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Abstract: This study employed the new generation Taiwan global forecast system (TGFS) to focus
on its performance in forecasting the tracks of western North Pacific typhoons during 2022–2023.
TGFS demonstrated better forecasting performance in typhoon track compared to central weather
administration (CWA) GFS. For forecasts with large track errors by TGFS at the 120th h, it was found
that most of them originated during the early stages of typhoon development when the typhoons
were of mild intensity. The tracks deviated predominantly towards the northeast and occasionally
towards the southwest, which were speculated to be due to inadequate environmental steering
guidance resulting from the failure to capture synoptic environmental features. The tracks could be
corrected by replacing the original new simplified Arakawa–Schubert (NSAS) scheme with the new
Tiedtke (NTDK) scheme to change the synoptic environmental field, not only for Typhoon Khanun,
which occurred in the typhoon season of 2023, but also for Typhoon Bolaven, which occurred after the
typhoon season, in October 2023, under atypical circulation characteristics over the western Pacific.
The diagnosis of vorticity budget primarily analyzed the periods where divergence in typhoon tracks
between control (CTRL) and NTDK experiments occurred. The different synoptic environmental
fields in the NTDK experiment affected the wavenumber-1 vorticity distribution in the horizontal
advection term, thereby enhancing the accuracy of typhoon translation velocity forecasts. This
preliminary study suggests that utilizing the NTDK scheme might improve the forecasting skill of
TGFS for typhoon tracks. To gain a more comprehensive understanding of the impact of NTDK on
typhoon tracks, further examination for more typhoons is still in need.

Keywords: CWA TGFS; numerical weather prediction; typhoon track error; NTDK scheme

1. Introduction

Numerical models have achieved a considerable level of forecast capabilities for
synoptic-scale weather systems currently. With the advancement of global model resolution,
there is also an increasing ability to capture the characteristics of convective structures and
the development processes of mesoscale weather systems. The previous generation global
forecast system (GFS) at the central weather administration (CWA) [1,2] utilized the non-
iteration dimensional-split semi-Lagrangian (NDSL) dynamical core [3–6]. It employed
an octahedral reduced Gaussian grid with TCo639 (~18 km horizontal resolution) and
72 vertical levels topped at 0.1 hPa. Most of the physical parameterizations were based
on the GFS physics package from the operational models of the National Oceanic and
Atmospheric Administration (NOAA). The grid-scale precipitation was parameterized
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using the Zhao–Carr microphysics scheme [7]. This version has been operationalized since
2020 and transitioned to a role in climate forecasting in 2023.

In 2019, the National Centers for Environmental Prediction (NCEP) GFS version 15
(v15) was officially launched. This nonhydrostatic model features the finite-volume cubed-
sphere (FV3) dynamical core developed by the geophysical fluid dynamics laboratory
(GFDL) at NOAA [8–10]. The cubed–sphere grid used in the model eliminates the need
for the singular polar point presented in traditional global spectral models [11]. According
to [12], the FV3-based GFS experiments exhibited statistically significant improvement
in 500 hPa geopotential height. The reduction in FV3-based forecast root-mean square
error for various metrics was quite remarkable. In addition, the FV3-based GFS showed
improved hurricane track forecasts that even outperformed the IFS when superior ECMWF
initial conditions (ICs) were used [13]. Recently, the hurricane analysis and forecast system
(HAFS) was developed based on NCEP GFS version 16 (v16) to improve hurricane intensity
forecasts [14]. The HAFS stand-alone regional model (HAFS-SAR), with a 3-km horizontal
resolution, exhibited slower track error growth compared to internationally recognized
regional models [15]. Updated from NCEP GFS v15, the Taiwan global forecast system
(TGFS) has been launched as the new generation global forecast system by CWA since 2023,
providing 16-day weather forecast products. By replacing CWAGFS as the operational
model, TGFS forecasts enhance the efficiency and accuracy of predictions and have shown
significant improvement in synoptic environment validation. Maintained by CWA, this
model offers more flexible adjustment of model settings for regions of concern and real-time
provision of model products for forecasting on finer spatial scales.

Since Taiwan is located in the western North Pacific and falls within the typhoon-
prone region, the performance of TGFS in typhoon forecasting is an intensively studied
research topic [16,17]. In this study, the focus is on the performance of TGFS in typhoon
track forecasting. Previous studies have shown that the anomalies of the subtropical
ridge and the monsoon trough were significantly related to the tropical cyclone track
characteristics [18–21]. Ref. [22] indicated that the slowdown in typhoon translation velocity
may be due to decreased environmental steering flows during 1958 to 2009. The inter-
decadal shift in typhoon tracks was mainly attributed to the changes in large-scale steering
flows and typhoon formation locations [23]. In addition to the ability of TGFS to capture
large-scale environmental characteristics, the utilized cumulus parameterization scheme
assumes a particularly crucial role in the interaction between typhoon circulation and
the environment due to its relatively lower resolution compared to NCEP GFS. Related
research on model cumulus parameterization used to compare the model performances by
using the Tiedtke [24] and the Kain–Fritsch schemes. The Tiedtke scheme may have the
potential to simulate the typhoon track more accurately with lower mean direct positional
error [25–27]. The new Tiedtke (NTDK) scheme was modified by replacing the original
moisture convergence closure with a convective available potential energy closure [28],
which was found to have the potential for more accurate and detailed convective structures.

This study focused on TGFS global forecasts and investigated the track forecast capabil-
ity of TGFS for typhoons in recent years to clarify the directions for model improvement by
comparing results with internationally recognized global models. Forecasts with significant
track errors were analyzed, and possible reasons for these errors were speculated upon.
Sensitivity tests using the NTDK scheme were conducted to attempt to improve typhoon
track errors. The model, data, and diagnostic methodology are described in Section 2.
Statistical analysis and sensitivity tests using the NTDK scheme for typhoon track forecasts
in TGFS are detailed in Section 3, followed by the conclusions and discussions in Section 4.

2. Model, Data, and Diagnostic Methodology
2.1. The TGFS Model

The global grid configuration of TGFS utilizes a cubed sphere C384T (~25 km grid
spacing) with Taiwan at the center of one of the six tiles, along with 64 vertical Semi-
Lagrangian layers with the top layer at 0.2 hPa. The detailed information of TGFS is
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available in Table 1 for reference. Most of the physical parameterizations used are based
on NCEP GFS v15, e.g., hybrid eddy-diffusivity mass-flux (EDMF) planetary boundary
layer (PBL) scheme [29], Noah land surface model [30,31], orographic and convective grav-
ity wave drag schemes [32–34], GFDL microphysics scheme [35–39], and rapid radiative
transfer model for general circulation models (RRTMG) shortwave and longwave radiation
scheme [40,41]. For deep and shallow convection, the model utilizes a modified version
of the new simplified Arakawa–Schubert scheme (NSAS) with scale-aware parameteriza-
tion [42,43] to update the original scheme [44–48]. The surface physics were updated based
on NCEP GFS v16, and the land use data were adjusted for higher-resolution data. The soil
types and vegetation types were identified using moderate-resolution imaging spectrora-
diometer (MODIS) data in 2010, consistent with those in the operational weather research
and forecasting model (WRF) of the CWA. In addition, the vegetation fraction data obtained
by utilizing the satellite application facility for land surface analysis (LSASAF) from the
European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) could
help improve the forecast performances of TGFS.

Table 1. Dynamical and physical options and configurations of TGFS.

Model Settings TGFS

Domain Global C384TL64 (~25 km horizontal resolution in six cubic spherical tiles with
64 vertical layers up to 0.2 hPa)

Dynamical core Finite-Volume Cubed-Sphere (FV3), nonhydrostatic [11]
Data assimilation GSI hybrid 4-dimensional ensemble-variational (4DEnVar)
Planetary boundary layer (PBL) scheme Hybrid eddy-diffusivity mass-flux (EDMF) [29]
Land surface model Noah land surface model [30,31]
Deep/shallow cumulus parameterization CWA modified new simplified Arakawa-Schubert scheme (NSAS) [42–48]
Cloud microphysics GFDL six-category cloud microphysics scheme [35–39]
Shortwave/longwave radiation Rapid radiative transfer model for general circulation models (RRTMG) [40,41]

2.2. Statistical Analysis and Experimental Design

Subsequent analysis would compare the forecasts with those of other recognized global
models, i.e., NCEP GFS and the internal family systems model (IFS). Different dynamical
and physical options, as well as model resolution, crucially affect their performance. The
horizontal and vertical resolutions of TGFS, as mentioned, are the results of decision making
based on operational resources of the CWA, which is continuously making progress. In
comparison, the horizontal resolution of NCEP GFS in the current operational version is
13 km, with 127 vertical layers and a model top raised to 0.01 hPa, while the IFS is set at
9 km horizontally with 137 vertical layers (also with a model top at 0.01 hPa).

The control experiments (hereafter called CTRL) were utilized for the official opera-
tional forecast products of TGFS, focusing on typhoon track forecast data for the first 120 h
during the periods of selected typhoon cases in 2022 and 2023. In addition, the sensitivity
tests by employing the NTDK scheme for deep convection in this study were integrated
for 120 h without data assimilation. TGFS analysis data were utilized as the ICs in those
experiments. All other physical settings remained consistent with the control experiments.

2.3. Diagnosis of Vorticity Budget and Regressed Typhoon Motion

This study employed the diagnostic method of decomposed wavenumber-1 vorticity
budget for understanding typhoon motion in model results. The equation of absolute
vorticity (ζ + f ) is given by:

∂

∂t
(ζ + f ) = −V·∇(ζ + f )− wζz − (ζ + f )

(
ux + vy

)
−

(
wxvz − wyuz

)
+

1
ρ2

(
ρx py − ρy px

)
, (1)

where ζ = vx + uy represents the relative vorticity, f represents the planetary vorticity, V is
the horizontal wind vector with (u, v) components, w is the vertical wind vector, ρ is density,
and p is pressure. The local time change rate of the absolute vorticity is on the left-hand side
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of Equation (1). The terms that represent contributions from vorticity horizontal advection,
vorticity vertical advection, vorticity stretching, vorticity tilting, and solenoidal effects are
on the right-hand side, respectively. For diagnosis, the model output was interpolated to
Cartesian coordinates with a grid resolution of 0.125◦ × 0.125◦ for latitude and longitude
and a uniform vertical resolution of 200 m. Therefore, the decomposed vorticity budget
was calculated to identify the roles of each term in Equation (1) in affecting the typhoon
motion. The axis-symmetric component (wavenumber-0) and the azimuthal wavenumber-1
component of vorticity were obtained by selecting data heights ranging from 1 to 8 km and
a 5◦ radius around the typhoon center for calculation.

By applying the regression method described in [49], the typhoon moving speed
attributed to various physical processes in Equation (1) could be quantified. The equations
for the zonal and meridional components of the typhoon moving speed, based on the
decomposed wavenumber-1 vorticity budget, are given by:

Cx = −
∑N

i=1

(
∂ζ0
∂x

)
i

(
∂ζ1
∂t

)
i

∑N
i=1

(
∂ζ0
∂x

)2

i

, (2)

and

Cy = −
∑N

i=1

(
∂ζ0
∂y

)
i

(
∂ζ1
∂t

)
i

∑N
i=1

(
∂ζ0
∂y

)2

i

, (3)

where N represents all the grid points in the specified analysis area, the bar indicates vertical
mean, and the subscripts 0 and 1 represent wavenumber-0 and wavenumber-1 components,
respectively. Therefore, the contributions from each physical process to typhoon motion
could be quantified for detailed analysis. The same diagnostic method was utilized in
related studies [16,50].

3. TGFS Typhoon Track Forecast and Cumulus Parameterization Tests
3.1. Statistical Analysis of Typhoon Track Error

In this study, we focused on all the western North Pacific typhoons in 2022 and
2023. The forecast data from four global forecast systems, i.e., TGFS, NCEP GFS, IFS,
and CWAGFS, were homogenized for statistics and comparisons. Based on the best track
data from CWA, track error was calculated for a total of 466 date–time groups (DTGs)
(Figure 1). By comparison, as two internationally recognized global forecast systems, IFS
and NCEP GFS performed excellently in typhoon track forecasts, with track error not
exceeding 340 km for 120 h forecasts. TGFS replaced CWAGFS as the new generation of
the global forecast system in Taiwan, with improved typhoon track forecasting results, but
it requires further continuous development.

The typhoon track errors from the 120 h forecasts of TGFS were further analyzed. A
total of 127 DTGs where typhoon data remained complete were selected (Figure 2), and
their mean error equaled 417.1 km at the 120th forecast hour. For the 44 among them with
track errors greater than the average, as many as 29 (red solid dots) initiated with mild
typhoon category conditions (17.2 to 32.6 m s−1), representing the 65.9% of the forecasts
with such initial conditions. This indicates that many forecasts with large 120 h track errors
began during the early stages of typhoon formation when the typhoon was just starting
to develop with relatively weak intensity. Conversely, among the 83 DTGs with track
errors below the average, only three of them initiated during the mild typhoon intensity
stage, accounting for only 3.6% of those DTGs with relatively small track errors. In fact,
the typhoon intensity and track error were found to be negatively correlated, i.e., larger
track error associated with weaker intensity [51]. In addition, [52] indicated that the model
performed better for initially strong and large typhoons.



Atmosphere 2024, 15, 1075 5 of 19Atmosphere 2024, 15, 1075 5 of 19 
 

 

 
Figure 1. Track errors for the western North Pacific typhoons during 2022–2023 in TGFS (red), NCEP 
GFS (yellow), IFS (blue), and CWAGFS (green). The number of cases at each forecast hour was 
marked in brackets on the horizontal axis. 

The typhoon track errors from the 120 h forecasts of TGFS were further analyzed. A 
total of 127 DTGs where typhoon data remained complete were selected (Figure 2), and 
their mean error equaled 417.1 km at the 120th forecast hour. For the 44 among them with 
track errors greater than the average, as many as 29 (red solid dots) initiated with mild 
typhoon category conditions (17.2 to 32.6 m s−1), representing the 65.9% of the forecasts 
with such initial conditions. This indicates that many forecasts with large 120 h track 
errors began during the early stages of typhoon formation when the typhoon was just 
starting to develop with relatively weak intensity. Conversely, among the 83 DTGs with 
track errors below the average, only three of them initiated during the mild typhoon 
intensity stage, accounting for only 3.6% of those DTGs with relatively small track errors. 
In fact, the typhoon intensity and track error were found to be negatively correlated, i.e., 
larger track error associated with weaker intensity [51]. In addition, [52] indicated that the 
model performed better for initially strong and large typhoons. 

 
Figure 2. Differences in longitude and latitude of TGFS typhoon centers relative to the best track 
(blue) at the 120th forecast hour. Red (black) represents the track error was greater (less) than the 
mean error. Solid dot represents forecasts initiated under mild typhoon category conditions (17.2 to 

Figure 1. Track errors for the western North Pacific typhoons during 2022–2023 in TGFS (red), NCEP
GFS (yellow), IFS (blue), and CWAGFS (green). The number of cases at each forecast hour was
marked in brackets on the horizontal axis.

Atmosphere 2024, 15, 1075 5 of 19 
 

 

 
Figure 1. Track errors for the western North Pacific typhoons during 2022–2023 in TGFS (red), NCEP 
GFS (yellow), IFS (blue), and CWAGFS (green). The number of cases at each forecast hour was 
marked in brackets on the horizontal axis. 

The typhoon track errors from the 120 h forecasts of TGFS were further analyzed. A 
total of 127 DTGs where typhoon data remained complete were selected (Figure 2), and 
their mean error equaled 417.1 km at the 120th forecast hour. For the 44 among them with 
track errors greater than the average, as many as 29 (red solid dots) initiated with mild 
typhoon category conditions (17.2 to 32.6 m s−1), representing the 65.9% of the forecasts 
with such initial conditions. This indicates that many forecasts with large 120 h track 
errors began during the early stages of typhoon formation when the typhoon was just 
starting to develop with relatively weak intensity. Conversely, among the 83 DTGs with 
track errors below the average, only three of them initiated during the mild typhoon 
intensity stage, accounting for only 3.6% of those DTGs with relatively small track errors. 
In fact, the typhoon intensity and track error were found to be negatively correlated, i.e., 
larger track error associated with weaker intensity [51]. In addition, [52] indicated that the 
model performed better for initially strong and large typhoons. 

 
Figure 2. Differences in longitude and latitude of TGFS typhoon centers relative to the best track 
(blue) at the 120th forecast hour. Red (black) represents the track error was greater (less) than the 
mean error. Solid dot represents forecasts initiated under mild typhoon category conditions (17.2 to 

Figure 2. Differences in longitude and latitude of TGFS typhoon centers relative to the best track (blue)
at the 120th forecast hour. Red (black) represents the track error was greater (less) than the mean error.
Solid dot represents forecasts initiated under mild typhoon category conditions (17.2 to 32.6 m s−1),
while hollow diamond represents forecasts with mature typhoon phase at the forecast initiation.
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Furthermore, we found that the typhoon tracks in those 29 DTGs, which are repre-
sented by red dots in Figure 2, tended to deviate northward or eastward. It was hypothe-
sized that when the model did not follow correctly the location and intensity changes in
the western Pacific subtropical high (WPSH), the forecast typhoon movement direction
may further deviate from reality due to the affected environmental steering flow. The
northward- or eastward-biased tracks may result from the insufficient extent of the WPSH
pattern in TGFS, which needs further analysis.

The capability of the model to represent the extent of the WPSH pattern seems to affect
the prediction of typhoon movement in the model. Comparing the forecast characteristics
of the synoptic environments from June to October in 2022 and 2023 among three global
models, i.e., TGFS, NCEP GFS, and IFS, while also considering the ECMWF Reanalysis v5
(ERA5) data as one of the best reanalysis datasets for representing atmospheric characteris-
tics, differences were revealed in their predictions. As indicated by the 500 hPa geopotential
height field from ERA5 (Figure 3), the WPSH pattern extended further westward in IFS
compared to the other two models. In contrast, the lack of extension of the WPSH was
shown in both NCEP GFS and TGFS forecasts, with the 5880 gpm contour located east
of Taiwan.
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Figure 3. The 500 hPa geopotential height (contour) and wind (arrow, m s−1) fields averaged from
June to October in 2022 and 2023 by (a) ERA5 reanalysis data, (b) TGFS, (c) NCEP GFS, and (d) IFS.
The thick black line represents 5880 gpm. The thick red line in (b–d) represents 5880 gpm by ERA5
as (a).

For TGFS, since it is constrained by lower model resolution than NCEP GFS, assimilat-
ing fewer observational data, and other factors, its forecast performances may fall short of
expectations. In the early stages of typhoon development, unmatured typhoon structures
underscored the crucial role played by steering flows. Therefore, it could be inferred that
the incorrect environmental steering guidance due to the insufficient extent of the WPSH
pattern may be the cause of the large northward or eastward track errors.
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3.2. Sensitivity Tests of NTDK Cumulus Parameterization

Past studies suggesting the Tiedtke convection scheme may have the potential to
produce an improvement in typhoon track forecasts compared to that of the Kain–Fritsch
scheme [25–27], this study attempted to use a different cumulus scheme to improve global
forecasts in TGFS. The new experiments, hereafter called NTDK, were designed by re-
placing the NSAS scheme originally used for deep convection in TGFS with the NTDK
scheme. These sensitivity tests were expected to focus on those forecasts where the typhoon
intensity was classified as mild at the initiation time and with large track errors in the later
forecast stages.

In this preliminary study, several cases were selected from the typhoon cases belonging
to the 29-DTG group as an initial assessment. A typhoon case containing more than four
DTGs (greater than one day) from the group would be chosen for analysis priority. However,
some of these forecasts were excluded if the typhoon intensity decreased to the tropical
depression category (lower than 17.2 m s−1), i.e., failing to develop effectively for an
extended period (Typhoon Haikui (2023)), or if the typhoon center made landfall within the
120 h forecast period (two DTGs for Typhoon Khanun (2023)). The remaining targets, as
shown in Table 2, included 19 DTGs for three typhoons, Typhoon Doksuri (2023), Typhoon
Khanun (2023), and Typhoon Lan (2023), during the typhoon season of July to August, and
Typhoon Bolaven (2023) in October. In the NTDK experiments, forecasts were conducted
for 120 h based on these initial times, and the results were compared with those of the
CTRL experiments.

Table 2. The 19 selected initial times belong to Typhoon Doksuri (2023), Typhoon Khanun (2023),
Typhoon Lan (2023), and Typhoon Bolaven (2023) for the NTDK experiments.

Typhoon Cases DTGs (Mmddhh)

Doksuri (2023) 072100, 072106, 072112, 072118, 072200, 072206
Khanun (2023) 072718, 072806, 072812, 072818
Lan (2023) 080800, 080900, 080906, 080912
Bolaven (2023) 100806, 100812, 100818, 100900, 100906

Figure 4 compares the forecast performance of typhoon tracks between the NTDK
and the CTRL experiments. In the early stages, there were no obvious differences between
the two experiments, which may be caused by an adjustment phase in the model since
the NTDK experiments utilized TGFS analysis data as ICs. Subsequently, the track errors
between the two experiments increased after the 48 h forecast. The modification with
the NTDK scheme for parameterizing deep convection could effectively reduce the track
errors in the mid-to-late forecast period for the four typhoons, indicating an excellent
improvement at the 120th forecast hour, with the value reduced from 750 km to around
480 km (Figure 4a). The Student’s t-test was conducted to determine whether the differences
in track errors between the CTRL and NTDK experiments were statistically significant.
The vertical error bars in Figure 4b represent the 95% confidence interval for the mean
differences between CTRL and NTDK. A difference is considered statistically significant
at the 95% confidence level if the interval does not intercept zero. The results indicated
that utilizing the NTDK scheme significantly improved the track forecasts for the four
typhoons beyond 72 h. The improved tracks in the NTDK experiments were shown in
Figure 5. Adjustments were made to the westward direction to better align with the best
tracks, except for Typhoon Bolaven (2023) in October, which displayed faster eastward
corrections, with its original track errors located within the third quadrant as depicted in
Figure 2.
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3.2.1. Summer Typhoons with Typical Wpsh Characteristic

For forecasts of the three typhoons during July to August under a synoptic environ-
ment with typical WPSH characteristics, the one showing the most significant improvement
in magnitude of track error in the NTDK experiment was chosen for further analysis. This
forecast corresponded to Typhoon Khanun (2023), initialed at 1800 UTC on 28 July 2023.
A comparison of the CTRL and NTDK tracks was depicted in Figure 6. Since this study
focused on forecasts initiated during the early stages of typhoon development, the east-
ward turn characteristic of Typhoon Khanun (2023) in its later stages was not the subject
of discussion, and it was also not included in the forecast before 1800 UTC on 2 August.
Comparing the two results to the best track, it became apparent that both forecast tracks
maintained a northwestward direction but with excessive speed. Discrepancies started
to emerge between the two tracks around the 48th to 60th forecast hours. In the CTRL
experiment, the track moved faster and shifted further north, resulting in a significant
track error. In contrast, the track in the NTDK experiment moved closer to the best track
with slower speed than that in CTRL. The result demonstrated the improvement in track
accuracy with the use of the NTDK scheme.

Further analysis was conducted on the characteristics of the environmental field be-
tween the two experiments to explore the reasons behind the improvement in typhoon
track accuracy facilitated by the NTDK scheme. The analysis of 12 h accumulated precipita-
tion distributions (Figure 7) revealed significant differences in precipitation characteristics
in model forecasts when handling deep convection with the NSAS and NTDK schemes,
respectively. The precipitation distribution in CTRL appeared broader, with relatively
smaller extreme values, whereas NTDK exhibited a discrete precipitation distribution, char-
acterized by small clusters with larger extremes. In the NTDK experiment, this feature was
particularly prominent in the tropical region between 150–180◦ E. Previous studies have
elucidated that forecasts employing the modified Tiedtke scheme tended to produce wet
biases in the low-level troposphere, reflecting a substantially deep, well-mixed layer that
aligned with the active deep convection in the intertropical convergence zone (ITCZ) [53].
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associated with stronger low pressure and easterly winds along the ITCZ in NTDK. 
Notable differences in the features of the WPSH were evident between the two 
experiments at this stage. The 5880-gpm contour extended further south in the CTRL 
experiment, covering the east to southeast side of the typhoon circulation, providing a 
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Figure 7. The 500 hPa geopotential height (red), streamline (black), and 12 h accumulated precip-
itation (shaded, mm) fields in (a) CTRL and (b) NTDK experiments at 1800 UTC 30 July 2023 (the
48th forecast hour). The thick red contour represents 5880 gpm. (c,d) As in (a,b), but for 0600 UTC,
31 July 2023 (the 60th forecast hour).
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The 500 hPa geopotential height field revealed that areas of vigorous convection were
associated with stronger low pressure and easterly winds along the ITCZ in NTDK. Notable
differences in the features of the WPSH were evident between the two experiments at this
stage. The 5880-gpm contour extended further south in the CTRL experiment, covering
the east to southeast side of the typhoon circulation, providing a strong southerly flow for
typhoon movement. In contrast, the 5880-gpm contour did not significantly extend south-
ward in the NTDK experiment, but it distributed slightly to the south on the front side of the
typhoon movement. The former resulted in weaker southerly winds, potentially hindering
the effective northward movement of the typhoon and resulting in a slower northward
speed in NTDK. Meanwhile, the latter contributed to impeding the northward movement,
thereby helping to correct the excessively fast typhoon speed. The characteristics of the
environmental field aligned with the track direction in the two experiments.

The diagnosis of vorticity budget and regressed typhoon motion was utilized to clarify
the contribution of each physical process to the two tracks. As shown in Figure 8, the
summation (SUM) term of the vorticity budget was primarily influenced by the horizontal
advection (HAVD) component, which had a significant impact on the typhoon motion. The
variations of HAVD in the two experiments were carefully analyzed. At the 48th hour,
although the directions of the two vectors were close, both heading north-northwest, the
magnitude of the NTDK one was significantly smaller. Consequently, the typhoon center
in NTDK fell behind that in CTRL and was positioned further south (Figure 6). At the
60th hour, the magnitude of the NTDK vector remained smaller, and the typhoon moved
slowly north-northwest. Meanwhile, the HAVD in CTRL exhibited a larger and more
northwestward trend, leading to an accelerated typhoon motion that reached a relatively
more northern position. A large and more northwestward component continued to appear
at the 72nd hour forecast in CTRL, causing a rapid translation velocity of the typhoon center
toward the northwest side of the NTDK one. The two tracks had been clearly diverging and
moved in parallel toward the northwest. In the NTDK experiment, the HAVD exhibited a
more westward trend in the later stages of the forecast, predicting a more accurate track
with smaller errors compared to the CTRL experiment. Other vorticity budget terms,
namely vertical advection (VAVD), stretching (STRT), and tilting (TILT), had significantly
smaller magnitudes and less impact on the typhoon motion during this forecast period.

The wavenumber-1 vorticity budget from the HAVD term was depicted with the
wavenumber-1 horizontal wind in Figure 9. Comparing the CTRL and NTDK experiments,
it was observed that the wavenumber-1 positive vorticity on the northern side of the
typhoon center was relatively smaller in the NTDK experiment. The wavenumber-1
horizontal wind, which is obtained by subtracting the symmetric circulation (wavenumber-
0), represents the environmental wind that primarily influences the typhoon motion. In
this typhoon case, it predominantly exhibited southerly (southeasterly) winds in the NTDK
(CTRL) experiment, leading to a generally northward (northwestward) movement of the
typhoon center. As depicted in Figure 9, the southerly flow in the NTDK experiment was
relatively weaker during the 48th to 60th hours of the forecast. Smaller asymmetric positive
vorticity was induced to the northern side of the typhoon center, consequently hindering
the northward moving speed. The typhoon speed in NTDK ranged approximately from 3.31
to 3.42 m s−1, whereas in contrast, the typhoon moved noticeably faster in CTRL, ranging
from 7.02 to 7.23 m s−1. In addition, Typhoon Doksuri (2023) and Typhoon Lan (2023) both
shown improved track forecasts through the NTDK experiments, and the differences in
environmental features between them and CTRL were similar to the above results.
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Figure 8. The translation velocity (m s−1) for Typhoon Khanun (2023) regressed by wavenumber-1
decomposition of vorticity budget terms averaged from 1–8 km height in CTRL (red) and NTDK
(green) experiments. SUM, TILT, STRT, VAVD, and HAVD represent summation, tilting, stretching,
vertical advection, and horizontal advection, respectively.
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October after the typhoon season. Similarly, the forecast using the NTDK scheme that 
resulted in the most significant improvement in magnitude of track error was selected. 
The initial time for this forecast was 0000 UTC on 9 October 2023. Comparing the tracks 
of CTRL and NTDK experiments (Figure 10), both shared the common shortcomings of 
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Figure 9. (a) Wavenumber-1 HAVD of vorticity (s−2, ×10−10) and horizontal wind (m s−1) averaged
over 1–8 km height at 1800 UTC, 30 July 2023 (the 48th forecast hour) for CTRL. The light blue
arrow represents the translation velocity (m s−1) of Typhoon Khanun (2023) due to the HAVD term
as in Figure 8. (b) As in (a), but for NTDK. (c,d) As in (a,b), but for 0600 UTC, 31 July 2023 (the
60th forecast hour).
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3.2.2. Typhoon Bolaven (2023) in October

This study also conducted an analysis of Typhoon Bolaven (2023), which occurred
in October after the typhoon season. Similarly, the forecast using the NTDK scheme that
resulted in the most significant improvement in magnitude of track error was selected.
The initial time for this forecast was 0000 UTC on 9 October 2023. Comparing the tracks
of CTRL and NTDK experiments (Figure 10), both shared the common shortcomings
of underestimating the typhoon moving speed and exhibiting a westward bias in the
typhoon track. Fortunately, the sensitivity tests using the NTDK scheme resulted in a
typhoon moving speed closer to observations and a relatively minor westward bias in the
track, indicating a significant overall improvement. Typhoon Bolaven (2023) moved in
a northwesterly direction from the southeast initially. Throughout the entire period, the
typhoon center of NTDK consistently remained to the east of CTRL. The two tracks began
to diverge noticeably around the 54th forecast hour. The moving direction should begin to
turn northeastward after 1200 UTC on 11 October (the 60th forecast hour). Although the
timing of the turn was similar in CTRL and NTDK, different moving directions in the early
stage led to variations in the location and environment of the typhoon centers when they
turned. Additionally, CTRL showed a significant decrease in speed after the 72nd forecast
hour, resulting in a notable increase in track errors in the later forecast period.
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Figure 10. Model tracks of total 120 h in CTRL (red) and NTDK (green) experiments and the best
track of CWA (black: during the 120 h forecasts; grey: out of the forecast period) from 0000 UTC, 9
October 2023 of Typhoon Bolaven (2023). Dots were marked every six hours.

Examining the synoptic environmental fields during the divergence period of the
CTRL and NTDK tracks (Figure 11), it was noted that the configuration of the WPSH
differed from the typical characteristics of the typhoon season due to the timing of Typhoon
Bolaven (2023). According to Figure 11, both the typhoon centers were positioned on
the western side of the WPSH, which provided a southerly component to facilitate the
northward movement. Particularly noteworthy was the relatively rapid eastward retreat
of the WPSH in the NTDK experiment, especially in its configuration to the north of the
typhoon center. Comparing the characteristics of the 5880-gpm contour at the 54th forecast
hour, it was observed that the WPSH extended to the front side of the typhoon movement
in CTRL, hindering the typhoon’s northward movement. In contrast, the distribution of
the 5880-gpm contour separated into two parts to the north of the typhoon center in NTDK,
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resulting in less hindrance to the northward movement. This suggested faster and more
realistic typhoon speed in the later forecast stage in NTDK compared to CTRL. Subsequent
forecasts indicated that the typhoon circulation would soon merge with a trough. The
center, driven by both the WPSH and the trough, would lead to a change in direction
towards the northeast.
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Figure 11. The 500 hPa geopotential height (red) and streamline (black) fields in (a) CTRL
and (b) NTDK experiments at 000 UTC, 11 October 2023 (the 48th forecast hour). The thick red con-
tour represents 5880 gpm. (c,d) As in (a,b), but for 0600 UTC, 11 October 2023 (the 54th forecast hour).

The typhoon translation velocity regressed by wavenumber-1 decomposition of vor-
ticity budget due to different physical processes was diagnosed (Figure 12). The HAVD
term remained the dominant component governing the SUM term. The diagnostic results
revealed that both tracks generally moved in a northwesterly direction before the first
60 forecast hours. The vectors in CTRL consistently exhibited a more westward trend com-
pared to those in NTDK, which may reflect the characteristic of track that was excessively
westward-biased as presented in Figure 10. In contrast, the HAVD term in NTDK exhibited
more northward components, resulting in a diminished westward bias and reduced track
errors. As mentioned earlier, the wavenumber-1 horizontal wind primarily influenced the
typhoon motion. For detailed analysis, Figure 13 indicated that compared to CTRL, the dis-
tribution of wavenumber-1 positive and negative vorticity tended to be more north-south
oriented due to more northerly environmental winds in NTDK, especially evident at the
54th forecast hour when the two tracks diverged. This enabled the typhoon to move more
towards the north-northwest direction, with the centers closer to reality. In addition, there
was also a significant difference in typhoon moving speed between the two experiments.
The speed was faster in NTDK during the forecast period from 48 to 54 h and ranged
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from approximately 7.68 to 7.77 m s−1, compared to a slower speed in CTRL from 5.72 to
6.83 m s−1.
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Figure 13. (a) Wavenumber-1 HAVD of vorticity (s−2, ×10−10) and horizontal wind (m s−1) averaged
over 1–8-km height at 0000 UTC, 11 October 2023 (the 48th forecast hour) for CTRL. The light blue
arrow represents the translation velocity (m s−1) of Typhoon Bolaven (2023) due to the HAVD term
as in Figure 12. (b) As in (a), but for NTDK. (c,d) As in (a,b), but for 0600 UTC, 11 October 2023 (the
54th forecast hour).



Atmosphere 2024, 15, 1075 16 of 19

4. Conclusions and Discussion

This study diagnosed the performance of TGFS for typhoon track forecasts in the
northwest Pacific in 2022 and 2023. As the new generation global model, TGFS officially
replaced CWAGFS and commenced operational use in 2023. It exhibited advancements in
both accuracy and efficiency compared to CWAGFS in synoptic environmental forecasts.
The focus of this study lay in evaluating TGFS’s capability in forecasting typhoon tracks
and the accompanying synoptic environment during those impact periods. Statistics
indicated that TGFS outperformed CWAGFS in the prediction accuracy of the typhoon track.
However, further improvements are necessary to match the performance of internationally
recognized global forecasting systems such as IFS and NCEP GFS.

The characteristics of typhoons with significant 120 h track errors by TGFS were
investigated. Our analysis revealed that most of these forecasts originated during the
early stages of typhoon development, i.e., mild typhoon intensity, and the track deviations
predominantly lay to the north or east of the correct track. TGFS may exhibit a poor
grasp of the environmental features at the beginning of typhoon development, leading to
error accumulation over forecast time. The underestimated extent of the WPSH, possibly
stemming from inherent constraints within the TGFS, such as lower model resolution
or restricted assimilation of observational data, may have a direct influence on the early
stages of typhoon movement. Therefore, the lack of accurate environmental steering flow
guidance for typhoons may be a contributing factor to the northward or eastward bias in
model tracks.

The NTDK cumulus parameterization was employed for sensitivity tests on the ty-
phoon forecasts (NTDK experiments), revealing that using the NTDK scheme could yield
more accurate track predictions compared to the original NSAS scheme (CTRL experi-
ments). The analyzed typhoons could be categorized into two types based on their track
characteristics. The first type occurred during the typhoon season of July to August with
typical environmental characteristics. These typhoons typically moved from southeast to
northwest, with an eastward and northward track bias in CTRL forecasts. For Typhoon
Khanun (2023), the divergence between CTRL and NTDK tracks occurred during 48 to
60 forecast hours due to a faster northward progression in CTRL. The implementation of
the NTDK scheme tended to demonstrate larger extremes but more discrete precipitation
distribution in the ITCZ. Stronger low pressure and easterly winds were revealed in con-
vective areas; thus, the 5880-gpm contour at 500 hPa did not extend southward as in CTRL
but exhibited a more southerly distribution ahead of the typhoon movement direction.
The relatively weaker wavenumber-1 southerly winds resulted in smaller wavenumber-1
positive vorticity on the northern side of the typhoon center and consequently affecting the
typhoon’s moving speed. These might hinder the effective northward movement of the
typhoon, thus correcting the initially excessive typhoon speed.

On the other hand, Typhoon Bolaven (2023) belonged to another type occurring after
the typhoon season, lacking the typical configuration features of the WPSH. The CTRL
experiment exhibited a more pronounced slow-moving and westward-biased track. The
typhoon center in NTDK consistently positioned further east prior to the divergence of the
two tracks. As the tracks diverged, the 5880-gpm contour at 500 hPa in CTRL extended to
the north of the typhoon center, impeding its northward movement. This could explain
the notable deceleration of the typhoon motion and the larger track errors in the later
stage, whereas it was less evident in the NTDK experiment. The diagnosis of vorticity
budget corroborated the findings, indicating more northward-directed HAVD components
in NTDK compared to CTRL. The wavenumber-1 horizontal vorticity leaned more towards
a north-south distribution, encouraging the typhoon to move north-northwestward. Subse-
quently, the steering of the WPSH and the trough influenced the typhoon movement and
caused it to veer northeastward.

This study utilized the NTDK cumulus parameterization scheme to adjust the large-
scale environmental fields and reduce the typhoon track errors for forecasts initialized with
mild typhoons. The inclusion of the NTDK scheme might improve the forecasting skill of
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TGFS. However, since only several typhoon cases had been selected, further examination
with the use of larger datasets is needed. In addition, the inherent issue of the TGFS
underestimating the extent of the WPSH remained unresolved. The TGFS is still under
development, and efforts are being made not only to optimize the physical processes of
the model but also to enhance both horizontal and vertical resolution, aiming to improve
the forecast performance in the future. On the other hand, despite the lack of enough
observational data in the development process of typhoons in the Pacific, it may be possible
in the future to use vortex initialization [54] to improve background vortex fields, which
may help in obtaining more detailed typhoon information.
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