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Fig. 1. (color online) Temporal evolution of (a) the NLLE and (b) the error growth of the Lorenz system

with constant forcing (black solid curves, F' = 0; red solid curves, F' = 1.5; black dashed horizontal curve

means the value corresponding to the 98% saturated bias).
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Fig. 2. (color online) Temporal evolution of (a) the NLLE and (b) the error growth of the Lorenz system

with different constant forcings (black dashed horizontal curve means the value corresponding to the 98%

saturated bias).

PATE AT AR R B, K/INH S5 T7 ) AH SR A i iE
X a] AR IR 2 AN [E]. 9 F = £0.5 0, 1% 21
K 2 LE BRI s B F A INE] £1.0 I, PIokiRZE
WK A K BCE BN B 5, I
HF =10MREMKHELETERHEE, YF i
PR BN £1.5 I, iR 22 B K il 4 1 40 25 38 T 5 Dy B
w, K F = 15K K. T W, K/ HE
[F) 77 17 AH 2 PR 5 800 I AN T 0 1% 22 38 K 7= AR A
[F) RS2 e, A 5 0T T ] T M 8 A P 52 By
wE.

91 S0 DY 43 BT AN [R] 58 38 X Lorenz R 4t
AT TR IR A sz, P 3 25 1 R TR B PR T B
A [F) 55 B 1) B AR 2. ok, B3 T
DL Y, Bl AR omis om B 38 5, o] Bl et 2
a0y FLIR, 2R I AT FR P BB R A H R
AHEE T AN [E | F| R R G987 A5 A R ) 52
M, WLAH T Lorenz Z 4% 1E 5 55 38 1 M % AN [F].
Lorenz 5 4t A Pl P4 B 34 10 65 1 AF 983 14 o J97 22
BU A7 B 5 BN BA Y2, B A 5 3 5 R () 3 0, X el
ZE N .

& 45 Lyapunov 18 £ H K R~ IR R 40 1)
248, Ding 1 Li 8176 0F 78 o o 48 H 2R MR B BE I
NLLE 5 1% 4t Lyapunov 5 2K EUAHSE, B b A SC
I FH R 22 1A K R AE LA M T AR I BT 3ME A\ ok
itk REW NI, B 445 H R ZE KL
PEBY B ISP YME A BE AP 58 1R 4k i 28 7T DUE H
ANAFAE W BB IE I 1) A\ Bk, B IE 5iRaE fE 1) 3
I, A BEZ 08N, SUETRR. EARTRF 2, 5RiE N IE
BT, Mg 28 00 T B e 35 L e Dy 7 {8 B 5 o B
2, FURSE IEAA 5 T Ay BUNEEE R, 5K 34

ISR &, AT I, Shsmia AR T &
GERRIR ZE R R, SRA R, IREEH OIS, AT
PR [RIS, X T 5 AR S A b aiad, IE{E 55
18 LEARE 5RIE T AT FRIRR .

26

24
&
22
20
1 1 1 1 1
-1.5 —-1.0 -0.5 0 0.5 1.0 1.5
F

3 WA Lorenz R 40 MW TR IR Tp MR8 F
A1

Fig. 3. The predictability limit Tp of the Lorenz sys-
tem with constant forcing varies with the external forc-

ing strength F'.
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Fig. 4. The average NLLE of the linear phase A, of
the Lorenz system with constant forcing varies with

the external forcing strength F'.
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Fig. 5. (color online) Temporal evolution of (a) the NLLE and (b) the error growth of the Lorenz system

with quasi-periodic forcing (black solid curves, A = 0; red solid curves, A = 15; black dashed horizontal

curve means the value corresponding to the 98% saturated bias).
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Fig. 6. (color online) Temporal evolution of the error growth of the Lorenz system with different quasi-

periodic forcings (black dashed horizontal curves mean the value corresponding to the 98% saturated bias):

(a) The quasi-periodic forcings are negative; (b) the quasi-periodic forcings are positive.
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tal curve means the value corresponding to the 98%

saturated bias).
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Abstract

In recent years, the actual atmospheric predictability has attracted widespread attention. Improving our under-
standing of weather predictability is vital to developing numerical models and improving our forecast skill in weather
and climate events. Given that the atmosphere is a complex and nonlinear system, taking the Lorenz system as an
example is a better way to understand the actual atmosphere predictability. Up to now, some predictability problems of
the Lorenz system have been investigated, such as the relative effects of the initial error and the model error. Previous
advances in the research of predictability mainly focus on the relationship between the predictability limit and the initial
error. As is well known, the external forcing can also result in the change of the predictability. Therefore, it is significant
to investigate the predictability changing with the external forcing. The nonlinear local Lyapunov exponent (NLLE) is
introduced to measure the average growth rate of the initial error of nonlinear dynamical model, which has been used
for quantitatively determining the predictability limit of chaos system. Based on the NLLE approach, the influences of
external forcing on the predictability are studied in the Lorenz system with constant forcing and Lorenz system with
quasi-periodic forcing in this paper. The results indicate that for the Lorenz systems with constant and quasi-periodic
forcings respectively, their predictability limits increase with forcing strength increasing. In the case of the same mag-
nitude but different directions, the constant and quasi-periodic forcing both show different effects on the predictability
limit in the Lorenz system, and these effects become significant with the increase of forcing strength. Generally speaking,
the positive forcing leads to a higher predictability limit than the negative forcing. Therefore, when we consider the
effects of positive and negative elements and phases in the atmosphere and ocean research, the predictability problems
driven by different phases should be considered separately. In addition, the influences of constant and quasi-periodic
forcings on the predictability are different in the Lorenz system. The effect of the constant forcing on the predictability
is mainly reflected in the linear phase of error growth, while the nonlinear phase should also be considered additionally
for the case of the quasi-periodic forcing. The predictability of the system under constant forcing is higher than that of
the system under quasi-periodic forcing. These results based on simple chaotic model could provide an insight into the

predictability studies of complex systems.

Keywords: nonlinear local Lyapunov exponent, predictability, external forcing, Lorenz system
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