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Abstract This paper summarizes the applications of conditional nonlinear optimal perturbation (CNOP) in recent
predictability studies. These include four main contributions. First, the CNOP approach was extended to consider not only
initial perturbations but also model parametric perturbations. The extended CNOP approach can study the predictability
problems induced by either initial errors or model errors as well as those induced by both initial errors and model errors.
Second, the extended CNOP approach was applied to the predictability studies of ENSO events and Kuroshio path anomalies.
The effect of initial errors and model parametric errors on the predictability of these events was demonstrated and it was
shown that the initial errors play a dominant role in the predictability of ENSO and the Kuroshio path anomalies. The CNOP
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approach was also applied to investigate the optimal precursors (OPRs) of the onset of blocking events and optimally

growing initial errors (OGRs). The results demonstrated that OPRs and OGRs are often concentrated at a localized region;

furthermore, their patterns are very similar. Finally, the CNOP approach was used to study adaptive observations of typhoons.

With the CNOP, the sensitive areas of some typhoon cases were determined and with the data from the Observing-Systems

Simulation Experiments (OSSEs) and/or Observing-Systems Experiments (OSEs) the validity of the sensitive area was

demonstrated. Specifically, the OGRs of typhoon cases often concentrate in a particular region. Increasing the number of the

observations in this region may significantly improve the forecasting skill for typhoons. The region identified by OGRs may

represent the sensitive area of typhoon forecasting. The OGRs of El Nifio events, Kuroshio path anomalies, and blocking

events are also localized in a particular region. Based on the approach of the typhoon adaptive observation, the sensitive areas

associated with these events may be identified as the localized regions of the OGRs.
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Z . Tennekes (1991) fith, XfT—AFid, ™ i,
WA v AT RE R PR R 22, B A XA Tl e
PR AR AT Y. FAE L, BAE 1957 4,
Thompson (1957) L& =R B T Ak TF PR 45 A
FEVEREEE, PSS RAHHR M I T 4R 2 A E 5
— IR BEAS TR R I A T PR R e . 1K T
A5 R TR G RS TR TR 44 (Moore
and Kleeman, 1996; Samelson and Tziperman, 2002;
Mu et al., 2007a; Duan et al., 2009; Yu et al., 2012a,
2012b) o i) PR 158 22 AR AR R 5 LA RO il
ARZE R TE, AT R & RG] iR
P, SRAT T 5 T T DA URURI BR A o

A TR APERIT FTH 55— A B I 2 2R 5 T K
TR AR S A A T SRR, R 4n
2 R BT O R A G (Moore and
Kleeman, 1996; Duan et al., 2004; Duan et al., 2012).
XA A BN )G RS g o e
o LEESMT, WA S RS R AR
FAEWTAR R, A TR R iz R i B e A I
JE (Duan et al., 2004) . Afaf il WL CELIFIAL) 4
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PR S (LSV) JrVEF R ATk S 4F 1 i
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TR S e A A B K e R PR A B R ) B 4
Pezh (Mu et al., 2003). 7En] TR IEF T, LSV
ANBEAT BRI R AR A S5 19 s O H 9AE K AN
WK R 51% 7% (Duan et al., 2004; Mu et al.,
2007a, 2007b)

h T HERARLEPEI R, Mu et al. (2003) $#EHH
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KT RA WA R KA HA TR Z) 2 &
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B BAT RIS KA 1) — 146303, CNOP &
LSV fEAEG Mt RGP I HARHES . CNOP £EFiidik v
ZIE KR A e LSV K, (HHAETIHR IS 201
MR JEIT IR, AR T 78 ORI Z0) T4
g8 BT B —RYIR IR 2, AR T RA S
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CNOP HI LSV, A LA3a 7R A e 1t 4 3k ) w] Fidie
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R &5 T e M ) B (UL 7 2 AT TR 1 R A
(SPB) [7]/@) (Duan et al., 2004; Mu et al., 2007a,
2007b; Duan et al., 2009; Duan et al., 2012; Yu et al.,
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T FRIEIE double gyre HyiIAS e M, #Rn T AR
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TR E 4t 78 % (Duan and Mu, 2009).
UTAEk, CNOP Jjikf33 Tak— ke, mH
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Fig. 1 Ensemble mean of the seasonal growth rate k of the SSTA prediction errors (unit: °C) caused by the CNOP-I-type errors and the LSV-type errors for

eight El Niflo events in the Zebiak-Cane model, where the seasonal growth rate of the prediction errors is measured by the ratio of the growth of the prediction

errors in one season to the time length of the season. The start months of the predictions are (a) July (—1), (b) October (—1), (¢) January (0), and (d) April (0).

The growth rates of the LSV-type errors in almost each season are smaller than those of the CNOP-type errors
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Fig. 2 (a) The ensemble mean of the seasonal growth rate k of the random initial errors for eight El Niflo events in the Zebiak-Cane model; (b) the SSTA

prediction errors (unit: °C) of the eight El Niflo events that are caused by the random initial errors (the numbers on the horizontal axis denote eight El Nino

events). From Yu et al. (2009)
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Fig. 3 The patterns for the two categories of CNOP-I-type errors. The left column is for the SSTA component, while the right column is for the thermocline

depth anomaly. From Yu et al. (2009)
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Fig. 4 Upper-layer thickness (unit: m) component of CNOP-I. From Wang et al. (2012)
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Fig. 5 The prediction errors caused by the CNOP-I and optimal
perturbations of different parameters. The numbers 1-5 in the horizontal
axis denote CNOPRI-P, CNOPTAU-P, CNOPAH-P, CNOPAII-P, and
CNOP-I, respectively. The vertical axis denotes the prediction errors

(measured by kinetic energy of perturbations). From Wang et al. (2012)
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Fig. 6 Time series of root-mean-square error (RMSE) of upper-layer
thickness caused by different errors. RMS variation, the root mean square
variation of the upper-layer thickness, is used as a criterion determining
whether the prediction results of Kuroshio path are acceptable. This
criterion was also used by Komori et al. (2003) to study the time limits for
the prediction of Kuroshio path variation. When RMSE is larger than RMS
variation, the prediction results are unacceptable; otherwise, the predictions

are acceptable. From Wang et al. (2012)
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Fig. 7 The reference Kuroshio large meander axis (black dashed line) and
the predicted Kuroshio axes caused by CNOPg-P (yellow line),
CNOPry-P (red line), CNOPAy-P (blue line), CNOP4;-P (gray line), and
CNOP-I (black solid line). The Kuroshio axis is described by the 520-m
contour of the upper-layer thickness. CNOP-I results in larger prediction

error than other types of errors. From Wang et al. (2012)
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Jiang and Wang (2010)

Fig. 8 (a) The optimal precursor (OPR) triggering the North Atlantic—European blocking at 500 hPa with optimization time 3 days and its nonlinear evolution
(gpm) with (b) leading time 1 day; (c) leading time 2 days; and (d) leading time 3 days. The OPR (see Fig. (a)) triggering the North Atlantic—European

blocking presents wave trains over North America, westward with height. The disturbances, which mostly focus on the northward flanks of the corresponding

Atlantic upper-level jet, take on northeast-southwest trend. With time development, it propagates downwards and develops into a typical dipole blocking over

the North Atlantic-European area (see Figs. (b), (¢), and (d)). From Jiang and Wang (2010)
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Fig. 9 (a) The composite field of type-1 OGR of 20 cases at 500 hPa and its nonlinear evolution with (b) lead time 1 day, (c) lead time 2 days, and (d) lead

time 3 days. From Mu and Jiang (2011)
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Fig. 10 (a) The composite field of type-2 OGR of 20 cases at 500 hPa and its nonlinear evolution with (b) lead time 1 day, (c) lead time 2 days, and (d) lead

time 3 days. From Mu and Jiang (2011)
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