical axis is for the hit rates,
so the black line from the lower-left corner to the upper-right
corner indicates no reliable forecast with the same values of
hit and false alarm rates. When the curves are away from
the black line and closer to the upper-left corner, the forecast
reliability scores are higher. The lower-right corner of each di-
agram shows the ROC values of three categories: the higher
the value, the better the reliability. It shows that the normal
group has scores below 0.56, which is no score, and the other
two categories have scores above 0.64. For T2M in Fig. 17, the
first running-mean season is about 0.7, which is considered a
skillful discrimination (Buizza et al. 1999) and better than the
second running-mean season, which is about 0.66. For the
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precipitation in Fig. 18, no matter the category, there is no
score larger than 0.56, so precipitation is considered to have
nearly no skill for these three running-mean seasons.

5. 2012-19 forecast results

With the reasonable hindcast results as mentioned in the pre-
vious section, we used the same frozen version of TCWBIT as
in the hindcast for forecasts starting the years after 2011 and
based on the past hindcast climatological mean of years from
1982 to 2011 for the anomaly prediction. We have 2012-19
results shown here to verify the forecast skill of TCWBIT
for seasonal forecasts.

Figure 19 shows SST anomaly for (i) Nifio-3.4, (ii) Nifio-3,
(iii) Nifio-4, and (iv) Modoki for the forecast period from
2012 to 2019 for lead 0 monthly results from TCWBIT (red
curves) as compared to ERSST (black curves). Modoki is re-
ferred to as the El Nifio Modoki index (EMI; Ashok et al.
2007), which is defined as

EMI = [SSTA], — 0.5 X [SSTA], — 0.5 X [SSTA]., (1)

where the brackets represent the area-averaged sea surface
temperature anomaly (SSTA) over region A (165°E-140°W,
10°S-10°N), region B (110°-70°W, 15°S-5°N), and region C
(125°-145°E, 10°S-20°N). The results in Fig. 19 show that the
evolutions of anomaly phases from TCWBI1T are very similar
to ERSST for these four different areas. And there is evi-
dence that El Nifio events are stronger and La Nifia events
are weaker as compared to ERSST. Also, in Fig. 19d, the
EMI score is worse than others, possibly because the forecast
results of TCWBIT have a large error over the east Pacific
area (region B) that contributes to worse EMI results.

We selected a strong El Nifio case from 2012 to 2019
as an example to investigate the TCWBIT forecast result.
Figure 20 shows the DJF anomaly over the entire globe from
(i) TCWBIT with initial conditions in November 2015 as
compared to (ii) ERSST and (iii) their difference. The major
positive anomaly areas include the western coast of America,
the tropical area of the central Pacific Ocean, and Atlantic and
Indian Oceans. TCWBIT has a similar negative anomaly to
ERSST over 40°-60°N of northern Atlantic and western Pacific
Oceans. It indicates that the results from TCWBIT catch all
major anomaly areas. Figure 20c shows the difference between
TCWBIT and ERSST; TCWBIT has a stronger El Nifio com-
pared to ERSST, which is the same conclusion as in Fig. 19.

After we examined SST results of TCWBIT during the fore-
cast period, we compared TCWBIT forecast results with the re-
sults from NCEP CFSv2, within 2012 and 2019. In the forecast
period, TCWBI1T has 30 members per month (0000 UTC daily).
NCEP CFSv2 data are still from the North American Multi-
Model Ensemble (NMME) website, which has 32 members in
a month (the last day of the previous month and 7 days of this
month with four cycles of 0000, 0600, 1200, and 1800 UTC).
We used only the first 24 members because the 25th-32nd
members sometimes are not available. As the same as the pre-
vious paragraph, we compared both anomaly scores of SST,
T2M, and precipitation in Fig. 21. TCWB1T may show higher
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ERSST.

skill of SST and T2M than NCEP CFSv2 because TCWBI1T
has larger spread in initial conditions than those of NCEP
CFSv2. Comparing Fig. 11 with Fig. 21, we can see that fore-
cast SST, T2M, and precipitation show lower scores in forecast
than those in hindcast for both TCWBIT and NCEP CFSv2.
A possible reason why both models have low scores in forecast
years is because both models have the lack of skill for modeling
the continuous ENSO events, which are shown in Fig. 19 during
the forecast years.

We can use the first month result in Fig. 21 as an example
to show the 2D diagram in Fig. 22 for comparison between
TCWBIT and NCEP CFSv2 on anomaly correlation with re-
spect to observations or reanalysis. It is clearly shown that the
shaded areas of TCWBI1T are larger in coverage and darker
in color than those of NCEP CFSv2 for SST and T2M, which
also applies to other forecast months, and there is not much
difference in precipitation.

6. Discussion and conclusions

It can be concluded that building the TCWBIT coupled
model by adopting the NCEP CFSvl coupled model and
substituting the atmospheric model with CWB GSM is a feasible
method. We let the model stably predict the SST from the fully
coupled system first and then reduced bias with adjustment of
physical parameterization. In the preliminary results before ad-
justment, the model forecasts of SST showed cold bias increasing
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with time in the tropical area. The adjustment and evaluation
processes found that there was too little water vapor in the air of
the model. We found that increasing the saturated relative hu-
midity threshold in the model-physics parameterization can suc-
cessfully keep the water vapor content in the air and reduce the
cold bias of SST via the greenhouse effect. This parameterization
adjustment happened to be very successful; however, it may not
be the only solution to reduce the bias of cooling SST.

After adjusting the SST bias, the other meteorological fields
are also relatively reasonable among many tests as compared
to analysis data, such as sea level pressure field, 500-hPa geo-
potential field, and 850-hPa and surface wind field. The results
of the ENSO forecast tests are also quite reasonable. Thus, re-
ducing SST bias could be the main key to improving ENSO
forecasts for TCWBIT.

When designing the reforecast experiment for TCWBIT
using 0000 and 1200 UTC initial conditions, the same initial
dates as used in NCEP CFSvl, 6 days per month, the monthly
mean anomaly results of 0000 and 1200 UTC of the same
six initial dates are similar, but the monthly mean anomaly
results for the 0000 UTC of different 12 initial dates are
quite different. This implies that the spread of different
cycles is less than the spread of different dates. Thus, we
chose to increase the number of initial-condition dates from
6 to 30 days as a lagged ensemble, but only run 0000 UTC
for TCWBI1T. In line with the Taiwan CWB operational
suite to provide operational forecast information at the end
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of each month, the model needs to provide forecast data on
the 20th of each month.

For the Nifio-3.4 index in forecasting DJF, it is shown that
half the hindcast years have an SST anomaly pattern correla-
tion larger than 0.5, and only 4 years have negative anomaly
pattern correlation, so TCWBIT has skill on forecasting DJF
for the SST anomaly. TCWBIT has similar skills as compared
to NCEP CFSv2 based on anomaly correlation, RMSE, and
climatology bias. In general, TCWBIT is worse than NCEP
CFSv2 at the first month, but in the second month later,
TCWBIT has similar scores to NCEP CFSv2 in terms of
RMSE and anomaly correlation, except it is better in terms of
bias. In comparison with NCEP CFSv2, based on SST anom-
aly pattern correlation in different months with different lead
forecast, it is better in the beginning for the Northern Hemi-
sphere summer but worse after lead 4-month forecast. A pos-
sible reason may be because TCWBIT1 is using coarser
resolution (MOM3) than those (MOM4) in NCEP CFSv2.
However, TCWBI1T has better score after the lead 3-month
forecast than NCEP CFSv2 for Northern Hemisphere winter.
For the correlation percentage of forecast skill comparison,
TCWBIT has a similar score as NCEP CFSv2 for the hindcast
period. Surprisingly, TCWBIT has better scores than those of
NCEP CFSv2 in T2M and SST during the forecast period. It
is possible that both models have lower scores during the fore-
cast period than the hindcast period because they lack skills
for prediction on continuous ENSO, which should be
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FIG. 22. The first month forecast anomaly correlations of (top) SST, (middle) T2M, and (bottom) precipitation for (left) TCWBI1T and
(right) NCEP CFSv2 with respect to observations, averaged from 2012 to 2019. Only correlations with an absolute value greater than 0.25
are shaded. The percentiles of shaded areas with respect to all grid points between 60°S and 60°N are indicated.

investigated in the future. TCWBIT has similar variances of
EOF to ERSST and CFSRR for the lead 0 prediction for De-
cember, which indicates that TCWBIT is comparable to
CFSRR to handle annual variation of ENSO.

There are higher RPSS scores for T2M along the tropical
area. Nevertheless, it has a higher RPSS score for rainfall con-
centrated over the tropical Pacific Ocean. Overall, February is
the preferable initial condition for SST, T2M, and precipitation.
For the RD of T2M over the global area, overall, the forecasts
have limited resolution or are less dispersive, and they are over-
confident in general. For RD of precipitation over the global
area, it approaches uniform overconfidence. For ROC of T2M,
the first running-mean season is considered skillful discrimina-
tion and is better than the other two running-mean seasons.
For ROC of precipitation, there is nearly no skill for all
running-mean seasons. Through all these analyzed methods,
we can conclude that TCWBIT can be used for a seasonal
forecast, especially for the first season, for SST and T2M on
probabilistic forecasts.

We considered ENSO, west North Pacific, and East Asia
forecasts with relation to the Taiwan area. The forecast SST
anomalies over Nifio-3.4, Nifio-3, Nifo-4, and Modoki have a
relative correlation coefficient within 0.68 to 0.88 during
2012-19 as compared to observed ERSST. TCWBIT is in-
clined to have weak La Nifia but better El Nifio forecasts. It
can be shown in the case of the November 2015 DJF SST
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anomaly that TCWBIT caught all major anomaly areas. A
possible reason that TCWBI1T shows a higher anomaly corre-
lation percentage of forecast skill of SST and T2M than
NCEP CFSv2 is that TCWBIT has a larger spread in initial
conditions than those of NCEP CFSv2. However, further in-
vestigation of this possible reason is necessary in the future.

The next generation of TCWBIT has been developed into
a higher-resolution modeling system in both atmospheric and
oceanic components than the current operational one-tier cli-
mate forecast system. The atmospheric model has been tested
by using the current operational GFS with resolution as
TL359L60, which has horizontal resolution increasing from
1° to 0.5° and vertical resolution increasing from 42 to 60 layers.
In addition to increased spatial resolution in all dimensions, the
GFS TL359L60 has improved dynamics and physics. Instead of
Eulerian advection, the current operational GFS uses NDSL ad-
vection, which has advantages of (i) avoiding first-guess and iter-
ation errors for advection, (ii) time saving with a large time step,
and (iii) no spectral noise for tracer advection and also has an
option to have reduced linear grid or reduced cubic octahedral
grid. The original development of this project started more than
10 years ago, and we initially followed NCEP CFSv1 for cou-
pling frequency without altering the ocean model and the associ-
ated coupling. We will consider testing a higher frequency
coupling for the next version. The oceanic model has been tested
with GFDL MOMS, and MOMS6 will be tested as well.
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Furthermore, as mentioned, the major objective of this
TCWBIT is emphasized on ENSO seasonal prediction for oper-
ational use. Nevertheless, in the future, in addition to the sea-
sonal forecasts, the development of TCWBIT will include
monthly and 2-4-week subseasonal predictions, emphasizing the
Madden-Julian oscillation (MJO), boreal summer intraseasonal
oscillation (BSISO), monsoon index, and mei-yu forecasts.
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