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概要

• 近年の台風予測誤差の改善


• 渦としての台風


• 初期値かモデルか


• 波浪・海洋の重要性
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気象庁

0

100

200

300

400

500

600

1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018 年

予報誤差 km

24時間予報

48時間予報

72時間予報
84時間予報

120時間予報



2030年の科学技術を見据えた 
気象業務のあり方（提言）

2030 年には、数値予報技術の大幅な高度化により、  
台風の3日先の進路予測誤差を 100km 程度 
(現在の1日先の予測における誤差程度)にまで改善 



台風進路予測の重要性
進路予測精度の向上

進路のメカニズムの理解の進展

メソスケール構造

発生メカニズム

発生・強度予報

防災上の重要性進路予測誤差が 
大きい事例



3日進路予報誤差のばらつき

FIG. 8. Box-and-whisker plots of TC position errors of 3-day forecasts 
of each NWP center. The verification period is 3 years, from 2012 to 
2014, and the verifying TCs include all TCs over the globe. The red 
point is the mean value; the box indicates the 25th and 75th percen-
tiles of the error distribution. The top and bottom whiskers indicate 
the largest and smallest values, respectively.

initiated at 1200 UTC 16 February 2016. Most of the 
models failed to predict the westward movement 
of the tropical cyclone and predicted recurvature 
toward the southeast. Although the annual-average 
forecast errors have been decreasing, as have been 
seen in Figs. 2 and 4, we still have forecast bust cases 
like Figs. 7a–c. Clearly, the cause of such a large error 
should be explored, and the NWP system should 
be improved accordingly. Figure 8 shows a box plot 
of position errors of 3-day forecasts for TCs over 
the globe from 2012 to 2014 and the mean error of 
each NWP center. The error distributions reveal 
that the values of the mean error are larger than 
the median value for all NWP centers, and the tails 
(with large errors) extend very far from the mean or 
the median. Such a distribution implies that, while 
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 warn-
ings rather than simply verifying the 
errors of TC positions will become 
more important. Of course, the fact 
that the accuracy of TC track fore-
casts has been improving is more 
than welcome, but the disasters 
associated with TCs result from 
damaging winds, heavy rainfall, 
storm surge, and so on. All of these 
impacts depend strongly on the 
track, so we can take advantage of 

the improvement in the track forecasts to develop 
and evaluate the impact-based, TC-related warnings.

This might be beyond the scope of the WGNE 
verification study, but the enhanced use of ensemble 
forecasts is of great importance in TC track 
forecasting. As reported at the IWTC-8 (Elliott and 
Yamaguchi 2014), issuance of TC track forecasts up 
to 5 days is a standard at the RSMCs and TCWCs 
over the world (Table 2). When issuing the track 
forecasts, all the RSMCs and TCWCs are found 
to have a track forecast uncertainty display with a 
format of a cone or circle. However, the use of the 
spread of the multiple dynamical model guidance or 
from ensembles is limited, and the size of the uncer-
tainty cone or circle is determined based on the track 
forecast errors averaged over the previous years in 

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 Track uncertainty

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
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Rankin渦
中心付近が剛体回転

Normalizing the estimated radial profiles of azimuthal-
mean tangential velocity (V) and relative vorticity (!)
prior to composite averaging clearly facilitates compari-
son with idealized vortex profiles, which are often ex-
pressed in nondimensional form (appendix A). For a
sample of major hurricane cases, Fig. 4 illustrates how the
normalization preserves the underlying profile shape in
the mean composite radial structure. Note the unifor-
mity in the radial profile shape for the majority of cases.

4. Results

a. Vortex parameter relationships

The necessary data requirements for estimating the
radial structure of the axisymmetric primary circulation
for individual storm flight missions (section 3a) yield
526 estimated radial profiles of azimuthal-mean tangen-
tial wind V and relative vorticity !. The distribution of
these cases, represented by the basic scales, RMW and
Vmax, is depicted in Fig. 5. The distribution of Vmax
spans all TC intensity classifications from tropical de-
pressions to category 5 hurricanes, and is believed to be
fairly representative of TCs (Willoughby and Rahn
2004). The range in RMW is large, from 8.5 to 178 km.

Note, however, that the 150-km radial constraint may
preclude the observation of the true Vmax in some cases.
Figure 5 indicates essentially no statistical relationship
between the RMW and Vmax except for the most in-
tense storms, where the wind maximum tends to be
located close to the TC center, consistent with the re-
sults of Shea and Gray (1973).

For this study, we are primarily interested in the ra-
dial structure of the primary circulation between 1–3
RMW distances, the region believed to contain the
critical radius for a simple tilt mode (see section 1b).
This entire radial range, however, can be investigated
only for the cases where the RMW is within 50 km of
the TC center. The greatest density of storm cases is
located here (Fig. 5) and represents 60% (316) of the
available radial profile estimates of V and !. The three-
RMW constraint further limits the sample to 251 cases.
The 275 cases excluded here, most of which possess
RMW " 50 km, are represented by radial profiles of V
and ! whose maximum radial extent is less than three
RMW distances from the TC center. We point out in
advance that although these cases are limited in out-
ward extent, their radial structure does not appear to
deviate from the results found in the following analysis.

To characterize the primary circulation beyond the
RMW, the modified Rankine decay exponent # is cal-
culated for all 251 estimated radial profiles of azi-
muthal-mean tangential wind V. This is one possible
way to further specify the axisymmetric radial struc-
ture, in addition to the RMW and Vmax. Values of # are
determined from V at two specified radii using the fol-
lowing relationship derived from (A1):

V1

V2
$ !r2

r1
"!

. %3&

FIG. 4. Normalized radial profiles of azimuthal-mean (a) tan-
gential wind V and (b) relative vorticity ! estimated from 72 flight
missions into major hurricanes (thin gray curves) overlaid with the
mean composite profile (solid black curve).

FIG. 5. A scatterplot depicting the relationship between the
maximum azimuthal-mean tangential velocity (Vmax) and the
RMW obtained from the estimated radial profiles of azimuthal-
mean tangential velocity V representing the 526 storm cases.
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Advection of a Gaussian Hill
Quasi-cubic Spectral bicubicEulerian

Dispersion Dissipation



Quasi-cubic Interpolation

Ritchie et al. 1995



Bicubic Interpolation

Derivatives


• Finite difference


• Prediction (CIP)


• Fourier/Legendre transform



Spectral bicubic interpolation

Derivatives from harmonics


• Simple


• Accurate


• Compact

Enomoto 2008



Over/under-shootings
ℓf(τ) = 100 ×

A(τ, t = T/2)
A(τ, t = 0)



Spectral bicubic T119 CFL=5.2 filter+fix

∆x = 1.5°



Preservation of function relation

Lauritzen and Thuburn 2011
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Mixing properties

CFL=1.0 unlimited



台風は渦

• 台風を順圧のRankin渦で近似し，発達・減衰を無視すれば， 
絶対渦度保存則に従う。


• Rankin渦のようなシャープな構造を維持するには， 
精度の高い移流スキームが必要


• 単調性や混合特性にも注意が必要。







力学コアの動向
• Workshop on the Partial Differential Equations on the sphere 2019  

28 Apr–3 May 2019, Montréal, Québec, Canada


• ECMWF, NCEPは有限要素法（FV）へ


• スペクトル法はスケーリングが良く，通信のコストも  
悪くないとの報告や高速ルジャンドル変換の発表も


• 時間積分法の工夫: 時間方向並列化，指数積分など


• その他AMRやエネルギー保存性など。Cubed-sphereが復権している印象



Cross analysis–model experiments
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Lupit 2009
Operational NCEP GSM T382L64

initial: 12 UTC 21 October

Sensitive to IC 
insensitive to model

Best track

NCEP

JMA

ECMWF

Recurvature with 
ECMWF analysis

Best trackECMWF

ECMWF/ 
JMA GSM

JMA

Yamaguchi et al. 2012 

JMA

JMA GSM T319L60

T. Miyachi



Parma 2009
Operational NCEP GSM T382L64

initial: 12 UTC 30 September

72 h error reduced from 
532 km to 296 km with 

JMA analysis

Best track

JMA
ECMWF

JMA
ECMWF

NCEP

Yamaguchi et al. 2012 

Little improvement with 
ECMWF analysis

ECMWF JMA

Best track

ECMWF/JMA 
GSM

JMA GSM T319L60

T. Miyachi



Positional error
NW Pacific 2009

NCEP excludes April, May and September
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Along/Cross track error

NCEP ECMWF JMA

Slow bias after transition remains

after

before
during

operational

NCEP GSM

T. Miyachi

Less CT>0 error 
than CT<0 error

Slow bias after transition



201303 Yagi

ECMWF TL1279L91 (∼16km) NCEP T574L64 (∼27km) JMA TL959L60 (∼20km) 

初期時刻6/8 12 UTC 6/9 12 UTC 6/10 12 UTC

宮地哲朗



Init: 12 UTC, 9 June 2013
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Sensitivity to model resolution
• OpenIFS Cy40r1v2, TL159, 255, 511, 1279L60, T1279L91


• Initial condition:  ECMWF operational analysis


• Initial time: 12UTC, 9 June 2013


• Time step:	 3600 s (TL159L60), 2700 s (TL255L60), 
	1200 s (TL511L60), 600 s (TL1279L60, 91)


• Kyoto University Supercomputer System A (Xeon Phi Knights 
Landing)



Convergence of tracks for ≥ TL1023

TL159, 255, 511,1023, 1279
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Representation of 
sub-synoptic cyclone

6 h-accumulated 
precipitation mm

Init: 12 UTC, 9 
June 2013

FT12

FT24

TL159L60 TL511L60 TL1279L60
sea-level 

pressure hPa



700 hPa stream function
FT24

TL1279L91 TL1279L91–TL159L60 TL1279L91–TL511L60

Init: 12 UTC, 9 
June 2013



Init: 12 UTC, 9 
June 2013
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wind speed m/s



Axisymmetric vorticity
FT42 TL159L60 TL511L60 TL1279L60



Axis non-symmetric winds
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Tropical cyclone as a Carnot heat engine

Emanuel 1986

radiation

ocean



大気海洋結合の効果

Ito et al. 2015
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Sea-surface flux
FT24

differenceRTG SST HR w/o WAMw WAM
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–Kosuke Ito and Chun-Chieh Wu

The physical processes that were previously considered to 
be “minor” have become “substantial”

9th IWTC topic 2.1 report



まとめ
• 台風は1000 kmスケールの風というよりは，高々100 km程度の渦


• 高解像度，高精度で高度な力学コアが必要


• 指向流となる環境場を正しく再現した上で，  
鉛直構造を再現することが必要→非断熱過程


• 台風の力学には，放射（→雲）や波浪や海洋との結合が本質的


• 非軸対称構造や境界層，メソスケール構造


