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Abstract Initial errors and model errors are the source
of prediction errors. In this study, the authors compute the
conditional nonlinear optimal perturbation (CNOP)-type
initial errors and nonlinear forcing singular vector (NFSV)-
type tendency errors of the Zebiak-Cane model with re-
spect to El Nifio events and analyze their combined effect
on the prediction errors for El Nifio events. The CNOP-
type initial error (NFSV-type tendency error) represents
the initial errors (model errors) that have the largest effect
on prediction uncertainties for El Nifio events under the
perfect model (perfect initial conditions) scenario. How-
ever, when the CNOP-type initial errors and the NFSV-
type tendency errors are simultaneously considered in the
model, the prediction errors caused by them are not am-
plified as the authors expected. Specifically, the predic-
tion errors caused by the combined mode of CNOP-type
initial errors and NFSV-type tendency errors are a little
larger than those caused by the NFSV-type tendency er-
rors. This fact emphasizes a need to investigate the opti-
mal combined mode of initial errors and tendency errors
that cause the largest prediction error for El Nifio events.
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1 Introduction

The El Nifio-Southern Oscillation (ENSO) is the most
prominent climate phenomenon of interannual variability.
Successful and accurate predictions of ENSO are ex-
tremely important for human society and economies. Al-
though great progress has been made in recent decades in
forecasting ENSO, significant prediction errors still exist,
and the results of prediction are unsatisfactory (Jin et al.,
2008).

Generally, the uncertainty of prediction comes from
two aspects: initial errors and model errors. Many studies
have explored the effect of initial errors on ENSO pre-
dictability and emphasized the important role of initial
errors in a successful ENSO forecast, ultimately conclud-
ing that initial errors may have a great effect on ENSO
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prediction (Samelson and Tziperman, 2001; Mu et al,,
2007). Mu et al. (2003) proposed conditional nonlinear
optimal perturbation (CNOP), which is an extension of
the linear singular vector (LSV) (Lorenz, 1965) to nonli-
near fields, to represent the initial errors that cause the
largest prediction errors in nonlinear models. Also, some
studies have demonstrated the roles played by model er-
rors in yielding significant prediction errors (Blanke et al.,
1997; Latif et al., 1998; Williams, 2005; Zheng et al., 2006;
2009). Model errors consist of the combined effect of
uncertainties of unrecognized physical processes (Syu and
Neelin, 2000), sub-grid parameterization, and atmospheric
noises, or other high-frequency variations such as west-
erly wind bursts and the Madden-Julian oscillation (Geb-
bie et al., 2007; Marshall et al., 2009). Duan and Zhou
(2013) proposed the Nonlinear Forcing Singular Vector
(NFSV), which represents the tendency error that induces
the largest prediction errors. Base on this approach, Duan
and Zhao (2014)" used the Zebiak-Cane model to study
the effect of tendency errors on prediction uncertainties of
ENSO.

In realistic ENSO predictions, both initial errors and
model errors exist simultaneously. Consequently, it is
necessary to consider the combined effect of these errors
on the uncertainty of ENSO forecasts. In this context, we
ask: How does the combined mode of CNOP and NFSV
influence the ENSO prediction error? Is it the optimal
combined mode of initial error and tendency error that
causes the largest prediction error? We address these two
questions in the present paper by using the CNOP and
NFSV approaches.

2 Conditional nonlinear optimal perturbation and
the nonlinear forcing singular vector

The CNOP is an initial perturbation that satisfies a
given constraint and has the largest nonlinear evolution at
the prediction time (Mu et al., 2003). For an appropriate
measurement, || ||, the initial perturbation, w;, can be

defined as CNOP if and only if it satisfies
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where || ||, and || ||, are selected according to spe-
cific physical problems, and used to measure the ampli-
tudes of initial errors, w,, and the prediction errors in-
duced by w,, respectively. J; is the constraint radius of
Wys, and M, oy is the propagator of a nonlinear model

from time ¢, to ¢,. W, is the initial value of the basic
state, and w, is its initial perturbation. The CNOP repre-
sents the initial errors that have the largest effect on pre-
diction errors.

The NFSV is a tendency perturbation that satisfies a
given constraint and has the largest nonlinear evolution at
the prediction time (Duan and Zhou, 2013). The NFSV,
fs, can be defined by presenting a constrained maximi-

zation problem:

J(fs)= max
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where M 1., () 1s the propagator of the nonlinear model

with tendency equation superimposed tendency error, f;
|||l and || ||, are used to measure the amplitude of
tendency errors, f, and the prediction error induced by f;
0, is the constraint radius of f. From Duan and Zhou

(2013), the NFSV describes the tendency error that causes
the largest prediction error.

3 CNOP-type initial errors and NFSV-type
tendency errors of El Nifio events in the
Zebiak-Cane model

The Zebiak-Cane model (Zebiak and Cane, 1987) was
the first coupled ocean-atmosphere model to successfully
simulate ENSO interannual variability. It has been widely
used in ENSO prediction and predictability research ow-
ing to its good performance (Zebiak and Cane, 1987;
Blumenthal, 1991; Mu et al., 2007; Duan et al., 2012; Yu
et al., 2012), and can be regarded as a platform for invest-
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tigating the combined effect of initial errors and tendency
errors on the predictability of ENSO.

Two groups of model El Nifio events are selected as
the reference-state El Nifio events to be predicted, includ-
ing four weak El Nifio events (denoted by W1-W4), and
four strong El Nifio events (denoted by S1-S4) (see Fig. 1).

To obtain CNOPs and NFSVs of the reference-state El

o~ ! ’ 2
Nifio events, we use || T'(¢;) |, = Zi’j (T} (1)) to mea-

sure the prediction errors caused by initial errors, w,, or
tendency errors, f, at prediction time ¢ ; 7 () rep-
resents the prediction errors of the SST anomalies (SSTA)
at the grid (7, j) caused by w, or f at prediction time
t, . The grid (7, j) is in the domain of the tropical Pacific,

with latitude from 19°S to 19°N by 2°, and longitude
from 129.375°E to 84.375°W by 5.625°. Next, we con-
struct the corresponding cost function according to Egs.
(1) and (2):

J(w, = max ||T'(¢ s 3
( Oé'l) Iwoll<5, || ( k) Ha ( )
J = max ||T'(¢ s 4
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where the constraint bounds, §; of CNOP and 6, of NFSV,

are experimentally predetermined as 0.8 and 0.4, respectively.

We use Year(0) to represent the year when El Nifio at-
tains a peak value, Year(—1) and Year(l) to denote the
year before and after Year(0), respectively. For each El
Nifio, we make predictions for 12 months with the start
month of July(—1) (i.e., July in Year(—1)), October(—1),
January(0), April(0), July(0), October(0), January(1), and
April(1). For each start month, the El Nifio is predicted by
using the Zebiak-Cane model with the CNOP-type initial
error and the NFSV-type tendency error, respectively.
Therefore, each El Nifio event will have 16 predictions
with eight start months and a total of 128 predictions are
made for the eight El Nifio events.
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Figure 1 (a) The Nifio-3 indexes of four strong El Nifio events, denoted by S1-S4, and (b) those of four weak El Nifio events, denoted by W1-W4.
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By solving Egs. (3) and (4), we can obtain 64 CNOPs
and 64 NFSVs, respectively. By analyzing the CNOPs
and NFSVs, we find that they are independent of the in-
tensities of the El Nifio events, but dependent on start
months. According to the start months, the CNOPs (Fig.
2; also see Yu et al. (2009)) and the NFSVs (Fig. 3; also
see Duan and Zhao (2014)") can be classified into two
types, respectively. When the predictions are initialized in
July(—1), October(—1), January(0), and April(0), the CNOP-
type initial errors tend to be of the SSTA component with

positive anomalies in the eastern Pacific and negative
anomalies in the central-western Pacific, and of the ther-
mocline depth anomaly component with a deepening
along the equator (for simplicity, we call this type of ini-
tial errors “type-1 CNOP” initial errors). We note that the
predictions with the start months July(—1), October(—1),
January(0), and April(0) often cross the growth phase of
the El Nifio events. Therefore, the predictions through the
growth phase of El Nifio are inclined to possess type-1
CNORP initial errors. However, when the predictions start
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Figure 2 Two types of the conditional nonlinear optimal perturbation (CNOP)-type initial errors and resultant prediction errors with a lead time of
12 months. The CNOP consists of (a) SSTA and (b) thermocline depth anomaly components, and (c) the prediction errors are for SSTA. The left col-
umn shows type-1 CNOP initial error, and the right column shows type-2 CNOP initial error. The type-1 and -2 CNOPs are calculated with the initial

time of January(0) and January(1) for the El Nifio denoted by S1.
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Figure 3 Two types of NFSV-type (a) tendency errors and (b) the resultant prediction errors with a lead time of 12 months. The left column shows
type-1 NFSV tendency error, and the right column shows type-2 tendency error. The type-1 and -2 NFSVs consist of the SSTA component and are
calculated with the initial time of January(0) and January(1) for the reference-state El Niflo denoted by S1.
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in July(0), October(0), January(l), and April(1), and
through the decaying phase of El Nifio, the CNOP-type
initial errors tend to be of SSTA and thermocline depth
anomaly patterns almost opposite to the type-1 CNOP
initial errors. We similarly call this type of initial errors
“type-2 CNOP” initial errors.

The NSFV-type tendency errors consist of the SSTA
component. From Fig. 3, it is clearly shown that the two
types of NFSVs are very similar to the SSTA components
of the CNOP-type initial errors, which are similarly de-
noted by “type-1 NFSV” and “type-2 NFSV”. However, it
should be pointed out that the type-1 NFSV tendency er-
rors are related to the predictions associated with the de-
caying phase of El Nifio, while the type-2 NFSV tendency
errors are related to the predictions of the growth phase.
In any case, we notice that both the CNOP-type initial
errors and the NFSV-type tendency errors possess the
same regions of large errors. The similarities between
CNOP and NFSV indicate that the El Nifo predictions
may be sensitive to not only initial errors but also the
tendency errors in these regions.

4 The combined effect of CNOP-type initial
errors and NFSV-type tendency errors on El Nifio
prediction uncertainties

In this section, we investigate the effect of the com-
bined mode of CNOP-type initial errors and NFSV-type
tendency errors on prediction errors of El Nifio events.
We superimpose CNOP-type initial error and NFSV-type
tendency error on the initial state of the reference-state El
Nifio events and the SST-tendency equation and integrate
the perturbed model for 12 months, obtaining predictions
for the reference-state El Nifio events influenced by the
CNOP-type initial errors and NSFV-type tendency errors.
By subtracting the reference-state El Nifio events from
their predictions, the prediction errors induced by the
combined mode of CNOP-type initial errors and NFSV-
type tendency errors can be obtained. As a comparison,
we also calculate the CNOP- and NFSV-resultant prediction
errors.
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In Fig. 4, we plot a histogram of the ensemble mean of
the prediction errors caused by CNOP-type initial errors,
NFSV-type tendency errors, and their combined mode for
strong El Nifio events. By comparing the results, we find
that the NFSV-type tendency errors tend to cause a
slightly larger prediction error than the combined mode of
CNOP-type initial errors and NFSV-type tendency errors.
For weak El Nifo events, we also obtain similar results.
However, these results are not as we expected, i.e., that
the combined mode of CNOP-type initial errors and
NFSV-type tendency errors would cause a much larger
prediction error than the NFSV-type tendency errors be-
cause much more uncertainty are considered in the model
by including initial errors and tendency errors. So, what is
the reason for this result?

To address this question, we examine the patterns of
CNOP-type initial errors and NFSV-type tendency errors
reported in the last section. As revealed in section 3, the
CNOP-type initial errors tend to be type-1 errors in the
predictions associated with the growth phase of El Nifio
events, but type-2 errors in the predictions of the decaying
phase. The type-1 CNOP initial errors often evolve into an
El Nifio-like mode and cause El Nifio events to be over-
predicted; while the type-2 CNOP initial errors develop
into a La Nifia-like mode and cause El Nifio to be under-
predicted (see Fig. 2c and Yu et al. (2009)). However, for
the NFSV-type tendency errors, although the type-1
(type-2) NFSV tendency errors have similar patterns to
the type-1 (type-2) CNOP initial errors, they occur in the
predictions associated with the decaying (growth) phase
of El Niflo. That is to say, the predictions associated with
the growth (decaying) phase of El Nifio tend to be sig-
nificantly influenced by the type-1 (type-2) CNOP initial
errors and the type-2 (type-1) NFSV tendency errors.
From Fig. 3, it is shown that the type-1 NFSV tendency
errors, similar to the type-1 CNOP type initial errors, tend
to present an El Nifo-like evolving mode and cause El
Niflo to be overpredicted; while the type-2 NFSV ten-
dency errors are inclined to show a La Nifia-like evolving
mode and cause El Nifio events to be underpredicted.
Therefore, for the type-1 CNOP initial errors and type-2
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Figure 4 The Ensemble mean of prediction errors caused by CNOP-type initial errors (green bars), NFSV-type tendency errors (blue bars), and their
combined mode (red bars) for the strong events (S1-S4) shown in Fig. 1. Panel (a) is the growth-phase prediction and (b) is the decaying-phase pre-
diction. The months on the horizontal axis are the start months of the predictions.
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NFSV tendency errors occurring in the predictions asso-
ciated with the growth phase of El Nifo, the prediction
errors caused by the type-2 NFSV tendency errors will be
counteracted by the prediction errors caused by the type-1
CNOP initial errors, ultimately causing the prediction
errors induced by the combined mode of CNOP and
NFSV to be smaller than those induced by the type-2
NFSV tendency errors. Similarly, the decaying-phase pre-
diction errors caused by the type-1 NFSV tendency errors
will be counteracted by the prediction errors caused by
the type-2 CNOP initial errors and cause the prediction
errors induced by the combined mode of CNOP and
NFSV to be smaller than those induced by the type-1
NFSV tendency errors.

From Fig. 4 we notice that, although the prediction er-
rors caused by the combined mode of CNOP-type initial
errors and NFSV-type tendency errors are smaller than
those caused by the NFSV-type tendency errors, the dif-
ferences between the former and the latter are not equal to
the prediction errors caused by the CNOP-type initial
errors. This indicates that nonlinear interaction exists be-
tween CNOP-type initial errors and NFSV-type tendency
errors when they are simultaneously present in the model.
That is to say, a simple combination of CNOP and NFSV
may not mean a straightforward overlapping of the pre-
diction errors that they cause, which sheds light on the
fact that the prediction errors caused by the combined
modes of CNOP-type initial errors and NFSV-type ten-
dency errors are not larger than those caused by the
NFSV-type tendency errors only. Therefore, a simple
combination of CNOP and NFSV may not be the optimal
combined mode of initial errors and tendency errors,
which encourages us to explore in future work the com-
bined mode of initial errors and tendency errors that have
the largest effect on prediction errors.

5 Summary and discussion

Within the framework of the Zebiak-Cane model,
CNOP and NFSV approaches are used to investigate the
combined effect of initial errors and model errors on pre-
diction uncertainty. We calculate the CNOP-type initial
errors and NFSV-type model errors of 128 predictions for
eight El Nifio events with different start months. The re-
sults indicate that the prediction errors caused by the
combined modes of CNOP- and NFSV-type errors are
larger than the resultant prediction error of CNOP-type
initial errors, but are not larger than the NFSV-type ten-
dency errors in most situations. In fact, the CNOPs and
NFSVs can be classified into two types denoted by type-1
and type-2, respectively. The type-1 NFSVs and CNOPs
have similar patterns as positive anomalies in the equato-
rial eastern Pacific and negative anomalies in the equato-
rial central-western Pacific. However, the type-2 NFSVs
and CNOPs, although they are similar, have signs almost
opposite to the type-1 CNOPs and NFSVs. Predictions
crossing the growth phase of El Nifio are inclined to pos-
sess type-1 CNOP-type initial error and type-2
NFSV-type tendency error, which results in the prediction
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errors caused by NFSV being offset by those caused by
CNOP, ultimately inducing their combined mode to cause
a smaller prediction error, even when compared to that
caused by the NFSV-type tendency error. However, pre-
dictions crossing the decaying phase of El Nifio tend to
possess type-2 CNOPs and type-1 NFSVs. Similarly, the
prediction errors caused by their combined mode may
induce a smaller prediction error than the NFSVs.

We attempt in the present paper to estimate the largest
prediction error caused by initial errors and tendency er-
rors. According to the results, the combined mode of the
CNOP-type initial error and the NFSV-type tendency er-
ror may not cause a larger prediction error than the
NFSV-type tendency errors, and may therefore not be the
optimal combined mode of initial errors and tendency
errors that causes the larges prediction error. Therefore, in
future work it is necessary to explore the optimal com-
bined mode of initial error and tendency error and identify
useful information for improving the forecast skill.
Moreover, we should establish a cost function to measure
the prediction errors caused by the combined mode of
initial errors and model errors and explore the optimal
combined mode of initial errors and model errors that
cause the largest prediction uncertainty.
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