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Abstract By analyzing how adjoint sensitivity (ADS), leading singular vector (LSV), and conditional nonlinear optimal
perturbation (CNOP) methods are used to identify sensitive areas for target observation, the authors developed the concept
of nonlinear degree. Moreover, the authors investigated the nonlinear degrees of straight and recurved types of typhoons.
Subsequently, the sensitive areas identified using the three methods indicated earlier under different nonlinear degrees,
together with the sensitive areas for straight and recurved types of typhoons, were analyzed. Finally, the sensitivity of the
forecast to the initial values in the sensitive areas under different nonlinear degrees and for straight and recurved types of
typhoons was explored. The results showed that the nonlinear degrees of recurved typhoons were quite different, either
particularly strong or particularly weak, whereas negligible differences were observed among the nonlinear degrees of
straight typhoons. For typhoons with weak nonlinearity, the sensitive areas identified using the three methods were
similar, whereas for typhoons with strong nonlinearity, the sensitive areas identified by the LSV and ADS methods were
similar, but they were quite different from those identified by the CNOP method. For recurved typhoons, the sensitive
area was mainly located at the right front of its travel path, whereas for straight typhoons, the sensitive area was mainly
located behind its travel path. The sensitivity test showed that the development of random perturbation in CNOP sensitive
areas was the largest, regardless of whether the typhoon was strong nonlinear or not. In addition, the development of
perturbation for weak nonlinear typhoons was greater than that for strong nonlinear typhoons. These results imply that the
prediction for weak nonlinear typhoons is more sensitive to the initial uncertainty; thus, targeted observations for this kind
of typhoon may be more effective.

Keywords Adjoint sensitivity, Leading singular vector, CNOP (conditional nonlinear optimal perturbation),

Nonlinearity, Sensitivity area, Typhoon
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Fig. 1 Schematic diagram of the solving process for the gradient of the cost function (J;), with respect to the initial analysis (xp). M indicates the

nonlinear model, and G is the measurement of the forecasts (x;), L’ is the adjoint model of L, which is the tangent model of M
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Table 1 The types, names of the typhoons and the studied period for each typhoon with the corresponding strength, recurved

degree, and the nonlinear degree
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Fig. 2 The sensitive areas of wind (arrows) and temperature (color shadings) identified by ADS (adjoint sensitivity, top panels) method, LSV (leading
singular vector, middle panels) method, CNOP (conditional nonlinear optimal perturbation, bottom panels) method at the level of 0=0.7 for (a—c)
typhoon 2004Meari; (d—f) typhoon 2011Meari; (g—i) typhoon 2010Megi 2. In top panels, arrows represent the gradients with respect to wind whose
values are larger than 4 m s ' are plotted, color shadings represent the gradient with respect to temperature whose absolute values are larger than 3 J
kg71 K are plotted. In middle and bottom panels, arrows represent wind whose value is larger than 0.3 m s ' are plotted, color shadings represent
temperature whose absolute value is larger than 0.2 K are plotted. The rectangles indicate the targeted area, and the circle and cross symbols indicate

the initial position of the typhoon
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Fig.3 Asin Fig. 2, but for the sensitive areas of (a—c) 2011 Muifa, (d—f) 2004 Mindulle, and (g—i) 2005 Matsa and 500-hPa geopotential height at the

beginning of the study period for each typhoon
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Fig. 4 Tracks of (a) 2004 Meari, (b) 2010 Megi_1, (c) 2010 Chandu, (d) 2011 Meari, and (¢) 2011 Muifa during the study period (blue lines), 24 h

before and after the study period (red lines), and the sensitive areas of wind (vectors, units: m/s) and temperature (shadings, units: K) identified by the

CNOP method
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Fig. 5 Asin Fig. 4, but for tracks of (a) 2005 Matsa, (b) 2010 Lionrock, (c) 2010 Megi 2, (d) 2004 Rananim, (¢) 2004 Mindulle, and sensitive areas

of wind and temperature

(a) 2011 Muifa (b) 2011 Muifa

—_—
3]
(=)}

— CNOP — LSV — ADS — CNOP — LSV — ADS

R P
% = 12
8
5 § 10
5 5
5 ° g
ERp g
= 5 4
= =
: : /ﬁ £ 2
0 0
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24

Lead time/h Lead time/h

K6 CNOP. LSV. ADS HjlfBURX A KEHLILE) e B HE TR RIAAE 4L (a) 2011Meari; (b) 2011Muifa
Fig. 6 Energy development of the random perturbations added in the CNOP-, LSV-, and ADS-identified sensitive areas with lead time: (a) 2011
Meari; (b) 2011 Muifa
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Fig. 7 Variations of the sea level pressures (shadings, units: Pa) caused by the random initial perturbations added in the sensitive areas identified by
the (a, d) ADS, (b, e) LSV, and (c, f) CNOP methods, and 500-hPa geopotential height (contours, units: gpm, contours interval: 20 gpm) at the end of
the study time period from the analytical data for (a—c) typhoon 2011 Meari and (d—f) typhoon 2011 Muifa. The rectangles indicate the targeted area,
the circle and cross symbols indicate the final position of the typhoon from control forecasts (without perturbations), and the solid triangle indicates the

final position of the typhoon from the forecasts with perturbations
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Fig. 8 (a) The average energy development of the random perturbations respectively added in CNOP-, LSV-, and ADS-identified sensitive areas with
lead time for strong nonlinear typhoons (-N) and weak nonlinear typhoons (-L). (b) The average energy development of the random initial perturbations

respectively added in CNOP-, LSV-, and ADS-identified sensitive areas for straight typhoons (-straight) and recurved typhoons (-turn)
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