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Abstract
Based on initial errors of sea temperature in the tropical Indian Ocean that are most likely to
induce spring predictability barrier (SPB) for the El Niño prediction, the sensitive area of sea temperature
in the tropical Indian Ocean for El Niño prediction starting from January is identiﬁed using the CESM1.0.3
(Community Earth System Model), a fully coupled global climate model. The sensitive area locates
mainly in the subsurface of eastern Indian Ocean. The eﬀectiveness of applying targeted observation in
the sensitive area is also evaluated in an attempt to improve the El Niño prediction skill. The results of
sensitivity experiments indicate that if initial errors exist only in the tropical Indian Ocean, applying targeted
observation in the sensitive area in the Indian Ocean can signiﬁcantly improve the El Niño prediction. In
particular, for SPB-related El Niño events, when initial errors of sea temperature exist both in the tropical
Indian Ocean and the Paciﬁc Ocean, which is much closer to the realistic predictions, if targeted observations
are conducted in the sensitive area of tropical Paciﬁc, the prediction skills of SPB-related El Niño events
can be improved by 20.3% in general. Moreover, if targeted observations are conducted in the sensitive
area of tropical Indian Ocean in addition, the improvement of prediction skill can be increased by 25.2%.
Considering the volume of sensitive area in the tropical Indian Ocean is about 1/3 of that in the tropical
Paciﬁc Ocean, the prediction skill improvement per cubic kilometer in the sensitive area of tropical Indian
Ocean is competitive to that of the tropical Paciﬁc Ocean. Additional to the sensitive area of the tropical
Paciﬁc Ocean, sensitive area of the tropical Indian Ocean is also a very eﬀective and cost-saving area for the
application of targeted observations to improve El Niño forecast skills.
Keyword: tropical Indian Ocean; El Niño prediction; sensitive area; targeted observation

1 INTRODUCTION
El Niño-Southern Oscillation (ENSO), a prominent
climate phenomenon originated in the Tropical
Paciﬁc, is the strongest interannual climate signal and
has widespread inﬂuence on the global climate system
(Philander, 1983). The occurrence of El Niño event
can induce extreme weather and climate events across
the globe, since it brings large changes in the heating
of tropical atmosphere, which can alter the global
atmospheric circulation (Wang et al., 2000; Alexander
et al., 2002; Henderson et al., 2018). Consequently, it
is of great importance to improve the prediction skills

of El Niño events (Kirtman et al., 2002; Chen and
Cane, 2008; Zhu et al., 2013).
El Niño prediction skills get a lot of beneﬁts from
the tremendous developments of ENSO monitoring,
the progress in the understandings of El Niño
dynamics and the improvements of the prediction
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models (both statistical and dynamical). The
extremely strong El Niño event in 1982–1983, which
came as a surprise due to the lack of real-time
observation, aroused the importance of constructing
an ENSO observing network in the tropical Paciﬁc.
Thus, the Tropical Ocean-Global Atmosphere
(TOGA) program was ﬁrst carried out during 1985–
1994. And with the continual progress, the now called
Tropical Paciﬁc Observing System (TPOS) has been
established, including data from TAO/TRITON array,
Argo proﬁling ﬂoats, surface drifters, ships of
opportunity lines of expendable bathythermograph
(XBT), satellite remote sensing, and so on (McPhaden
et al., 1998; Chen et al., 2018). The tremendous
developments on the El Niño observing also shed light
on the studies of ENSO theories. The developments
of both ENSO monitoring systems and ENSO theories
thus contributed to the progress of El Niño prediction
models, especially the dynamic models.
Generally, El Niño events can be forecast in a lead
time of 6 months to 1 year (Chen and Cane, 2008; Jin
et al., 2008; Tang et al., 2018). However, considerable
uncertainties in realistic El Niño predictions still exist
(Luo et al., 2008; Tippett et al., 2011). Particularly,
when forecasts are made throughout spring, El Niño
predictions tend to be much less successful. This low
predictability has been related to the so-called “Spring
Predictability Barrier” (SPB) of the El Niño prediction
(Webster and Yang, 1992; Latif et al., 1994; Luo et al.,
2005). A number of studies have emphasized the
importance of initial errors of Paciﬁc Ocean in the
SPB. Chen et al. (1995) suggested that SPB
phenomenon in the Zebiak-Cane model could be
eliminated by improving initialization. Moore and
Kleeman (1996) analyzed the error growth of singular
vectors related to SPB. Mu et al. (2007) explored the
initial errors that are most likely to cause signiﬁcant
SPB by computing the conditional nonlinear optimal
perturbation (CNOP) (Mu et al., 2003) for El Niño
events with the Zebiak-Cane model (Zebiak and
Cane, 1987). Given that the Zebiak-Cane model is an
intermediate complexity coupled model, a fully
coupled GCM, CESM1.0.3, is further used to get a
panoramic view of the sea temperature errors that are
most likely to induce SPB (Duan and Hu, 2016).
For the El Niño events, status in the tropical Paciﬁc
is not the only source to inﬂuence El Niño predictions.
Rather than a slave to the tropical Paciﬁc, the Indian
Ocean can also inﬂuence the tropical Paciﬁc Ocean
and the prediction skills of the El Niño events. Indian
Ocean Dipole (IOD), as revealed by Saji et al. (1999),
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is an important air-sea interaction phenomenon in the
tropical Indian Ocean. When the Indian Ocean is
taken into account, i.e., taking the Dipole Mode Index
(DMI) as one of the predictors, El Niño event can be
successfully forecast 14 months before its peak by a
statistical prediction model (Izumo et al., 2010, 2014).
For the dynamical model, when the air-sea interactions
in the tropical Indian Ocean are considered in the
coupled GCM, the prediction skill of El Niño events
can also be signiﬁcantly improved (Luo et al., 2010).
The interactions between tropical Indian Ocean and
the tropical Paciﬁc can be due to both the atmospheric
bridge and Indonesian Through Flow (ITF), the only
oceanic channel between them (Alexander et al.,
2002; Yuan et al., 2011; Zhou et al., 2015). Inspired
by the fact that the initial state of the Indian Ocean
also has non-neglectable inﬂuence on the El Niño
prediction, Zhou et al. (2019) have found two types of
IO-related initial errors of sea temperature that can
easily induce SPB for the El Niño forecasts using
CESM model. Initial error type-1 consists of a positive
IOD-like sea temperature pattern, with positive errors
in the western Indian Ocean and negative errors in the
eastern Indian Ocean, while type-2 has a negative
IOD-like structure that is nearly opposite to that of
type-1.
It is suggested that these SPB-related initial errors
in the tropical Indian may have implications for the
“targeted observation” in order to improve the forecast
skills (Zhou et al., 2019), but the sensitive area in the
tropical Indian Ocean for the El Niño predictions
remains unexplored. Speaking of targeted observation,
it is an observation strategy by which the concerned
phenomenon is observed. In order to get a much more
precise predictions at a future time t1 (veriﬁcation
time) in a focused area (veriﬁcation area), additional
observations are deployed at a future time t2 (target
time; t2<t1) in some key areas (sensitive area) where
additional observations are expected to have a
considerable contribution on the forecast in the
veriﬁcation area (Snyder, 1996; Mu, 2013; Mu et al.,
2015). These additional observations would be
assimilated to form a more reliable initial state, which
would be supplied to the model to reduce the
prediction errors. One of the key points in the targeted
observations is the determination of the sensitive area.
For the El Niño forecasts, Morss and Battisti (2004)
had performed a series of observing system simulation
experiments (OSSEs) using a linearized intermediate
coupled ENSO model, with a conclusion that the
eastern equatorial Paciﬁc (south of equator) and the
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western equatorial Paciﬁc may stand as the most
important regions for additional observation. Yu et al.
(2012) argued that the eastern equatorial Paciﬁc is the
sensitive area for targeted observations by using
Zebiak-Cane model. Duan and Hu (2016) explored
the sensitive areas in the tropical Paciﬁc with a
coupled GCM, and suggest that targeted observations
of sea temperature in the subsurface are also crucial in
order to decrease the prediction errors. Recently,
Duan et al. (2018) proposed an optimal observation
array, with a reversal triangle-like shape located in the
eastern Paciﬁc, as the sensitive area for both EP-El
Niño and CP- El Niño forecasts.
Since sensitive area for the El Niño predictions in
the tropical Paciﬁc are widely studied, we will
naturally want to unveil the sensitive area in the
Indian Ocean for the El Niño forecasts since the initial
sate in the tropical Indian is also a vital source of the
El Niño predictability. Based on these recently
revealed two types of SPB-related initial errors in the
tropical Indian Ocean (Zhou et al., 2019), questions
are raised: Does the large-values area of these SPBrelated initial errors in the tropical Indian stand for the
sensitive area of El Niño predictions? If targeted
observations are applied in the sensitive area, will the
El Niño prediction skills be signiﬁcantly improved?
How is the eﬀectiveness of applying targeted
observations in the sensitive area in the tropical Indian
Ocean when compared with that in the tropical
Paciﬁc?
These questions are answered in this paper. In the
next section, the model and data used in this paper are
described. In Section 3, all the experimental strategies
are presented. The sensitive area in the tropical Indian
Ocean of the El Niño events is identiﬁed, veriﬁed, and
compared with that in the tropical Paciﬁc as shown in
Section 4. Finally, the discussion and summary will
be presented in Sections 5 and 6.

2 MODEL AND DATA
The coupled model used here is Community Earth
System Model, version 1 (CESM1.0.3), a fullycoupled global climate model developed in National
Center for Atmospheric Research (NCAR).
CESM1.0.3 is comprised of interactive model
components like atmosphere, ocean, land and ice,
which are linked by a ﬂux coupler (Hurrell et al.,
2013). The atmospheric GCM CAM4 has a horizontal
resolution of 0.9° latitude by 1.25° longitude with 26
vertical layers. The oceanic component POP2 is a
z-level hydrostatic primitive equation ocean model
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with 60 vertical levels. The vertical spacing is 10 m at
the surface and varies with depth. The nominal
horizontal resolution is 1°×1° in the oﬀ-equatorial
area with an enhanced resolution of 1/3° latitude by
1° longitude in the tropics.
As demonstrated in Zhou et al. (2019), this coupled
GCM has a very well simulation of ENSO and IOD,
and SPB-related initial errors in the tropical Indian
Ocean are obtained by using this coupled model.
Therefore, it is reasonable to use this model to identify
and verify the sensitive area in the tropical Indian
Ocean for the El Niño predictions.

3 EXPERIMENTAL DESIGN
In the former study, the SPB-related El Niño events
and SPB-related initial errors are revealed when
exploring the IO-related initial errors that are most
likely to induce SPB for the El Niño predictions
(Zhou et al., 2019). It is shown that, among the 20 El
Niño events simulated from CESM model, 10 of them
are more likely to induce SPB during the predictions,
as shown in Fig.1 (here, “0”, “-1” and “1” denote the
El Niño year, the preceding and subsequent year,
respectively). These 10 SPB-related El Niño events
are treated as the “true state”, since no initial errors
are considered. From the ﬁxed group of 24 IO-related
initial errors, 8 of them stand out as the SPB-related
initial errors, which can be marked as INI_1, INI_8,
INI_9, INI_11, INI_13, INI_18, INI_21, and INI_24,
correspondingly. Since the locations of initial errors
with large values may have implications for the
sensitive area to apply targeted observations (Wang et
al., 2013; Mu et al., 2014; Duan and Hu, 2016), we
mainly focus on the large value area of the initial
errors in an attempt to determine the sensitive area for
the El Niño predictions.
First, ||INIijk||≥1.0°C is used as a criterion of large
values, where INI stands for one of the eight SPBrelated initial errors in the tropical Indian Ocean, and
i, j, k are the grid numbers along the meridional, zonal
directions and vertical levels respectively. Thus, eight
large value areas are discerned based on these SPBrelated initial errors in the tropical Indian. For each
SPB-related initial error, two kinds of IO-related
initial errors are obtained: one with initial errors
reserved only inside the large value areas, while the
other with the initial errors reserved only outside the
large value areas. These initial errors are superimposed
on all the 10 SPB-related El Niño events. Then,
prediction errors are calculated as the diﬀerences of
SST between the sensitive experiments and the “true
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Fig.1 Niño3 index (unit: °C) for 10 SPB-related El Niño events from CESM1.0.3 (thin lines) (mean shown in bold)

state”. The prediction errors of SSTA can be expressed
as  (t )||T p (t )T t (t )|| [Ti ,pj (t )Ti ,t j (t )]2 where the
i, j

prediction error λ is measured by the norm ||∙||, Tp
represents the predicted SSTA, Tt is the SSTA of a
“true state” El Niño event, and (i,j) are the grid points
in the Niño3 region. For one SPB-related initial error,
if the prediction errors induced by the initial errors
inside the large value areas are much larger than that
of the outside, we can simply assume that the large
value area determined by that initial error may present
the sensitive area of the targeted observations for El
Niño predictions.
Once the sensitive area is identiﬁed, it needs to be
further veriﬁed by all the SPB-related El Niño events
and SPB-related initial errors. In this study, the
sensitivity experiments are conducted under the
assumption that if targeted observations are carried
out in the sensitive area, the initial errors there are
wiped out and can be set to zero. Thus, sensitivity
experiments are completed with targeted observations
carried out inside the sensitive area, that is, the initial
errors inside the sensitive area of all the SPB-related
initial errors are wiped out. If the prediction errors can
be signiﬁcantly reduced, the sensitive area can be
veriﬁed. Sensitivity experiments with targeted
observations conducted outside the sensitive area are
also carried out for comparison. Since the sensitive
area is relatively small compared with the whole
tropical Indian Ocean region, the eﬀectiveness of
applying targeted observations in the sensitive area in
the tropical Indian can further be evaluated. Index β is
deﬁned as β=improvement of El Niño prediction
skills/Volume of the area with targeted observations

applied, thus β can represent the improvement of El
Niño prediction skills per km3 for a certain area where
targeted observations are carried out.
Based on the sensitive area in the tropical Indian
Ocean determined by the former sensitivity
experiments, numerous works have been done in an
attempt to explore the sensitive area in the tropical
Paciﬁc for the El Niño predictions. Thus, it is of
natural interest to compare the eﬀectiveness of
applying targeted observations in the sensitive areas
in the tropical Indian Ocean and tropical Paciﬁc. So,
new initial errors are obtained by combing the SPBrelated initial errors in both tropical oceans. Here,
SPB-related initial errors in the tropical Paciﬁc are
obtained from Duan and Hu (2016). New reference
runs are gained when these new initial errors are
superimposed on all these SPB-related El Niño
events. Then, targeted observations are carried out in
the sensitive area in the tropical Paciﬁc, i.e., the initial
errors in that area are removed. Furthermore,
sensitivity experiments are also conducted with
targeted observations applied in the sensitive areas in
both oceans. The prediction errors and the index β of
these sensitivity experiments are calculated to evaluate
the eﬀectiveness of applying targeted observations in
the sensitive areas in both tropical oceans.

4 RESULT
4.1 Identiﬁcation of sensitive area in the tropical
Indian Ocean for El Niño prediction
In this section, we identify the sensitive area of the
El Niño forecasts following the experiment design
described in the second paragraph in Section 3. SPB-
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Table 1 Averaged predictions errors (Err) of all the SPBrelated initial error and that of INI_013 at the end
of the El Niño predictions for reserving errors
only inside/outside the large values areas, as in
Exp-1/Exp-2
Averaged
Exp-1
Prediction errors of Exp-ref (Err0)
Prediction errors of sensitive
experiments (Err)
Err/Err0

Exp-2

95.1
72.6

INI_013
Exp-1

Exp-2

125.3
72.3

76.4% 76.1%

90.2

32.9

72.0% 26.2%

related initial errors and SPB-related El Niño events
are taken to carry out more sensitivity experiments.
First, large value areas are identiﬁed according to
||INIijk||≥1.0°C for each SPB-related initial error. Even
though all the SPB-related initial errors in the tropical
Indian Ocean can be classiﬁed into two types, and
initial errors that belong to the same type always share
similar structures, the large value areas diﬀer for each
SPB-related initial error. In average, the volume
percentage of the large value areas in the tropical
Indian is only 8.7%, i.e., the large value areas are
quite small compared with the whole tropical Indian
region. Two sets of sensitivity experiments are
conducted based on these large value areas. For one
speciﬁc initial error, such as INI_1, a new initial error
is obtained with only initial errors inside its large
value area reserved in the tropical Indian Ocean. Exp1 is then carried out with this initial error superimposed
on all the SPB-related El Nino events. Similarly,
sensitive experiment Exp-2, with only initial errors
outside INI_1’s large value area remained, is also
completed. Besides, reference runs, marked as Expref, are also obtained with INI_1 superimposed. The
same procedures are also applied to all the other SPBrelated initial errors.
As shown in Table 1, the average prediction error
induced by all the SPB-related initial errors
superimposed on all the SPB-related El Niño events,
i.e., Exp-ref, is 95.1, and prediction errors can
averagely reach 72.6, 72.3 for Exp-1 and Exp-2
respectively. Since initial errors outside the large
value areas can cause considerable prediction errors
compared with that of initial errors inside them, we
conclude that, not all the large value areas obtained by
the SPB-related initial error can be taken as sensitive
areas. Luckily, large value area determined by
INI_013 stands out as one possible sensitive area in
the tropical Indian for the El Niño predictions. For
INI_013, the average prediction error induced by the
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Fig.2 The sensitive area (shaded in red) of targeted
observations in the tropical Indian Ocean for the El
Niño predictions

initial errors inside its large value area can reach to
90.2, achieving 72.0% of the prediction errors of Expref, while the prediction error induced by initial errors
outside it can only reach to 32.9, explaining only
26.2% of prediction errors of Exp-ref. Thus, the
sensitive area of El Niño predictions in the tropical
Indian Ocean is determined by the large value area of
INI_013, which is shown in Fig.2. The sensitive area
mainly dominates in the subsurface of the eastern
Indian Ocean, ranging from 60°E to 100°E, from sea
surface to 200 m underneath.
4.2 Validation of the sensitive area for the El Niño
prediction
In Section 4, the sensitive area in the tropical Indian
Ocean of El Niño predictions is identiﬁed based on
the large value area of SPB-related initial error
INI_013, since initial errors inside its large value area
usually induce signiﬁcant prediction errors with SPB,
while initial errors outside it only have small impact
on El Niño predictions. In this section, we want to
validate the eﬀectiveness of applying targeted
observations in the sensitive area in the tropical Indian
Ocean.
Sensitive experiments with targeted observations
applied inside the sensitive area, i.e., with initial
errors inside the sensitive areas removed, can be
denoted as “Sensi-1”, and if the prediction errors can
be largely reduced compared with the “reference
run”, the sensitive area can be validated. Moreover,
sensitivity experiments with targeted observations
applied outside the sensitive area are marked as
“Sensi-2”, with initial errors outside the sensitive area
wiped out. In this section, the “true state” and the
reference runs are the same as that from the last
section.
The results show that the prediction errors of
Sensi-1 are usually much smaller than those of
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Table 2 The averaged prediction errors and averaged
beneﬁt of the sensitivity experiments with the
targeted observation applied inside/outside the
sensitive area for El Niño predictions
Sensi-1 Sensi-2
Prediction errors of Exp-ref (Err0)

95.1

Predictions errors of sensitivity experiments (Err)

63.3

89.1

The improvement: (1–Err/Err0)

33.4%

6.3%

60.3

4.36

Averaged beneﬁt of the targeted observation β (10 /km)
-7

Sensi-2. In other words, for all these 10 El Niño
events and 8 initial errors, the prediction errors caused
by forecasts with targeted observations conducted
inside the sensitive area are much smaller than those
completed outside the sensitive area, suggesting that
applying targeted observations in this sensitive area is
eﬀective to improve the El Niño prediction skills. The
eﬀectiveness of applying targeted observations in
both Sensi-1 and Sensi-2 are evaluated as represented
in Table 2. In general, when targeted observations are
taken, either inside or outside the sensitive area, as in
Sensi-1 and Sensi-2, the averaged prediction errors
are reduced compared with Exp-ref. The improvement
of the El Niño predictions for Sensi-1 can reach to
33.4%, while the averaged improvement for Sensi-2
is only 6.3%. In general, even though the sensitive
area in the tropical Indian possesses only 9.6%
volumes of the whole tropical Indian Ocean, when
targeted observations are applied, the prediction skills
of El Niño can be signiﬁcantly improved.
In order to measure the average beneﬁt of adopting
targeted observation strategy in a certain region,
index β is calculated following the deﬁnition in
Section 3. For Sensi-2, the average beneﬁt of the
targeted observations is 4.36×10-7/km3, while for
Sensi-1, the average beneﬁt can reach to 60.3×10-7/
km3, which is 13.8 times of sensi-2. Therefore,
applying targeted observations in the sensitive area in
the tropical Indian Ocean is a very eﬃcient way to
improve El Niño prediction skills with limited
ﬁnancial cost.
The prediction errors of SST are also displayed in
Fig.3. Figure 3a is the averaged prediction errors of
Exp-ref with the whole initial errors superimposed in
the tropical Indian Ocean, Fig.3b & c is the prediction
errors of Sensi-1 and Sensi-2 with targeted
observations applied inside and outside the sensitive
area in the tropical Indian Ocean, respectively. We
can infer that, the initial errors in the tropical Indian
Ocean can lead to large prediction errors in the
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tropical Paciﬁc at the end of the prediction, as shown
in Fig.3a. When targeted observations are employed
in the sensitive area region, i.e., the initial errors in the
sensitive area in the tropical Indian are eliminated, the
prediction errors in the tropical Paciﬁc can be reduced,
as shown in Fig.3b, both the magnitude and the region
of the prediction errors are signiﬁcantly decreased.
When it comes to the results of Sensi-2 with targeted
observations done outside the sensitive area, which is
a relatively much larger region, the prediction errors
are comparable to the reference runs as shown in
Fig.3a. In short, applying targeted observations in the
sensitive area in the tropical Indian Ocean can
signiﬁcantly reduce the prediction errors of El Niño
related SSTA.
Furthermore, the averaged SSTA at the end of the
predictions are also shown in Fig.4. Figure 4a is the
averaged SSTA in the tropical oceans of the “true” El
Niño events to be predicted, Fig.4b shows the
predicted SSTA when the whole initial errors in the
tropical Indian Ocean are added, while Fig.4c & d
represent the predicted SSTA with targeted
observations conducted inside and outside the
sensitive area in the tropical Indian Ocean. In general,
the El Niño events to be predicted in this paper are
very strong with signiﬁcant warming in the eastern
Paciﬁc. When initial errors of sea temperature exist in
the tropical Indian Ocean, only a weak warming in the
tropical Paciﬁc is forecast. Therefore, targeted
observations need to be conducted. When additional
observations are done in the sensitive area, the
predictions are improved with a much better forecast
in the Paciﬁc. However, when the targeted
observations are completed outside the sensitive area
which is a much larger region than the sensitive area,
the improvement of El Niño predictions is limited.
The Anomaly Correlation Coeﬃcients (ACC) and
Root Mean Square Error (RMSE) are also calculated
between the predictions and the “true state” of the El
Niño events, as shown in Fig.5. For the reference runs
superimposed with the whole initial errors in the
Indian Ocean, the ACC (in black) experiences a large
drop from July to the end of the prediction, while the
RMSE increases quickly during July to October,
reaching a maximum of 2.81°C at the end of the
prediction. For Sensi-2 (in red), when targeted
observations are carried out outside the sensitive area,
even though the RMSE is relatively smaller when
compared with reference runs, the ACC is very close
to the reference runs. However, for the predictions of
Sensi-1 (in blue) with targeted observations applied
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Fig.3 Prediction errors in Dec(0) in the tropical oceans for El Niño predictions starting from Jan(0)
a. for predictions added with the whole initial errors in the tropical Indian Ocean; b–c. for predictions with targeted observation conducted inside/outside the
sensitive area in the tropical Indian Ocean.

inside the sensitive area, the RMSE is signiﬁcantly
reduced to a maximum of 1.24°C, and the ACC is
0.863, which is much higher than that of Sensi-1
(0.803) and reference runs (0.797). The signiﬁcant
improvement of the El Niño predictions, with an
increase of ACC and a big decline of RMSE, indicate
that applying targeted observations in the sensitive
area in the tropical Indian Ocean is an eﬀective
method to get a better El Niño forecast.
To sum up, the sensitive area identiﬁed by INI_013
is validated by more sensitivity experiments, and the
eﬀectiveness of applying targeted observations in this

sensitive area in the tropical Indian Ocean is evaluated.
In a very idealistic scenario with initial errors exist
only in the tropical Indian Ocean; applying targeted
observations in the sensitive area in the tropical Indian
Ocean is a very useful and cost-saving way to improve
the prediction skills of El Niño events.
4.3 Implications for targeted observations in a
more realistic El Niño prediction scenario
In a more realistic scenario of El Niño prediction,
the initial errors of sea temperature exist not only in
the tropical Indian, but also in the tropical Paciﬁc.
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Fig.4 Predicted SSTA in Dec(0) in the tropical oceans for El Niño predictions starting from Jan(0)
a. for the “true state” of El Niño events; b. for predictions added with the whole initial errors in the tropical Indian Ocean; c–d. for the predictions with targeted
observation conducted inside/outside the sensitive area in the tropical Indian Ocean.
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Table 3 The contribution of applying targeted observations in the sensitive areas in the tropical Paciﬁc and the tropical
Indian to the improvement of the El Niño predictions when initial errors in both oceans are considered
Applying targeted observations in
the targeted observation area

Sensitive area in the
tropical Paciﬁc Ocean

Sensitive areas in the tropical Paciﬁc
Ocean and Indian Ocean

The improvement of the El Niño predictions

20.3%

25.2%

1.4

1.9

14.9

13.1

The bulk of sensitive area (10 km )
7

3

Averaged beneﬁt of targeted observation β (10 /km )
-7

3

1.00
a
0.96

ACC (°C)

0.92
0.88
0.84
0.80
0.76
Jan.

Apr.

3.0

Month

Jul.

Oct.

Jul.

Oct.

b

RMSE (°C)

2.5
2.0
1.5
1.0
0.5
0.0
Jan.

Apr.
Month

Fig.5 The ACC (a) and RMSE (b) between the SSTA of El
Niño events (the “true state”) and the reference runs
with the whole initial errors in the tropical Indian
Ocean (line in black), and between those sensitivity
experiments with targeted observation applied
inside/outside the sensitive area in the tropical Indian
Ocean (line in blue/red respectively)

The sensitive area in the tropical Paciﬁc Ocean has
been explored in many studies (Yu et al., 2012; Duan
and Hu, 2016; Duan et al., 2018), and applying
targeted observations in the sensitive area in the
tropical Paciﬁc, rather than other regions in the
Paciﬁc, can signiﬁcantly improve the forecast skills
of the El Niño predictions.
Based on the sensitive area deﬁned in the tropical
Paciﬁc, together with the sensitive area veriﬁed in the
tropical Indian in this work, more experiments are
performed to estimate the contribution of applying
targeted observations in the sensitive area in the

tropical Indian Ocean. Here, new reference runs are
slightly diﬀerent from previous experiments, since
initial errors of sea temperature in both tropical oceans
are considered. These new reference runs of 10 El
Niño events are marked as “Sensi-ref”. When targeted
observations are executed in the sensitive area in the
tropical Paciﬁc, i.e., initial errors inside the sensitive
area of the Paciﬁc are eliminated, we get a set of
sensitivity experiments which can be marked as
“Sensi-PO”. Similarly, when targeted observations
are carried out in the tropical Indian Ocean in addition,
sensitivity experiments “Sensi-IPO” are obtained.
The diﬀerences between these predictions and the
“true state” of El Niño events thus present the
prediction errors of these experiments, and the
diﬀerences between the Sensi-IO, Sensi-IPO, and
Sensi-ref can indicate the contributions of applying
targeted observations in these sensitive areas to obtain
a better El Niño forecast.
The improvements of El Niño prediction skills
with targeted observations conducted are listed in
Table 3. In this much more realistic scenario, when
targeted observations are applied only in the sensitive
area in the tropical Paciﬁc Ocean, the El Niño
prediction skills can be improved by 20.3% compared
with that of the Sensi-ref. When targeted observations
are further carried out in the sensitive area in the
tropical Indian, in average, the improvement of El
Niño prediction skills can be further increased to
25.2%. Even though the improvement of applying
targeted observations in the tropical Indian Ocean in
addition is limited to about 5%, what we cannot
neglect is that, the sensitive area in the tropical Indian
Ocean is only 0.5×107 km3, which is only 1/3 of that
in the tropical Paciﬁc. β, the average beneﬁt of
targeted observation is also calculated. As a result, β
is 14.9×10-7/km3 evaluated from Sensi-PO, and the
average beneﬁt for conducting targeted observations
in the sensitive area in both oceans, i.e., β of SensiIPO, is about 13.1×10-7/km3, which is very close to
that of Sensi-PO. Therefore, we can simply infer that,
sensitive area in the tropical Indian Ocean is also a
very eﬀective sensitive area to conduct targeted
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observations in order to improve El Niño prediction
skills with limited cost.
Results of predicted SSTA in all these sensitivity
experiments are shown in Fig.6. Figure 6a gives the
average of the “true state” of the 10 El Niño events to
be predicted. Figure 6b shows the averaged SSTA
forecast with initial errors added in both tropical
oceans. We can infer that, when initial errors of sea
temperature exist in both tropical oceans, it is very
diﬃcult to correctly predict the El Niño signals. For
Sensi-PO, when initial errors in the sensitive area in
the tropical Paciﬁc are wiped out, the prediction
results can be signiﬁcantly improved, as shown in
Fig.6c, even though the predicted intensity of El Niño
event is much weaker than the “true state”. When
targeted observations are carried out in the sensitive
area in the tropical Indian Ocean in addition, the
average prediction can be further improved as shown
in Fig.6d, that is, in general, the El Niño forecasts are
improved with stronger intensity and larger warming
area compared with that of Fig.6c.
Therefore, when initial errors of sea temperature
exist in both the tropical Paciﬁc and the tropical
Indian, in addition, sensitive area in the tropical
Paciﬁc, sensitive area in the tropical Indian Ocean
stands out as another eﬀective area to apply targeted
observation in order to improve El Niño prediction
skills.

5 DISCUSSION
As shown in Fig.2, the sensitive area of El Niño
predictions in the tropical Indian mainly locates in the
subsurface of eastern Indian Ocean. What makes the
eastern Indian Ocean, rather than other regions, like
western Indian Ocean, much more sensitive to the El
Niño prediction?
One reason may be the asymmetry between the
west pole and east pole. Climatologically, the
thermocline in the East Indian Ocean is much deeper
than that in the west. And the variance of sea
temperature in the east pole is much larger than that of
west pole, both in the observation (Wajsowicz, 2004)
and simulated in the climate models (Song et al.,
2007; Liu et al., 2014). For some IOD events, like
1961 and 1994, the amplitude of mean SSTA in the
east pole even exceeds twice the amplitude of mean
SSTA in the west pole during the peak of an IOD
event (Sun et al., 2014). Thus, the eastern Indian
Ocean may stand out as the most valuable area to
apply targeted observations.
Besides, the dynamical mechanism of IO-related

1611

initial errors inﬂuencing SSTA predictions in the
tropical Paciﬁc Ocean is another important factor that
cannot be neglected.
As presented in the previous work, there are two
ways for SPB-related initial errors in the tropical
Indian Ocean inﬂuencing tropical Paciﬁc (Zhou et al.,
2019). For initial error type-1 that consists of positive
IOD-like structure, the negative sea temperature
errors in the eastern tropical Indian Ocean can result
in upwelling errors with negative SSH errors there.
Those upwelling errors further intrude into western
Paciﬁc through ITF, propagate eastward and develop
into a La Niña-like sea temperature error. During the
error evolution, initial errors in the eastern Indian
Ocean seem to dominate as the leading factor
inﬂuencing El Niño predictions. For initial error type2 with negative sea temperature errors in the western
Indian and positive errors in the east, the warm errors
in the eastern tropical Indian can result in rising errors
in the atmosphere over the eastern Indian Ocean.
Those rising errors in the atmosphere can further
drive the GIP (Gearing between the Indian and Paciﬁc
Ocean (Wu and Meng, 1998)) with easterly wind
errors and sinking errors over the eastern Paciﬁc,
which are in favor of the evolution of La Niña-like
errors associated with ENSO. We have to stress that,
initial errors in the eastern Indian are also essential
during the whole error evolution of type-2. In a word,
for both types of SPB-related initial errors in the
tropical Indian, it may be the initial errors in the
eastern Indian Ocean that play crucial roles during the
error evolution and can signiﬁcantly inﬂuence the
predictability of El Niño events.

6 CONCLUSION
In this paper, sensitive area in the tropical Indian
Ocean of the El Niño predictions has been identiﬁed
and validated. For El Niño predictions starting in
January, the sensitive area deﬁned in the tropical
Indian Ocean mainly locates in the subsurface of the
eastern tropical Indian.
Considering a relatively ideal scenario, i.e., initial
errors of sea temperature exist only in the tropical
Indian Ocean, for the sensitive area in the tropical
Indian Ocean, initial errors inside this small area tend
to cause large prediction errors with signiﬁcant SPB
during the predictions, while initial errors outside this
area can only result in relatively small prediction
errors without SPB. Moreover, conducting targeted
observations in this sensitive area can signiﬁcantly
improve the El Niño prediction skills. β (an index to
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Fig.6 Predicted SSTA in Dec(0) in the tropical oceans for El Niño predictions with initial errors in both oceans are considered
a. the “true state” of El Niño events to be predicted; b. predictions with initial errors superimposed both in the tropical Indian Ocean and the Paciﬁc Ocean;
c. predictions with targeted observations applied in the sensitive area of the tropical Paciﬁc Ocean; d. predictions with targeted observations applied in the
sensitive areas both in the tropical Paciﬁc Ocean and the Indian Ocean.
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evaluate the eﬀectiveness of applying targeted
observations) of sensitive area in the tropical Indian
Ocean for the El Niño prediction is much larger than
that of non-sensitive area, indicating that applying
targeted observations in this sensitive area in the
tropical Indian Ocean is a very eﬃcient way to obtain
a better El Niño forecast. When it comes to a more
realistic scenario, initial errors of sea temperature
exist in both the tropical Indian and the tropical
Paciﬁc, the results suggest that, additional to the
sensitive area in the tropical Paciﬁc, sensitive area in
the tropical Indian which is deﬁned in this paper,
shares similar β with that of sensitive area in the
tropical Paciﬁc, suggesting that the sensitive area in
the tropical Indian Ocean is also an eﬀective area to
apply targeted observations in order to improve El
Niño prediction skills.
In this paper, only SPB-related El Niño events are
focused on, that is because these SPB-related El Niño
are more likely to have SPBs during the El Niño
predictions. Therefore, the average prediction skills
of El Niño events may beneﬁt more from the
improvements of those SPB-related El Niño events,
rather than the others. Even though, sensitivity
experiments with more El Niño events (including El
Niño events that are not likely to induce SPBs) are
still needed to validate the eﬀectiveness of applying
targeted observations in this sensitive area in the
future. We should also mention that, in this paper, all
the results are based on the “perfect model”
assumption, and only El Niño events simulated from
the CESM model are studied, the results should be
veriﬁed by more sensitivity experiments completed
the real El Niño predictions. In the future, studies on
the sensitive areas for targeted observations in the real
El Niño predictions, luckily, observation data from
the Indian Ocean Observing System (IndOOS) which
consists of a basin-wide mooring array, XBTs, plenty
of Argo ﬂoats and surface drifters (for more details:
http://www.clivar.org/clivar-panels/indian/IndOOS)
are available, and can be used to ﬁlter the initial errors
in the sensitive areas.
In this study, only the El Niño predictions starting
from January are focused on, we naturally wonder
will the sensitive area in the tropical Indian Ocean for
the El Niño forecasts change if we conduct El Niño
predictions starting from diﬀerent months? Additional
to the sensitive area of sea temperature, sea water
salinity is also a very important physical variable,
thus, what will sensitive area of sea water salinity in
the tropical Indian Ocean for the El Niño predictions
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like? When it comes to La Niña forecast, which is the
negative phase of ENSO, where does the sensitive
area in the tropical Indian Ocean locate? These
questions should be explored in detail in the future.

7 DATA AVAILABILITY STATEMENT
The datasets generated and/or analyzed during the
study are available from the corresponding author.
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