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The atmosphere is a complex nonlinear system, meaning
that forecasts are sensitive to the initial state. Small errors in
the initial state are amplified greatly in a short time, which
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ABSTRACT

In this work, two types of predictability are proposed—forward and backward predictability—and then applied in the
nonlinear local Lyapunov exponent approach to the Lorenz63 and Lorenz96 models to quantitatively estimate the local for-
ward and backward predictability limits of states in phase space. The forward predictability mainly focuses on the forward
evolution of initial errors superposed on the initial state over time, while the backward predictability is mainly concerned
with when the given state can be predicted before this state happens. From the results, there is a negative correlation between
the local forward and backward predictability limits. That is, the forward predictability limits are higher when the backward
predictability limits are lower, and vice versa. We also find that the sum of forward and backward predictability limits of each
state tends to fluctuate around the average value of sums of the forward and backward predictability limits of sufficient states.
Furthermore, the average value is constant when the states are sufficient. For different chaotic systems, the average value is
dependent on the chaotic systems and more complex chaotic systems get a lower average value. For a single chaotic system,
the average value depends on the magnitude of initial perturbations. The average values decrease as the magnitudes of initial
perturbations increase.
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Article Highlights:

e Two new concepts—forward and backward predictabilities—are introduced and their algorithms given.

e Local forward and backward predictability limits are correlated negatively, which results from the local conservation of
forward and backward predictability limits.

e The local conservation value of forward and backward predictability limits depends on the complexity of chaotic systems
and the magnitude of initial perturbations.

e For a single chaotic system, a larger magnitude of initial perturbations results in a lower conservation value; and for different
chaotic systems, a more complex system has a lower conservation value when the magnitudes of initial perturbations are
the same.

Introduction means that the atmospheric predictability has a certain time
limit, defined as the predictability limit (Lorenz, 1969a). Be-
yond the predictability limit, the prediction skill is so low
that the forecast becomes useless. It is therefore important to
study the predictability of the atmosphere, as this can inform
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operational forecasting.
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The problem of atmospheric predictability was classified
into two main types by Lorenz. The first type of predictabil-
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ity focuses on the growth of initial errors, and the second
type is concerned with model errors. There has been much
research into the two types of atmospheric predictability us-
ing nonlinear theory and numerical simulation (Thompson,
1957; Lorenz, 1965, 1982, 1996; Chou, 1989; Nese, 1989;
Yoden and Nomura, 1993; Ziehmann et al., 2000; Mu and
Wang, 2001; Mu et al., 2002; Chen et al., 2006; Zou et al.,
2006; Ding and Li, 2007; Peng et al., 2011).

Dalcher and Kalnay (1987) pointed out that the dou-
bling time of small errors is not a good measure of error
growth because of its sensitivity to the method of extrapo-
lation. Also, they suggested that the saturation or asymptotic
value of root-mean-square error provides a better measure of
the predictability limit. Ding et al. (2008) used the mean local
relative growth of initial error (LRGIE) to quantify the local
predictability limit of chaotic systems based on the nonlinear
local Lyapunov exponent (NLLE) method. In their views, if
the initial state x(fp) and initial perturbations 6(¢) are given,
the local predictability of the chaotic system will be lost after
the mean LRGIE reaches an asymptotic value or saturation at
the future state x(¢1). Then, the evolution time from £ to #; is
determined as the local predictability limit starting from the
initial state x(fg). Here, we refer to this type of predictability
as the local forward predictability, and the local predictability
limit is called the local forward predictability limit. However,
if a state x(zp) and initial perturbations &(¢) are first given,
then how can this be determined when the given state can
be predicted before it happens? We refer to this type of pre-
dictability problem as the local backward predictability. To
quantify local backward predictability, first we need to find
the corresponding initial state x(¢_;) of the given state. When
the corresponding initial state x(¢_;) is found, the time from
the state 7_ to fy is determined as the backward predictability
limit of the given state x(#y). Figure 1 shows the local forward
and backward predictability of state x(7g). At the initial mo-
ment #o, the large number of initial errors 8(f) with the am-
plitude and different directions are superposed on the initial
state x(tp). When the mean LRGIE reaches saturation at mo-
ment ¢1, the local forward predictability limit of initial state
x(tp) can be determined as | —fo. If the large number of initial
errors 6(¢) with the amplitude and different directions are su-
perposed on the initial state x(z—), the mean LRGIE reaches
saturation at time 9. The local backward predictability limit
of a given state x(#y) can be determined as fy —7_.

The initial state x(#p) and perturbations 8(¢) are the cause
and the state x(#;) is the result in local forward predictability,
while the given state x(o) is the result and the corresponding
initial state x(¢z_;) that is searched for is the cause in back-
ward predictability. Therefore, the backward predictability is
an inverse problem of the forward predictability.

The forward predictability focuses mainly on the for-
ward evolution of initial errors superposed on the initial state
over time, while the backward predictability is mainly con-
cerned with how to find the corresponding initial state of the
given state. When the corresponding initial state is found,
the backward predictability limit of the given state is de-
termined. Forward predictability has been studied intensively
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Fig. 1. Schematic diagram of local forward predictability (solid
line) and backward predictability (dashed line) of the state x(ty).
to is the moment of the initial state x(¢(). ¢; is moment of the fu-
ture state x(#1) where the mean LRGIE superposed on the initial
state x(tp) reaches saturation. 7_; is the moment of the corre-
sponding initial state x(z_1) of which the mean LRGIE reaches
saturation at the given state x(#). The circle diameter is the ini-
tial error size.

(Lorenz, 1965, 1969a, b; Leith, 1971; Dalcher and Kalnay,
1987; Farrell, 1990; Mukougawa et al., 1991; Toth, 1991;
Yoden and Nomura, 1993; Simmons et al., 1995; Trevisan
and Legnani, 1995; Feng et al., 2001; Mu and Wang, 2001;
Gao et al., 2003; Mu and Duan, 2003; Mu et al., 2007; Ding
et al., 2008; Duan and Mu, 2009). In studies of predictabil-
ity, researchers are more concerned with the predictability of
extreme states, like El Nifio events, which have significant
impacts on the variation in climate. Based on climate mod-
els, much research has been carried out on the predictability
of extreme events. Also, researchers have obtained lots of re-
sults on the limited lead times of these extreme events (Luo
et al., 2008). However, climate models are imperfect and un-
certainties remain in the simulation of atmosphere. So, we
cannot obtain the potential backward predictability estimated
by climate models. However, few theoretical methods have
been used to investigate the backward predictability to date.
Therefore, an approach based on the NLLE (Ding and Li,
2007; Ding et al., 2008; Li and Ding, 2011b) is introduced
here to study the backward predictability of a given state in
a chaotic system. If the backward predictability is obtained,
this tells us when the specific states, especially the extreme
states, can be predicted before they happen. It may provide
a theoretical reference to the prediction of extreme events in
climate modeling.

2. Methods
2.1. NLLE

In an n-dimensional nonlinear dynamical system, the evo-
lution of initial perturbations 8(fy) is governed by
6(10 + 1) = n(x(19),6(10), 7)6(10) (1)

where 8(f) = (61(1),0,(1),...5,(1))T represents perturbations at
time ¢, n(x(fy),8(%o), 7) is the nonlinear error propagator that
propagates the initial perturbations é(¢y) forward to the per-
turbation 8(¢), and x(7) = (x;(¢), x2(2),...x,(1)T is the state
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vector. 7 is integral time. Then, the NLLE is defined as

116G +7)l

A(x(t9), 6(10),7) 1n ool
where A(x(f9),6(%p),7) depends on the initial state x(zy) in
phase space, the initial perturbations 6(#p), and the integral
time 7. The NLLE represents the average nonlinear growth
rate of initial errors from 7y to 7o+ 7, which is an advantage
over the traditional Lyapunov exponent based on linear er-
ror dynamics (Lacarra and Talagrand, 1988). The NLLE ap-
proach has been widely applied in research into atmospheric
and oceanic predictability (Ding and Li, 2009; Ding et al.,
2010, 2015; Li and Ding, 2011a, 2013; Zhou et al., 2012;
Duan et al., 2013).

@

2.2. Determination of the forward and backward pre-
dictability limits
2.2.1.

If a large number of random initial perturbations with the
same magnitude but different directions are superposed on
the initial state x(7p), the local ensemble mean NLLE can be
used to investigate the local average error growth of chaotic
systems. Given that a large number of initial perturbations
with amplitude ¢ lie on an n-dimensional spherical surface
centered at the initial point x(#p),

Forward predictability

6" (10)6(10) = &7, )

and the local ensemble mean NLLE of random initial per-
turbations superposed on the initial state x(f) within a finite
time 7 can be given by

A(x(10),7) = (A(x(t0),6(10), T)IN » “4)

where ( )y denotes a local ensemble average of samples
whose size N is sufficiently large (N — o0). The mean LRGIE
can be obtained by
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For the initial state x(fy), E(x(ty),7) increases with time
7 and finally reaches the state of nonlinear stochastic fluctu-
ation, indicating that almost all information from the initial
state is lost and the forecast becomes meaningless. The for-
ward predictability limit of the initial state x(zy) can then be
determined as the time at which the mean LRGIE reaches
95% of the saturation level. As an example, Fig. 2 shows the
variations of NLLE, A(x(t9),7) and logarithm of E(x(),7)
in the Lorenz63 model with initial perturbations &(tp) = 107>
as a function of time 7, where the initial state is x(¢10000)-
From Fig. 2a, A(x(ty),7) fluctuates intensely in the initial pe-
riod. Afterwards, it fluctuates relatively slowly and decreases
asymptotically to zero. From Fig. 2b, after the zigzag growth
process, E(x(ty),7) finally levels out and enters the nonlin-
ear stochastic fluctuation regime with a saturation value (Fig.
2b). According to the definition, the forward predictability
limit of the initial state x(f19000) is determined as 14.

2.2.2. Backward predictability

In the backward predictability, the evolution of small per-
turbations is still governed by Eq. (1) in an n-dimensional
nonlinear dynamical system. The time of the given state
and initial perturbations 8(fop — 7) are known, but the time of
the initial state 7o — 7 is unknown. So, the growth of initial
perturbations in backward predictability is expressed by

6(10) = n(x(to — 7),6(10 — 7),7)6(10 — 7) (6)
where 8(fo—7) = (61(fg — 1), 82(tg —7), . .. 6, (tg — 7)) is the ini-
tial perturbations that are first given, n(x(to — 7),6(tg — 7),7)
is the nonlinear error propagator that propagates the ini-
tial perturbations 6(ty — 7) forward to the perturbation 6(¢),
x(0) = (x1(0), x2(0), ... x, ()T is the state vector, and 7 is inte-
gral time. Then, the NLLE in backward predictability is de-
fined as

116l
_ < Ax(ty—71),6(t)—7),7) = —In —— , 7
E(x(10),7) = eAx)0) ) (xlto =), 00 =7).1) = I s 0
(a)
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Fig. 2. An example in the Lorenz63 model with an initial state x(#;po00) and magnitude of initial perturbations
£=107: (a) local ensemble mean NLLE; (b) logarithm of LRGIE. The dashed line represents the saturation

value. Nstep is the integration step.
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where A(x(tg—7),8(to —7),7) depends on the given state x(#;)
and the corresponding initial state x(#y) —7) in phase space, the
initial perturbation 8(fo —7), and the integral time 7. Similarly,
the mean LRGIE in backward predictability can be expressed
as:

E(x(ty - 7),7) = x0=D0D ®)

Therefore, to determine the backward predictability of the
given state, the corresponding initial state should be found
first. But then how is the corresponding initial state found?
Here, we use the traversing method. That is, we study the
growth of initial perturbations by superposing the initial per-
turbations on previous states before the given state. Once the
mean LRGIE reaches saturation at the given state, this pre-
vious state is the corresponding initial state. In a continuous
time series of an observed dataset (xy,x7,...,X,), X, is the
given state and the initial perturbations are 6(¢ty — 7). Firstly,
we superpose the initial perturbations 6(#p —7) on the previ-
ous state x,_;. If the LRGIE reaches saturation at the given
state x,, then the state x,_; is the corresponding state being
searched for. Otherwise, we superpose the initial perturba-
tions 6(zp — 7) on the previous state x,_;, and confirm whether
the LRGIE reaches saturation at the given state x,. In this
way, we can find the corresponding initial state. If the state x;,
is found as the corresponding state, the backward predictabil-
ity limit of the given state x, is defined as

T=t,—t,. ©)

For cases of only one corresponding initial state (Fig. 3a),
it is easy to determine the backward predictability limit of the
given state. However, sometimes there may be multiple previ-
ous states residing in the same attractor whose LRGIEs reach
saturation at the given state. Figure 3b shows that there are
three previous states whose LRGIEs all reach the saturation
at the given state x,,. The terms t,,, #; and ¢, are the moments
of the three corresponding initial states, respectively, and , is
the moment of the given state. In this case, we always choose
a state that maximizes the backward predictability limit of the
given state, as the corresponding initial state. So, the previous
state x,, is the corresponding initial state. Also, the backward
predictability limit of the given state x,, can be expressed by
Eq. (9).
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In a limited range of a time series dataset, we use the
traversing method to find multiple previous states of which
mean LRGIEs reach saturation at the given state. Thus, we
consider whether there might be more multiple previous
states of which LRGIEs reach saturation at the given state
if the length of the data is larger. We still take the contin-
uous time series of observed data, (x1,x2,...,x,) as an ex-
ample. If there are more previous states supplemented into
the time series data, the new time series of observed data
is (X—p,...,X_1,X0,X1,X2,...,X,). In the original time series
data, the previous state x;, is the corresponding state. Thus,
we choose the state x,,—; to superpose the initial perturba-
tions upon. The mean LRGIE reaches saturation before the
given state x,. Also, when we choose more previous states
before the state x;,_;, all the LRGIEs reach saturation before
the given state. Therefore, although there are more previous
states supplemented into the original time series data, the cor-
responding initial state does not change, nor does the back-
ward predictability limit of the given state. Taking the same
state x(t10000) in the Lorenz63 model as an example, the mag-
nitude of the initial perturbation 8(#y) is 1073. The backward
predictability limit of the state x(¢10000) is about 11, which
differs from its forward predictability limit (about 14).

3. Results

We investigate the forward and backward predictability
limit of states in two models formulated by Lorenz. The
Lorenz63 model with three variables was designed for the
study of atmospheric convection (Lorenz, 1963), while the
Lorenz96 model with 40 variables was developed to investi-
gate model problems in data assimilation (Lorenz, 1996).

Figure 4a shows the variations in the local forward and
backward predictability limits of 2000 consecutive states in
the Lorenz63 model with the magnitude of the initial per-
turbations &(f9) = 107>. From Fig. 4a, the variation tendency
of the local forward predictability limits is opposite to that
of the backward predictability limits for these states. When
the forward predictability limits are relatively high (low),
the backward predictability limits are relatively low (high).
Furthermore, a scatterplot of the forward and backward pre-

(b)

x(t,)

>

x(t ) x(t) x(t) x(t)

Fig. 3. Schematic diagram of the determination of the local backward pre-
dictability for (a) only one previous state and (b) multiple previous states. f,
is the moment of the given state x(#,). f, tx and ¢, are the moments of three
corresponding initial states x(t,,), x(f;) and x(¢,), respectively.
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dictability limits of these states also shows the negative corre-
lation between the forward and backward predictability lim-
its (Fig. 4b). When the forward predictability limits are rel-
atively high, the backward predictability limits are relatively
low, and vice versa. Figure 5 shows the spatial distributions of
local forward and backward predictability limits of the 2000
consecutive states in the Lorenz63 model. From Fig. 5, we
can see that when the forward predictability limit of a state
on the attractor is high, its backward predictability limit is al-
ways low, on the whole. Also, each butterfly attractor wing
also shows the negative correlation. The correlation coeffi-
cient of the forward and backward predictability limits for the
2000 consecutive states is —0.35. According to the Student’s
t-test, the negative correlation between the forward and back-
ward predictability limits is significant at the 99% confidence
level. Therefore, there is a negative correlation between the
forward and backward predictability limits.

Previous studies have found that the magnitude of initial
perturbations has an impact on forward predictability limits.
When the magnitude of initial perturbations is large, the for-

Predictability limit

1000 1500

Number of states

0 500 2000
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ward predictability limits are low, and vice versa. We find that
the magnitude of initial perturbations has the same impact
on backward predictability limits. That is, the backward pre-
dictability limits increase as the magnitude of initial perturba-
tions decreases. We take the state x(#10000) in the phase space
of Lorenz63 and Lorenz96 models as an example. Figure 6
shows the impact of magnitudes of initial perturbations on
forward and backward predictability limits of state x(#10000)
in the Lorenz63 and Lorenz96 models. From Figs. 6a and b,
the backward predictability limit decreases as the magnitude
of initial perturbations increases, which is same as the impact
of magnitudes of initial perturbations on forward predictabil-
ity limits. Therefore, the forward and backward predictability
limits decrease as the magnitudes of initial perturbations in-
crease.

Figures 7a and b show the variations of the sums of local
forward and backward predictability limits over 2000 states
in the Lorenz63 and Lorenz96 models. It can be seen from
Figs. 7a and b that the sums of forward and backward pre-
dictability limits of states in two models both fluctuate around

(b)
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Fig. 4. (a) Local forward (black) and backward (red) predictability limits of 2000 consecutive states in the

Lorenz63 model with initial perturbations 6(#p) = 1073,

predictability limits of these states.
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Fig. 5. Spatial distributions of local (a) forward and (b) backward predictability limits of 2000 consecutive
states on the attractor in the Lorenz63 model with the magnitudes of initial perturbations 8(fo) = 107>,
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Fig. 6. Variation in the two types of local forward (blue) and backward (red) predictability limit with the mag-
nitudes of initial perturbations in the (a) Lorenz63 and (b) Lorenz96 model. o is the initial perturbations.
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Fig. 7. Sums of local forward and backward predictability limits of 2000 consecutive states in the (a) Lorenz63
and (b) Lorenz96 model with initial perturbations as 1072 (blue) and 10> (red), and the average values (AV)
for six groups in the (c) Lorenz63 and (d) Lorenz96 models with initial perturbations 8(zy) = 1072

a constant value for a fixed magnitude of initial perturbations.
Here, the constant value C is the average value of the sums
of forward and backward predictability limits of 2000 states.
The average values are different when the magnitudes of ini-
tial perturbations are not the same in either model.

To verify whether the average value varies with the num-
ber of states in the ideal models, 12 000 consecutive states in
the Lorenz63 and Lorenz96 models are each equally divided
into six groups, respectively. Every group contains 2000 con-

secutive states. Figures 7c and d show that the average values
remain almost unchanged for different groups of states. In the
Lorenz system models, the average values of six groups are
shown in Table 1, with the magnitude of initial perturbations
as 1072. From Table 1, the average values in every group
of either Lorenz system model are almost the same. Also,
the average value, 12.4, of the sums of local forward and
backward predictability limits of 12 000 states is close to or
the same as the average values of every group. It indicates that
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Fig. 8. Variation of average values (AV) with the magnitudes of initial perturbations é(7g) in the (a) Lorenz63

and (b) Lorenz96 model. o is the initial perturbations.

Table 1. Average values of six groups in the Lorenz63 and Lorenz96
models with the magnitude of initial perturbations as 1072,

Model Average values in 6 groups
Lorenz63 12.1 12.4 12.4 12.2 12.6 12.5
Lorenz96 10.6 10.3 10.6 9.9 10.9 10.6

the average value is constant when the states are sufficient
with a fixed magnitude of initial perturbations. That is,

Te+Ty=C, (10)
where C is the average value of the sums of local forward
and backward predictability limits of sufficient state, and T
and Ty, are the local forward and backward predictability lim-
its of states, respectively. Therefore, the local forward and
backward predictability limits are conserved approximately.
Also, it is because of the approximate conservation of local
forward and backward predictability limits that the forward
and backward predictability limits are negatively correlated.

From Figs. 7a and b, when the magnitude of initial per-
turbations is 1072 in the Lorenz63 and Lorenz96 models, the
corresponding average values are 12.5 and 10.6, respectively.
When the magnitude of initial perturbations is 1073, the cor-
responding average values are also not the same. With the
same magnitude of initial perturbations, the average values
of the Lorenz96 model are lower. Therefore, for different
chaotic systems, the corresponding average values are dif-
ferent, although the magnitudes of initial perturbations are
same, indicating that the average value is dependent on the
complexity of chaotic systems. A more complex chaotic sys-
tem has a lower average value.

From Figs. 7a and b, it can also be seen that the aver-
age values of either model are larger when the magnitudes
of initial perturbations are lower. Also, Fig. 8 shows the cor-
responding average values of different magnitudes of initial
perturbations in both models. From Fig. 8a, the average val-
ues are lower when the magnitudes of initial perturbations
are larger. The same situation applies to the Lorenz96 model.

Therefore, in a single chaotic system, the average value de-
pends on the magnitude of initial perturbations. The average
values decrease as the magnitudes of initial perturbations in-
crease.

4. Conclusions and discussion

In this work, two types of predictability—forward and
backward predictability—are proposed, and then the NLLE
approach is applied to the Lorenz63 and Lorenz96 models to
quantitatively estimate the local forward and backward pre-
dictability limits of states. The results show a negative corre-
lation between the forward and backward predictability lim-
its. Also, the local forward and backward predictability limits
decrease as the magnitudes of initial perturbations increase.
The sums of the local forward and backward predictability
limits tend to fluctuate around their average value, which re-
sults in the negative correlation between local forward and
backward predictability limits. The average value remains
constant when states are sufficient. Furthermore, the average
value not only depends on the chaotic system, but also the
initial perturbations. In a single chaotic system, the average
value is larger when the magnitude of initial perturbations is
smaller. For different chaotic systems, more complex systems
yield lower average values if the magnitudes of the initial per-
turbations are same.

In future work, we intend to apply the NLLE approach
to research into real weather and climate systems, especially
extreme weather and climate events. The aim is to obtain
the backward predictability of extreme weather and climate
events, which may provide a theoretical reference for opera-
tional forecasting.

Acknowledgements. This research was jointly supported by
the National Natural Science Foundation of China for Excellent
Young Scholars (Grant No. 41522502), the National Program on
Global Change and Air—Sea Interaction (Grant Nos. GASI-IPOVAI-
06 and GASI-IPOVAI-03), and the National Key Technology Re-
search and Development Program of the Ministry of Science and



676 FORWARD AND BACKWARD PREDICTABILITY

Technology of China (Grant No. 2015BAC03B07).

REFERENCES

Chen, B. H,, J. P. Li, and R. Q. Ding, 2006: Nonlinear local
Lyapunov exponent and atmospheric predictability research.
Science in China Series D: Earth Sciences, 49, 1111-1120,
https://doi.org/10.1007/s11430-006-1111-0.

Chou, J. F,, 1989: Predictability of the atmosphere. Adv. Atmos.
Sci., 6(3), 335-346, https://doi.org/10.1007/BF02661539.

Dalcher, A., and E. Kalnay, 1987: Error growth and predictabil-
ity in operational ECMWF forecasts. Tellus A: Dynamic Me-
teorology and Oceanography, 39, 474-491, https://doi.org/
10.3402/tellusa.v39i5.11774.

Ding, R. Q., and J. P. Li, 2007: Nonlinear finite-time Lyapunov
exponent and predictability. Physics Letters A, 364, 396400,
https://doi.org/10.1016/j.physleta.2006.11.094.

Ding, R. Q., and J. P. Li, 2009: Application of nonlinear er-
ror growth dynamics in studies of atmospheric predictabil-
ity. Acta Meteorologica Sinica, 67, 241-249, https://doi.org/
10.11676/qxxb2009.024. (in Chinese with English abstract)

Ding, R. Q.,J. P. Li, and K. J. Ha, 2008: Nonlinear local Lyapunov
exponent and quantification of local predictability. Chi-
nese Physics Letters, 25, 1919-1922, https://doi.org/10.1088/
0256-307X/25/5/109.

Ding, R. Q., J. P. Li, and K. H. Seo, 2010: Predictability
of the Madden—Julian oscillation estimated using observa-
tional data. Mon. Wea. Rev., 138, 1004—1013, https://doi.org/
10.1175/2009MWR3082.1.

Ding, R. Q., J. P. Li, F. Zheng, J. Feng, and D. Q. Liu, 2015: Es-
timating the limit of decadal-scale climate predictability us-
ing observational data. Climate Dyn., 46, 1563—1580, https://
doi.org/10.1007/s00382-015-2662-6.

Duan, W. S., and M. Mu, 2009: Conditional nonlinear optimal
perturbation: Applications to stability, sensitivity, and pre-
dictability. Science in China Series D: Earth Sciences, 52,
883-906, https://doi.org/10.1007/s11430-009-0090-3.

Duan, W. S, R. Q. Ding, and F. F. Zhou, 2013: Several dynamical
methods used in predictability studies for numerical weather
forecasts and climate prediction. Climatic and Environmental
Research, 18, 524-538, https://doi.org/10.3878/j.issn.1006-
9585.2012.120009. (in Chinese)

Farrell, B. F., 1990: Small error dynamics and the predictability of
atmospheric flows. J. Atmos. Sci., 47, 2409-2416, https://doi.
org/10.1175/1520-0469(1990)047<2409:SEDATP>2.0.CO;2.

Feng, G. L., H. X. Cao, X. Q. Gao, W. J. Dong, and J. F. Chou,
2001: Prediction of precipitation during summer monsoon
with self-memorial model. Adv. Atmos. Sci, 18(5), 701-709,
https://doi.org/10.1007/BF03403495.

Gao, X. Q., G. L. Feng, W. J. Dong, and J. F. Chou, 2003: On the
predictability of chaotic systems with respect to maximally
effective computation time. Acta Mechanica Sinica, 19, 134—
139, https://doi.org/10.1007/BF02487674.

Lacarra, J.-F., and O. Talagrand, 1988: Short-range evolution of
small perturbations in a barotropic model. Tellus A: Dynamic
Meteorology and Oceanography, 40, 81-95, https://doi.org/
10.3402/tellusa.v40i2.11784.

Leith, C.E., 1971: Atmospheric predictability and two-dimensional
turbulence. J. Afmos. Sci., 28, 145-161, https://doi.org/
10.1175/1520-0469(1971)028<0145: APATDT>2.0.CO;2.

Li, J. P, and R. Q. Ding, 2011a: Temporal-spatial distribution of

VOLUME 36

atmospheric predictability limit by local dynamical analogs.
Mon. Wea. Rev., 139, 3265-3283, https://doi.org/10.1175/
MWR-D-10-05020.1.

Li, J. P, and R. Q. Ding, 2011b: Relationship between the pre-
dictability limit and initial error in chaotic systems. Chaotic
Systems, InTech, 39-50.

Li, J. P, and R. Q. Ding, 2013: Temporal-spatial distribution of
the predictability limit of monthly sea surface temperature in
the global oceans. International Journal of Climatology, 33,
1936-1947, https://doi.org/10.1002/joc.3562.

Lorenz, E. N., 1963: Deterministic nonperiodic flow. J. Atmos.
Sci., 20, 130-141, https://doi.org/10.1175/1520-0469(1963)
020<0130:DNF>2.0.CO;2.

Lorenz, E. N., 1965: A study of the predictability of a 28-variable
atmospheric model. Tellus, 17, 321-333, https://doi.org/
10.3402/tellusa.v17i3.9076.

Lorenz, E. N., 1969a: The predictability of a flow which possesses
many scales of motion. Tellus, 21, 289-307, https://doi.org/
10.1111/j.2153-3490.1969.tb00444 .x.

Lorenz, E. N., 1969b: Atmospheric predictability as revealed by
naturally occurring analogues. J. Atmos. Sci., 26, 636-646,
https://doi.org/10.1175/1520-0469(1969)26<636: APARBN>
2.0.CO;2.

Lorenz, E. N., 1982: Atmospheric predictability experiments with
a large numerical model. Tellus, 34, 505-513, https://doi.org/
10.3402/tellusa.v34i6.10836.

Lorenz, E. N., 1996: Predictability: A problem partly solved. Proc
Seminar on Predictability, Shinfield Park, Reading, ECMWE,
1-18.

Luo, J.-J., S. Masson, S. K. Behera, and T. Yamagata, 2008:
Extended ENSO predictions using a fully coupled ocean—
atmosphere model. J. Climate, 21, 84-93, https://doi.org/
10.1175/2007JCLI1412.1.

Mu, M., and J. C. Wang, 2001: Nonlinear fastest growing pertur-
bation and the first kind of predictability. Science in China
Series D: Earth Sciences, 44, 1128-1139, https://doi.org/
10.1007/BF02906869.

Mu, M., and W. S. Duan, 2003: A new approach to studying ENSO
predictability: Conditional nonlinear optimal perturbation.
Chinese Science Bulletin, 48, 1045-1047, https://doi.org/
10.1007/BF03184224.

Mu, M., W. S. Duan, and J. C. Wang, 2002: The predictability
problems in numerical weather and climate prediction. Adv.
Atmos. Sci., 19(2), 191-204, https://doi.org/10.1007/s00376-
002-0016-x.

Mu, M., H. Xu, and W. S. Duan, 2007: A kind of initial errors
related to “spring predictability barrier” for El Niflo events
in Zebiak—Cane model. Geophys. Res. Lett., 34, 103709,
https://doi.org/10.1029/2006GL027412.

Mukougawa, H., M. Kimoto, and S. Yoden, 1991: A relationship
between local error growth and quasi-stationary states: Case
study in the Lorenz system. J. Atmos. Sci., 48, 1231-1237,
https://doi.org/10.1175/1520-0469(1991)048<1231:ARBLEG>
2.0.CO;2.

Nese, J. M., 1989: Quantifying local predictability in phase space.
Physica D: Nonlinear Phenomena, 35, 237-250, https://doi.
org/10.1016/0167-2789(89)90105-X.

Peng, Y. H., W. S. Duan, and J. Xiang, 2011: Effect of stochastic
MIJO forcing on ENSO predictability. Adv. Atmos. Sci., 28(6),
1279-1290, https://doi.org/10.1007/s00376-011-0126-4.

Simmons, A. J., R. Mureau, and T. Petroliagis, 1995: Error growth
and estimates of predictability from the ECMWEF forecasting



JUNE 2019

system. Quart. J. Roy. Meteor. Soc., 121, 1739-1771, https://
doi.org/10.1002/qj.49712152711.

Thompson, P. D., 1957: Uncertainty of initial state as a factor in the
predictability of large scale atmospheric flow patterns. Tellus,
9, 275-295, https://doi.org/10.3402/tellusa.v9i3.9111.

Toth, Z., 1991: Estimation of atmospheric predictability by circu-
lation analogs. Mon. Wea. Rev., 119, 65-72, https://doi.org/
10.1175/1520-0493(1991)119<0065:EOAPBC>2.0.CO:;2.

Trevisan, A., and R. Legnani, 1995: Transient error growth and lo-
cal predictability: A study in the Lorenz system. Tellus A: Dy-
namic Meteorology and Oceanography, 47, 103—117, https://
doi.org/10.3402/tellusa.v47i1.11496.

Yoden, S., and M. Nomura, 1993: Finite-time Lyapunov stabil-
ity analysis and its application to atmospheric predictability.
J. Atmos. Sci., 50, 1531-1543, https://doi.org/10.1175/1520-

LIET AL. 677

0469(1993)050<1531:FTLSAA>2.0.CO;2.

Zhou, F. F.,R. Q. Ding, G. L. Feng, Z. T. Fu, and W. S. Duan, 2012:
Progress in the study of nonlinear atmospheric dynamics and
predictability of weather and climate in China (2007-2011).
Adv. Atmos. Sci., 29(5), 1048-1062, https://doi.org/10.1007/
s00376-012-1204-y.

Ziehmann, C., L. A. Smith, and J. Kurths, 2000: Localized Lya-
punov exponents and the prediction of predictability. Physics
Letters A, 271, 237-251, https://doi.org/10.1016/S0375-9601
(00)00336-4.

Zou, M. W., G. L. Feng, and X. Q. Gao, 2006: Sensitivity of intrin-
sic mode functions of Lorenz system to initial values based
on EMD method. Chinese Physics, 15, 1384-1390, https://
doi.org/10.1088/1009-1963/15/6/043.



