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FORECASTS BY OPERATIONAL
NWP MODELS
A Quarter Century and Beyond
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Tropical cyclone track forecasts by operational numerical weather prediction models
have greatly improved over the last quarter century, but there still exist challenges
such as forecast busts and the enhanced use of ensembles.
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atmospheric circulation models for use in weather,
climate, water, and environmental prediction on all
time scales and diagnosing and resolving shortcomings. The WGNE has promoted various international
research projects including the Drag project (Sandu
et al. 2016), the Grey Zone project (Tomassini et al.
2017), and intercomparison of precipitation forecasts
by operational global models (Ebert et al. 2003).
At the eighth session of the WGNE in 1992, the
Japan Meteorological Agency (JMA) presented
verification results of tropical cyclone (TC) track
forecasts of operational global models by three
numerical weather prediction (NWP) centers: JMA,
the European Centre for Medium-Range Weather
Forecasts (ECMWF), and the Met Office (UKMO;
Muroi and Sato 1994). The WGNE recognized
the importance of such a model validation study,
especially for understanding the performance of
the global models in the tropics and subtropics, and
therefore encouraged the continuation of the verification. Since then, JMA has been reporting the latest
verification results at every WGNE session (WCRP
1993; Tsuyuki et al. 2002; Ishida 2016).
NOVEMBER 2017

| 2337

Unauthenticated | Downloaded 01/09/23 08:51 AM UTC

The first verification was for TCs generated over
the western North Pacific (WNP) basin in 1991
with the above three NWP global models. As the
project has continued, the verification regions have
been extended to cover all TC basins over the world,
and currently, 12 global models are participating in
the intercomparison. The verification components
include the annual-average TC position errors, the
systematic biases in the north–south and east–west as

well as the along- and cross-track directions, and the
systematic errors common to all/most global models
(e.g., forecast busts), which are difficult to identify
by verification done at each center. In addition, the
TC intensity forecasts and TC position errors by
regional models have also come to be verified under
the project.
As the WGNE marks 25 years since the inauguration of this intercomparison, it is an opportune time

Table 1. NWP centers participating in the WGNE intercomparison, years of participation, resolutions of
the global models (T, TL, and L indicate the spectral triangular truncation, the linear grid, and vertical
layers, respectively), horizontal resolutions of the data provided (longitude × latitude), and web links or
documents on the configuration of the system, if available.
NWP
center
JMA

Participation
year
1991

Global model
resolution (years)

Web links on the system
configuration (if available)

Data resolution (years)

T106L21 (1991–95)

2.5° × 2.5° (1991–95)

T213L30 (1996–2000)

1.25° × 1.25° (1996–2007)

T213L40 (2001–04)

0.25° × 0.25° (2008/09)

TL319L40 (2005–07)

0.5° × 0.5° (2010)

TL959L60 (2008–13)

0.25° × 0.25° (2011–14)

www.jma.go.jp/jma/en/Activities
/nwp.html

TL959L100 (2014)
ECMWF

1991

T213L31 (1991–97)

2.5° × 2.5° (1991–97)

TL319L31 (1998)

1.0° × 1.0° (1998)

TL319L50 (1999)

0.5° × 0.5° (1999–2005)

TL319L60 (2000)

0.25° × 0.25° (2006–10)

TL511L60 (2001–05)

0.125° × 0.125° (2011–14)

www.ecmwf.int/en/forecasts
/documentation-and-support
/changes-ecmwf-model

TL799L91 (2006–09)
TL1279L91 (2010–13)
TL1279L137 (2013/14)
UKMO

1991

90kmL19 (1991–97)

2.5° × 2.5° (1991–96)

60kmL30 (1998–2002)

1.25° × 0.83° (1997)

60kmL38 (2003–05)

1.25° × 1.25° (1998–2001)

40kmL50 (2006–09)

0.83° × 0.56° (2002–05)

25kmL70 (2010–14)

0.5625° × 0.375° (2006–09)

17kmL70 (2014)

0.35° × 0.23° (2010–14)

Walters et al. (2017)

0.234° × 0.156° (2014)
CMC

1994

T119L21 (1994–96)
T199L21 (1997/98)
0.9 × 0.9L28 (1999–2006)

1.0° × 1.0° (1994–2014)

http://collaboration.cmc.ec.gc.ca
/cmc/cmoi/product_guide/docs
/changes_e.html

0.45 × 0.3L58 (2007–09)
0.45 × 0.3L80 (2009–12)
0.35 × 0.23L80 (2013/14)
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to review the achievements of the project and how
much the accuracy of TC track forecasts by the global
models has improved in each TC basin and over
the globe. The history of the project and methodology of the verification are presented in the second
section. The third section describes the verification
results, including the time series of annual average
position errors, the impact of consensus forecasts,
and the scatter diagrams of intensity forecasts. The
fourth section discusses some challenges in TC track
forecasting by referring to reports and recommendations at the Eighth International Workshop on
Tropical Cyclones (IWTC-8) in 2014, and the fifth

section summarizes the overall achievements and
future directions of the project.
HISTORY AND METHODOLOGY. Participating
numerical weather prediction centers. The list of NWP
centers participating in the intercomparison is shown
in Table 1. Table 1 also shows years of participation,
resolutions of the global models, and horizontal
resolutions of the data provided from each NWP
center for the intercomparison. JMA, ECMWF, and
UKMO are the original three NWP centers. The
Canadian Meteorological Centre (CMC) joined in
1994, the Deutscher Wetterdienst (DWD) in 2000,

Table 1. Continued
NWP
center
DWD

NCEP

Participation
year
2000

2003

Global model
resolution (years)

Data resolution (years)

Web links on the system
configuration (if available)

60kmL31 (2000–03)

0.75° × 0.75° (2000–03)

40kmL40 (2004–09)

0.5° × 0.5° (2004/05)

30kmL60 (2010/11)

0.36° × 0.36° (2006–10)

20kmL60 (2012–14)

0.25° × 0.25° (2011–14)

www.dwd.de/DE/fachnutzer
/forschung_lehre/numerische
_wettervorhersage/downloads
/_functions/DownloadBox
/gme_users_guide_en
_Download_Box.html

T254L64 (2003–05)

1.0° × 1.0° (2003–14)

Zhou et al. (2017)

TL239L29 (2003–05)

0.75° × 0.75° (2003–09)

TL239L33 (2005–09)

1.25° × 0.83° (2010/11)

www.bom.gov.au/australia
/charts/bulletins/apob93.pdf

80kmL50 (2010/11)

0.562° × 0.375° (2012–14)

T382L64 (2005–10)
T574L64 (2010–14)
BoM

2003

40kmL70 (2012–14)
CMA

FRA

2004

2004

T213L31 (2004, 2006)

Not GPV data (2004, 2006)

T213L31 (2010–14)

1.25° × 1.25° (2010–14)

TL639L60 (2014)

0.28° × 0.28° (2014)

TL358C2.4L41 (2004–06)

0.5° × 0.5° (2004–14)

www.umr-cnrm.fr/IMG/pdf
/nwpreport_2016.pdf

T239L30 (2006–09)

1.0° × 1.0° (2006–12)

Hogan et al. (2014)

T239L42 (2009/10)

0.5° × 0.5° (2013/14)

TL358C2.4L46 (2007)

—

TL538C2.4L60 (2008–10)
TL798C2.4L70 (2010–14)
NRL

2006

T319L42 (2010–12)
T359L50 (2013/14)
CPTEC

2006

T126L28 (2006)

0.9375° × 0.9375° (2006)

KMA

2010

T426L40 (2010)

1.25° × 1.25° (2010/11)

40kmL50 (2010/11)

0.35° × 0.23° (2012, 2014)

—
http://web.kma.go.kr/eng/biz
/forecast_02.jsp

25kmL70 (2011/12, 2014)
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the National Centers for Environmental Prediction
(NCEP) and the Bureau of Meteorology (BoM) of
Australia in 2003, the Météo-France (FRA) and the
China Meteorological Administration (CMA) in
2004, the U.S. Naval Research Laboratory and Centro
de Previsão de Tempo e Estudos Climáticos (CPTEC)
in 2006, and the Korea Meteorological Administration (KMA) in 2010. Note that CPTEC participated
in 2006 only, that KMA did not participate in 2013,
and that CMA provided TC tracking data instead of
forecast fields in 2004 and 2006. As of 2016, 12 global
models participated in the intercomparison.
Verif ying TC basins. The intercomparison was
launched in 1991 with verification for TCs in the
WNP basin. Verification for TCs in the North
Atlantic (NAT) basin started in 1999, the eastern
North Pacific (ENP) basin in 2000, and the central
Pacific (CPC) and the northern Indian Ocean (NIO)
basins in 2002. In 2004, the Australian (AUR) and the
southern Indian Ocean (SIO) basins were also added
to the verification basins, and thereby, verifying TC
basins came to cover all major TC basins over the
globe. As of 2016, TCs are verified at each TC basin
shown in Fig. 1. Note that TCs in ENP and CPC are
verified together as the number of TCs in the CPC
basin is small.
For verification, we use best-track position and
intensity reported by each Regional Specialized
Meteorological Center (RSMC) and Tropical Cyclone
Warning Center (TCWC).
Tracking method. Each participating NWP center
provides gridded dataset of the 6-hourly mean sea
level pressure field. The horizontal resolution of
the gridded dataset differs from one NWP center to
another (see Table 1 for more details). A minimum

pressure location in the mean sea level pressure
field is defined as the central position of a TC. A
surface-fitting technique is employed so that the
central position is not necessarily on a grid point
of the mean sea level pressure fields provided. The
initial TC central position is searched and defined
within a 500-km radius from an analyzed central
position of the TC, which is based on the best-track
data. The TC central position at time T + 6 h is
searched and defined within a 500-km radius from
the initial TC central position. After this, the TC
central position is searched and defined within a
500-km radius from the point that is determined by
linearly extrapolating the last two positions. The TC
tracking ends when appropriate minimum pressure
locations do not exist.
Verifying TCs. Only TCs that had maximum sustained
winds of 34 knots (1 kt = 0.51 m s−1) or stronger
during their lifetimes are verified in this project.
For determining the verification time, even if the
intensity of a TC was classified in the best track as
a “tropical depression” (a maximum sustained wind
is below 34 kt) at the initial time of a forecast, both
the initial time and later forecasts were included in
the verification. Also, even if a TC declined in intensity to tropical depression status during the forecast
period, the forecast was verified as long as the TC
was analyzed as a tropical depression. Forecast times
when the verifying TC still exists in the forecast but
not in reality, or vice versa, are not included in the
verification.
In the Northern Hemisphere, the TC season
starts from January and ends in December. So the
verification in YYYY in the WNP, NAT, ENP, and
NIO basins is conducted for TCs generated from
1 January to 31 December YYYY. In the Southern

Fig. 1. TC basins used in the WGNE intercomparison.
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Hemisphere, on the other hand, the TC season starts
from September and ends in August. For example, the
TC season in YYYY is from 1 September YYYY to
31 August YYYY. Thus, the verification in YYYY in
the AUR and SIO basins is conducted for TCs generated during this period.

VERIFICATION RESULTS. Time series of position
errors. TC position errors are evaluated up to 5 days
at each verifying TC basin every year. Figure 2 shows
the time series of the annual-average TC position
errors of 3-day forecasts at each TC basin. Note that
the number of verification samples varies among

Fig. 2. Time series of annual-average TC position errors (km) of 3-day forecasts at each verifying TC basin.
AMERICAN METEOROLOGICAL SOCIETY
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the NWP centers as the ability to maintain TCs in
the models differs from one NWP center to another
(Fig. 3). As the verification samples are not homogenous, there is a limitation of comparing one system
to another for any particular year or basin. Although

it is difficult to see the reduction in the TC position
errors where the annual number of TCs is small, such
as in the NIO basin, we can see a decreasing trend in
the errors in other basins. Such a decreasing trend is
also seen in other forecast times (not shown).

Fig. 3. The number of verification samples corresponding to the verification in Fig. 2.
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The WNP basin is the original verification area in
the intercomparison and where the annual-average
number of TCs is the largest among the basins over
the world. According to the verification results of
the ECMWF global NWP system, for example, the
3-yr running mean of the position errors of 5-day
forecasts in 2014 (385 km, the average of 2012–14) falls
between those of the 2- and 3-day forecasts in 1993
(331 and 435 km, the average of 1991–93), indicating
that we have succeeded in obtaining approximately a
2.5-day lead-time improvement of deterministic TC
track forecasts over the 22 years. The annual average
reduction in the errors of 1–5-day forecasts based on
a linear regression analysis from 1991 to 2014 are 6.4,
10.0, 13.5, 15.9, and 17.5 km yr−1, respectively. These
correspond to the annual improvement rates of 2.8%,
2.7%, 2.6%, 2.4%, and 2.1% yr−1, respectively. These
numbers are based on the average of the verification results from the original three NWP centers:
ECMWF, JMA, and UKMO.
The uncertainty of the average position errors
differs among the basins. For example, a significant
test for 3-day forecasts with a confidence level of 95%
shows that the error bar averaged among all participating NWP models from 2012 to 2014 in the WNP,
NAT, ENP, NIO, AUR, and SIO is ±40, ±78, ±55, ±125,
±70, and ±61 km, respectively. The error bars in TC
basins where the annual TC number is small, such as
the NIO basin, are relatively large.
Verification in the globe and hemispheres. As has been
mentioned in the “Verifying TC basins” section, the
verifying TC basins came to cover all TC basins over
the world from 2004. Figures 4a–c show the time series
of the annual position errors of 3-day forecasts for all
TCs over the globe, the Northern and Southern Hemispheres, respectively. Only NWP centers that were in
the project as of 2004 are included in the verification.
In general, the decreasing trend in the errors is seen
not only in the global and hemisphere perspectives but
also in each basin. For the verification in the whole
globe, for example, the annual-average reduction in the
errors of 1–5-day forecasts based on a linear regression
analysis from 2004 to 2014 are 6.1, 8.8, 11.6, 13.9, and
14.5 km yr−1, respectively. These correspond to the
annual improvement rates of 4.2%, 3.8%, 3.6%, 3.2%,
and 2.6% yr−1, respectively. These numbers are based on
the average of the verification results from three NWP
centers with relatively small position errors in recent
years: ECMWF, NCEP, and UKMO. It would be worth
mentioning that the superiority of the ECMWF forecasts is more notably seen in the Southern Hemisphere
than in the Northern Hemisphere.
AMERICAN METEOROLOGICAL SOCIETY

Fig . 4. Time series of annual-average TC position
errors (km) of 3-day forecasts over (a) the globe,
(b) the Northern Hemisphere, and (c) the Southern
Hemisphere.

Consensus forecasts. A mean of TC forecast positions
from multiple deterministic NWP models, which is
known as a consensus forecast (e.g., Goerss 2000), is
widely used for operational track forecasting. Figure 5
shows the TC position errors of consensus forecasts
NOVEMBER 2017
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(all models weighted equally) at each verifying TC
basin. To secure a large-enough sample size, the
verification period is 3 years from 2012 to 2014.

As inclusion of NWP models with relatively large
position errors would deteriorate the performance
of the consensus forecasts (e.g., Elsberry and Carr

Fig. 5. TC position errors (km; left vertical axis) up to 5 days by the ECMWF, NCEP, and UKMO and the consensus of the three centers at each verifying TC basin (lines). The verification period is 3 years, from 2012 to
2014. The black dots show the number of samples (right vertical axis).
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2000), the consensus is constructed from the three
NWP centers with the smallest position errors in
recent years (ECMWF, NCEP, and UKMO). For a
fair comparison, the number of verification samples
are set to be the same among the three NWP centers,
which means that only forecast times when TCs are
tracked by all three NWP centers are verified (i.e.,
homogenous verification). In general, the consensus
forecasts have smaller position errors with respect
to the track forecasts of the best single model, except
for the SIO basin. For the WNP basin, for example,
the improvement rates of the consensus forecasts
with respect to the best single model-based forecasts
are 6.0%, 9.9%, 14.2%, 17.3%, and 17.9% at 1–5 days,
respectively, and these numbers tend to be larger with
increasing forecast times. Though the improvement
rates are not as large as those in the WNP basin, the
benefit of the consensus forecasts are clearly seen in
the NAT, ENP, NIO, and AUR basins, respectively.
For the SIO basin, on the other hand, we cannot see
the reduction in the errors by the consensus forecasts.
This would be due to the fact that the difference of the
position errors of the best three NWP centers is large
rather than comparable with each other and thus
limits the impact of a consensus approach (Sampson
et al. 2007).
Intensity forecasts. While the accuracy of TC track
forecasts has steadily improved in general, as have
been seen in Figs. 2 and 4, forecasting TC intensity
accuracy is still a great challenge for both TC research
and forecasting communities (e.g., Rappaport et al.
2009; Ito 2016). According to recent studies, however,

some progress in intensity forecasts of TCs has been
reported. For example, DeMaria et al. (2014) demonstrated that the best available intensity forecast guidance [e.g., Statistical Hurricane Intensity Prediction
Scheme (SHIPS)] has shown considerable advances
over the last 24 years. Other examples include the
development of regional NWP systems using highresolution regional models, such as the Coupled
Ocean–Atmosphere Mesoscale Prediction System for
Tropical Cyclones (COAMPS-TC; Doyle et al. 2014)
and the Hurricane Weather Research and Forecasting
Model (HWRF; Gall et al. 2013), and the assimilation
of aircraft observations such as airborne Doppler
radar in and around TCs (e.g., Zhang and Weng 2015).
As the resolutions of the global NWP models
increase, the ability for them to forecast strong TCs
is improving. Thus, we started verifying TC intensity
forecasts by the operational global NWP systems under
the project in addition to the track forecasts. Figure 6
are scatterplots verifying 3-day forecasts of minimum
sea level pressure of TCs generated from 2012 to 2014
in the WNP and NAT basins. Note that the horizontal
resolutions of the mean sea level pressure fields provided for the intercomparison are different from one
NWP center to another. It would be safe to say that, in
general, all the NWP models tend to underestimate the
strength of TC intensity when the minimum sea level
pressure of TCs in reality is approximately 940 hPa or
below. Meanwhile, forecast cases where the forecast
intensity is stronger than the best-track analysis are
more frequently seen in ECMWF, JMA, and NRL than
others. It would be worth mentioning that the underestimate of the strength of strong TCs is seen even at

Fig. 6. Scatterplots of 3-day TC intensity forecasts at the WNP (closed circle) and NAT (open circle) basins,
respectively. The verification period is 3 years, from 2012 to 2014. The x and y axes show analyzed (i.e., best
track) and forecast minimum sea level pressure (hPa), respectively.
AMERICAN METEOROLOGICAL SOCIETY
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Fig. 7. Example of a 5-day TC track forecast (up to
3 days for FRA) for (a) Typhoon Halong initiated
at 1200 UTC 30 Jul 2014, (b) Hurricane Joaquin
initiated at 1200 UTC 29 Sep 2015, and (c) Tropical
Cyclone Winston initiated at 1200 UTC 16 Feb 2016.
The black line shows the best track, and the colored
lines show the forecasts by the global models.

the initial time of the forecasts, which implies that the
resolution of the models used in the data assimilation
and forecast needs to be further enhanced along with
development of advanced data assimilation techniques
and the increase in the quantity and quality of observational data in and around TCs.
FRA, JMA, KMA, and NCEP also provide the
forecast fields of their regional models: Aire Limitée
Adaptation Dynamique Développement International
(ALADIN), Meso-Scale Model (MSM), Regional Data
Assimilation and Prediction System (RDAPS), and
HWRF, respectively. In general, the accuracy of the
track forecasts are comparable to that of their global
models though the performance seems to be sensitive
to a choice of the lateral boundary conditions, but for
the intensity forecasts, the root-mean-square errors of
the minimum sea level pressure forecasts tend to be
smaller in the regional models (not shown).
2346 |

DISCUSSION. In this section, we will discuss
three future possible directions on the verification of TC track forecasts based on the reports
and recommendations at the IWTC-8 in 2014.
One of the recommendations at the IWTC-8
addressed to both operational centers and the
research community is to focus on model performance for the most difficult forecast cases
and explore the predictability of these events.
Figures 7a–c show forecast cases where all/most
models have large errors simultaneously [as the
data for the 2015 and 2016 intercomparison have yet
to be exchanged, TC tracking data for Hurricane
Joaquin and Tropical Cyclone Winston are created
using The Observing System Research and Predictability Experiment (THORPEX) Interactive Grand
Global Ensemble (TIGGE; Bougeault et al. 2010;
Swinbank et al. 2016)]. Figure 7a is for Typhoon
Halong initiated at 1200 UTC 30 July 2014, where
all the global NWP models failed in the track forecast and showed a similar poleward bias except for
UKMO. Figure 7b is for Hurricane Joaquin initiated
at 1200 UTC 29 September 2015, where all the models
failed to predict the northeastward movement of
the hurricane and showed a possibility of landfall
over the East Coast of the United States. Figure 7c
is a case of South Pacific Tropical Cyclone Winston

NOVEMBER 2017
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initiated at 1200 UTC 16 February 2016. Most of the the improvement in the track forecasts to develop
models failed to predict the westward movement and evaluate the impact-based, TC-related warnings.
of the tropical cyclone and predicted recurvature
This might be beyond the scope of the WGNE
toward the southeast. Although the annual-average verification study, but the enhanced use of ensemble
forecast errors have been decreasing, as have been forecasts is of great importance in TC track
seen in Figs. 2 and 4, we still have forecast bust cases forecasting. As reported at the IWTC-8 (Elliott and
like Figs. 7a–c. Clearly, the cause of such a large error Yamaguchi 2014), issuance of TC track forecasts up
should be explored, and the NWP system should to 5 days is a standard at the RSMCs and TCWCs
be improved accordingly. Figure 8 shows a box plot over the world (Table 2). When issuing the track
of position errors of 3-day forecasts for TCs over forecasts, all the RSMCs and TCWCs are found
the globe from 2012 to 2014 and the mean error of to have a track forecast uncertainty display with a
each NWP center. The error distributions reveal format of a cone or circle. However, the use of the
that the values of the mean error are larger than spread of the multiple dynamical model guidance or
the median value for all NWP centers, and the tails from ensembles is limited, and the size of the uncer(with large errors) extend very far from the mean or tainty cone or circle is determined based on the track
the median. Such a distribution implies that, while forecast errors averaged over the previous years in
the mean error is decreasing, there
still exist many cases in which the
errors are extremely large. In other
words, there is still a potential to
further reduce the annual-average
TC position errors by reducing the
number of such large-error cases.
More information can be found
online (http://dx.doi.org/10.1175
/BAMS-D-16-0133.2).
Second, exploring and assessing
the impact-based, TC-related warnings rather than simply verifying the
errors of TC positions will become
more important. Of course, the fact
that the accuracy of TC track forecasts has been improving is more
than welcome, but the disasters
Fig. 8. Box-and-whisker plots of TC position errors of 3-day forecasts
associated with TCs result from
of each NWP center. The verification period is 3 years, from 2012 to
damaging winds, heavy rainfall,
2014, and the verifying TCs include all TCs over the globe. The red
storm surge, and so on. All of these
point is the mean value; the box indicates the 25th and 75th percenimpacts depend strongly on the
tiles of the error distribution. The top and bottom whiskers indicate
track, so we can take advantage of
the largest and smallest values, respectively.
Table 2. Dates that various RSMCs or TCWCs extended their TC track forecasts from 3 to 5 days (third
column) and their track forecast uncertainty display methodology [ensemble prediction system (EPS)].
Center

Ocean basin

Date

RSMC Miami

Atlantic
Eastern Pacific

2003

60%–70% cone of 5-yr errors

RSMC Honolulu

Central Pacific

2003

60%–70% cone of 5-yr errors

RSMC Tokyo

Western Pacific

2009

70% circles for the past errors plus EPS spread

RSMC Réunion

Southern Indian

2010

75% cone for 2-yr errors plus EPS spread

Australia TCWCs

Southern Indian
Southern Pacific

2013

70% circles for 5-yr errors plus EPS spread

RSMC New Delhi

Northern Indian

2013

60% circles for 5-yr errors

AMERICAN METEOROLOGICAL SOCIETY
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many cases. In the NIO basin, for example, a cone
of uncertainty based on the track forecast errors
averaged over the past 5 years would result in 60%
of the observed tracks being within the cone, but the
suitability of such a cone varies with different track
types (Elliott and Yamaguchi 2014). For straight
tracks, 90% of the cyclonic disturbances would lie
within the cone, but only 39% of the recurving or
looping tracks would be within the cone. Thus, a
situation-dependent track forecast confidence display would be clearly more appropriate (e.g., Goerss
2007; Yamaguchi et al. 2009; DeMaria et al. 2013).
Since the track forecast is the most important factor
in preparing warnings that accurately communicate
the threat to the community, assessing the TC track
forecast uncertainty as well as proposing more effective methods of communicating the uncertainty to
the public would be of great importance and would
be one of the challenges to be explored in this WGNE
intercomparison study.
SUMMARY. TC track forecasts by operational NWP
models have been evaluated in a consistent manner
since 1991 under the JSC–CAS WGNE. This quartercentury-long effort is invaluable to evaluate the progress of the operational global NWP models as well as
their performance over the tropics and subtropics.
Moreover, this intercomparison project has helped
foster the improvement in the models through identifying shortcomings in the TC track forecasts such
as systematic biases and forecast bust cases.
This WGNE intercomparison clearly shows that
TC track forecasts by operational global models have
significantly improved over the last quarter century.
This improvement can be seen in the verification not
only in both hemispheres and the globe but also in
each basin. In the WNP basin, for example, we have
succeeded in obtaining an approximately 2.5-day
lead-time improvement over the last 22 years from
1993 to 2014. In addition, given skillful track guidance from multiple NWP centers, the combination of
these tracks (i.e., a consensus track) is generally more
skillful over the season than any of the individual
NWP center tracks. In contrast to track forecasts,
challenges still remain in forecasting TC intensity by
global models, though resolution in some of the models has increased to the point that they are capable of
representing very strong TCs.
For further improvement in track forecasting,
diagnosing and resolving systematic biases seen in
most forecast models and reduction of forecast bust
cases will be important, as recommended at the
WMO IWTC-8. From an operational forecasting
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perspective, the use of ensemble techniques to provide
flow-dependent uncertainty information associated
with TC tracks should be enhanced as the need for
such situation-dependent track forecast information
continues to increase. In addition, we should focus
more on exploring and assessing the impact-based,
TC-related warnings and make the most use of the
improved track forecasts for mitigating and preventing disasters, including damaging winds, heavy
rainfall, and storm surge.
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