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Abstract In this paper, an optimal forcing vector (OFV)

approach is proposed. The OFV offsets tendency errors and

optimizes the agreement of the model simulation with

observation. We apply the OFV approach to the well-

known Zebiak–Cane model and simulate several observed

eastern Pacific (EP) El Niño and central Pacific (CP) El

Niño events during 1980–2004. It is found that the Zebiak–

Cane model with a proper initial condition often repro-

duces the EP-El Niño events; however, the Zebiak–Cane

model fails to reproduce the CP-El Niño events. The model

may be much more influenced by model errors when

simulating the CP-El Nino events. As expected, when we

use the OFV to correct the Zebiak–Cane model, the model

reproduces the three CP-El Niño events well. Furthermore,

the simulations of the corresponding winds and thermo-

cline depths are also acceptable. In particular, the ther-

mocline depth simulations for the three CP-El Niño events

lead us to believe that the discharge process of the equa-

torial heat content associated with the CP-El Niño is not

efficient and emphasizes the role of the zonal advection in

the development of the CP-El Nino events. The OFVs

associated with the three CP-El Niño events often exhibit a

sea surface temperature anomaly (SSTA) tendency with

positive anomalies in the equatorial eastern Pacific; there-

fore, the SST tendency errors occurring in the equatorial

eastern Pacific may dominate the uncertainties of the

Zebiak–Cane model while simulating CP-El Nino events.

A further investigation demonstrates that one of the model

errors offset by the OFVs is of a pattern similar to the SST

cold-tongue cooling mode, which may then provide one of

the climatological conditions for the frequent occurrence of

CP-El Nino events. The OFV may therefore be a useful

tool for correcting forecast models and then for helping

improve the forecast skill of the models.

Keywords Optimal forcing vector � Model error �
El Nino events � Numerical simulation

1 Introduction

El Nino-Southern Oscillation (ENSO) events are charac-

terized by an interannual variation of the sea surface

temperature (SST) over the eastern-to-central tropical

Pacific and have received much attention for both their

climatic and economic effects (Rasmusson and Carpenter

1982; Barber and Chavez 1983; Cane 1983; Rasmusson

and Wallace 1983). The canonical El Niño event portrayed

by Rasmusson and Carpenter (1982) typically develops

from the South American coast and propagates westward

across the tropical Pacific. Recent studies have shown that

canonical El Niño events have become less frequent and

that a different type of El Niño has become more common

during the late twentieth century, especially after the 1990s

(Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009); in

this type, warm SST is mainly concentrated in the central

Pacific and does not propagate. The new type of El Niño

events significantly influences the temperature and pre-

cipitation over many parts of the globe but in a different

manner from canonical El Niño events (e.g. Weng et al.

2007). Here, we follow the convention of previous papers

in using ‘‘EP-El Niño’’ and ‘‘CP-El Niño’’ to denote the
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canonical El Niño events and the new type of El Niño

events, respectively.

Many models fail to simulate the CP-El Niño, and cer-

tain models even have problems depicting some aspects of

the EP-El Niño, such as phase locking and long-term var-

iability. For the models that can capture the CP-El Niño

SST anomaly pattern to some extent (Kug et al. 2010), the

SST interannual variability may be overestimated not only

in the eastern Pacific but also in the central-western Pacific.

The location of the strong SST variability in most CGCMs

shifts further westward than observed; therefore, the area

used to define the CP-El Niño turns westward (Kug et al.

2010). Kim et al. (2012) examined the performance of the

National Centers for Environmental Prediction (NCEP)

Climate Forecast System (CFS) model for the two types of

El Niño. They found that the ENSO intensity is weaker

than observed for the CP-El Niño and that the weaker CP-

El Niño events in the model are also partially due to

unrealistically weak zonal advection feedback in the

equatorial Pacific, which is quite different from observa-

tions (Ashok et al. 2007; Kao and Yu 2009; Kug et al.

2009). Therefore, some models may have more uncer-

tainties in simulating CP-El Nino events than in simulating

EP-El Nino events.

In this paper, we will try to simulate the observed El

Nino events by conducting observation system simulation

experiments (OSSEs; Arnold and Dey 1986; Lord et al.

1997; Atlas 1997). Generally, the simulation uncertainties

in OSSEs are caused by both initial and model errors. In

numerical weather forecasting and climate prediction,

several methods, such as the variational data assimilation

(Talagrand 1997), the Ensemble Kalman Filter (Evensen

1994) and target observation methods (Morss et al. 2001),

have been proposed for reducing the uncertainties of the

initial conditions. Meteorologists are also seeking ways to

minimize the model errors to improve their predictability.

Efforts to reduce model errors have included improving the

resolutions of the models, parameterizing the physical

processes, and using computer technology with greater

accuracy. More skillfully, D’Andrea and Vautard (2000)

applied an appropriate constant external forcing to the

tendency equations of a model and corrected the model

closest to the observations, thereby generating a perturbed

model to improve the forecast results. Roads (1987) and

Vannitsem and Toth (2002) also used a similar approach to

reducing the effects of model errors. In fact, if only time-

invariant tendency errors exist in the models, a constant

external forcing may be useful and can offset the effect of

model errors induced by the tendency errors; here, the

constant forcing sensitivity vectors (FSVs) proposed by

Barkmeijer et al. (2003) potentially reduce the model error

effects by the largest extent. Feng and Duan (2013) dem-

onstrated that constant FSVs could also offset some of the

time-variant tendency errors, but large time-variant ten-

dency errors remain and cannot be eliminated. Therefore, it

is necessary to find a more effective approach to offsetting

the time-variant tendency errors and reducing the effects of

the model errors, which, together with a proper initializa-

tion procedure, may bring the ENSO model simulation

closer to the observation (see Sect. 2).

In this study, we will propose an optimal forcing vector

(OFV) approach that can correct a model and apply it to the

well-known Zebiak and Cane model (1987) to reproduce

observed ENSO events. The focus is on investigating the

role of OFV in offsetting the model errors to improve the

simulation of El Niño events. Section 2 proposes the OFV

approach as well as describes the related calculations.

Section 3 applies the OFV approach to the simulation of

the observed El Niño events and identifies the source of the

uncertainties that influence the El Nino simulations. Sec-

tion 4 is reserved for discussing the implications of the

OFV to the occurrences of CP-El Niño events. Finally, we

present a summary and discussion in Sect. 5.

2 The optimal forcing vector

Consider a nonlinear partial differential equation:

ou
ot
¼ Fðu; tÞ;

u t¼0 ¼ u0;j

�
ð1Þ

where uðx; tÞ ¼ ½u1ðx; tÞ; u2ðx; tÞ; . . .; unðx; tÞ� is the state

vector, F is a nonlinear operator, u0 is the initial state,

ðx; tÞ 2 X� ½0; T �; X is a domain in Rn, T\þ1; x ¼
ðx1; x2; . . .; xnÞ, and t is the time. For the given initial field

u0, the solution to Eq. (1) for the state vector u at time s is

given by

uðx; sÞ ¼ Msðu0Þ: ð2Þ

Suppose we use the model described by Eq. (1) to

predict the motion of the atmosphere or oceans; however,

the errors are associated with the model and then yield

predictions uncertainties.

D’Andrea and Vautard (2000) reduced model errors by

adding an optimal constant forcing f(x) to offset the model

tendency errors. However, tendency errors are generally

time-variant. Although an optimal constant forcing can

offset a fraction of the time-variant tendency errors (Feng

and Duan 2013), large time-variant tendency errors remain.

Therefore, we consider superimposing a time-variant

external forcing to offset the model error effects; we need

to obtain a proper external forcing f(x,t) for Eq. (3) to make

the model agree with the observation.

ou

ot
¼ Fðu; tÞ þ fðx; tÞ;

u t¼0 ¼ u0:j

8<
: ð3Þ
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Thus, we transform this problem into a type of nonlinear

optimization problem. The optimization problem can

consider that certain f(x,t) are chosen such that the

differences between the model simulation and the

observations are minimized. That is, we should find an

external forcing that satisfies the following optimization

problem

Jðf min;tiÞ ¼ min Mtiþ1�tiðf ti
ÞðutiÞ � uobs

tiþ1

��� ���; ð4Þ

where ti; tiþ1 2 ½t0; tk�, Mtiþ1�tiðftiÞ is the propagator of

Eq. (3) from time ti to tiþ1 and uti ¼ Mti�ti�1
ðfmin;ti�1

Þðuti�1
Þ.

Note that the time interval [ti; tiþ1] is not necessary to be a

time step of numerical integration, but may represent

several days, a month, a season or others. An external

forcing (vector) f min;tk�t0
¼ ðfmin;t0 ; fmin;t1 ; fmin;t2 ; . . .;

fmin;tk�1
Þ can be obtained from Eq. (4). This forcing vector

f min;tk�t0
is the OFV, which, as mentioned in introduction,

produces the model simulation closest to the observation

during the time window ½t0; tk�.
It is clear that for a given norm, Eq. (4) defines an

unconstrained optimization problem, with the OFV

f min;tk�t0
being the minimum point of the objective function

in the phase space. We note that the OFV is still time-

independent during the time interval [ti; tiþ1]. Therefore,

the OFV can be computed as constant FSV proposed by

Barkmeijer et al. (2003) by using the limited memory

Broyden–Fletcher–Goldfarb–Shanno (L-BFGS; Liu and

Nocedal 1989) algorithm. This solver adopts the gradient-

steepest descent method and finds the minimum value of an

objective function, in which one needs to calculate the

gradient of the objective function with respect to the

external forcing. Feng and Duan (2013) provided the

approach of numerically computing the gradient of the

objective function with respect to the external forcing. We

refer readers to the paper of Feng and Duan (2013) for the

details of this approach. Using this gradient information,

we can compute the OFV of a numerical model using the

L-BFGS solver.

3 Application of the OFV approach to simulating

the two types of El Niño events

As mentioned in the introduction, many models fail to

simulate the CP-El Niño events and even have problems

describing certain aspects of the EP-El Niño events. The

difficulties may arise due to the effects of model errors. In

this section, we will investigate the OFVs of the Zebiak–

Cane model and explore the role of the OFVs in correcting

the model and then reproducing the two observed types of

El Niño events.

3.1 Model and data

We use the Zebiak–Cane model to study the role of OFVs

in reproducing El Niño events. The Zebiak–Cane model

was the first coupled ocean–atmosphere model to simulate

the observed ENSO interannual variability and has pro-

vided a benchmark in ENSO research for decades (Zebiak

and Cane 1987; Blumenthal 1991; Xue et al. 1994; Chen

et al. 2004; Tang et al. 2008). The model is composed of a

Gill-type steady-state linear atmospheric model and a

reduced-gravity oceanic model, which depict the thermo-

dynamics and atmospheric dynamics of the tropical Pacific

with oceanic and atmospheric anomalies near the mean

climatological state specified from observations (see Ze-

biak and Cane 1987). The Zebiak–Cane model has been

widely used to study ENSO dynamics and predictabilities,

but these studies focused on EP-El Niño events. Still, there

are much fewer papers using the Zebiak–Cane model to

simulate the CP-El Niño events, largely because the Ze-

biak–Cane model cannot reproduce CP-El Nino events due

to the effects of model errors. The OFV could offset ten-

dency errors and correct the model to agree with the

observations. In this paper, we will use the Zebiak–Cane

model to explore the simulation of the two types of

observed El Niño, especially the CP-El Niño events.

As seen in Eq. (4), the OFV approach requires obser-

vational data. For the observed El Niño events, we extract

the SST data from the Hadley Centre Global Sea Ice and

Sea Surface Temperature (HadISST) analyses data sets

(Rayner et al. 2003) from January 1980 to December 2010.

The adopted wind data are from the National Center for

Environmental Prediction/National Center for Atmospheric

Research (NCEP/NCAR) reanalysis products (Kalnay et al.

1996). The monthly wind stress anomalies from 1978 to

2006 used to initialize the ZC model are derived from

Florida State University analyses (Bourassa et al. 2001).

The GODAS depth of 20 �C from the NOAA NCEP EMC

CMB Pacific is also used (Behringer et al. 1998). The data

(hereafter referred to as the EMC/CMB data) are derived

from a model-based ocean analysis system, and we used

the period from 1980 to 2008.

3.2 Simulations of the two types of El Niño events

There are several EP- and CP-El Niño events during

1980–2004. In this paper, we choose three EP-El Niño

years of 1982, 1987 and 1997 (see Fig. 1) and three CP-El

Niño years of 1990, 2002, and 2004 (see Fig. 2) and then

investigate the role of the OFV in simulating the two types

of El Niño events.

For each El Niño event, we compute the corresponding

OFV according to Eq. (4). We use the initialization

Simulations of two types of El Niño events 1679
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(a) (b) (c)

Fig. 1 The SST anomaly component of the observed EP-El Niño seasonal evolution (derived from HadISST data; units in �C). The EP-El Niño

events are a 1982, b 1987 and c 1997

(a) (b) (c)

Fig. 2 The SST anomaly component of the observed CP-El Niño seasonal evolution (derived from HadISST data; units in �C). The CP-El Niño

events are a 1990, b 2002 and c 2004

1680 W. Duan et al.

123



procedure provided by Chen et al. (1995) to yield the initial

anomalies of the Zebiak–Cane model and then simulate the

El Niño events. Concretely, the model was initialized in a

coupled manner using a simple data procedure in which the

coupled model wind stress anomalies were nudged towards

the observations. The relative weight of the model wind

stress anomalies versus the observations are originally

derived from Chen et al. (1995). With these initial anom-

alous fields, we consider the external forcing of the ten-

dency equation of the SST-equation and compute the OFV,

finally superimposing the OFV to the model and attempting

to make the model simulation fit the observed El Niño

events.

For the time window ½t0; tk� associated with the OFV

(see Sect. 2), we choose 12 months before the time of the

peak phase of the El Niño events to act as the simulation

time window of the observed El Niño events. That is, we

try to simulate the growth of the El Niño. For example, the

1982 El Niño events had peak values in December 1982,

and the simulation time window here is chosen as the

period from January to December 1982; the 1987 El Niño

event has a peak value in September 1987, and the simu-

lation time window can be chosen as the period from

October 1986 to September 1987. For the simulation time

window, we compute one component of the OFV every

month (the time step of the model integration is 10 days)

with the predetermined initial anomaly fields (see last

paragraph) and finally obtain the OFV with 11 components

(see Sect. 2).

3.2.1 Simulating the CP-El Niño events by the OFV

approach

We use the El Niño-related wind stress derived from the

observed wind and the initialization procedure provided by

Chen et al. (1995) to obtain the initial oceanic anomalies at

the start time t0 of the optimization time window ½t0; tk�.
With these initial anomalies, we run the Zebiak–Cane

model forced by the corresponding OFVs (see Fig. 3) for

one year and obtain the simulations of the three observed

CP-El Niño events. In Fig. 4, we plot the simulated SST

anomaly patterns for the three CP-El Niño years. It is

shown that with the OFVs, the simulated warm SST

anomaly occurs after the boreal spring and reaches its peak

value in the boreal winter. Furthermore, we notice that the

activities of the simulated CP-El Niño event tend to con-

centrate in the central Pacific and then extend somewhat

eastward. For a comparison, we find that these character-

istics of the SST anomaly evolution shown in the simulated

CP-El Niño years agree very well with the observations

(see Figs. 2, 4). In Table 1, we list the spatial correlations

of the SST anomaly component for the observed and

(a) (b) (c)

Fig. 3 The OFVs for three CP-El Niño events. For each El Niño

year, one OFV includes 11 components, which correspond to 11 time

intervals (one interval ranges from 1 month to the next month) of

1 year (see Sects. 2, 3). This figure shows a mean of the components

in each season. a 1990 CP-El Niño year; b 2002 CP-El Niño year;

c 2004 CP-El Niño year

Simulations of two types of El Niño events 1681
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simulated CP-El Niño years. The observed SST anomalies

and the simulated anomalies with the OFV possess very

high correlation coefficients in the spatial patterns and fit

very well. This result indicates that the behaviors of the

SST anomaly for the three observed CP-El Nino events are

well traced by the Zebiak–Cane model with the corre-

sponding OFVs.

For comparison, we do not consider the forcing of the

OFVs and examine the simulation of the CP-El Niño events

by running the Zebiak–Cane model with the initial anom-

alies generated by the Chen et al. (1995) procedure. Here,

only the role of the initial field is considered. The results

show that none of the three CP-El Niño events can be

reproduced by the Zebiak–Cane model (Fig. 4). Actually,

the Zebiak–Cane model without the OFV produces either

the EP-El Niño events or the events without a warm SST

signal. Furthermore, the correlation coefficients between

the simulated SST anomalies and the observed anomalies

are very low (see Table 1). All of these results show that the

Zebiak–Cane model, if we do not consider the role of the

OFV, cannot reproduce the CP-El Niño events.

We note that in CP-El Niño simulations, only the ten-

dency of the SST-equation is corrected by the corre-

sponding OFV to fit the observations. We then naturally

ask whether other related physical variables can be cor-

rected to agree with the observations. In other words, can

the Zebiak–Cane model with the OFV describe the physi-

cal feedback of the different physical variables associated

with CP-El Niño events?

To address this question, we plot the simulated zonal

wind (Fig. 5) and thermocline depth anomalies (Fig. 6)

associated with the CP-El Niño events. For the simulation

of CP-El Niño events generated by the Zebiak–Cane model

with the OFV, westerly wind anomalies often occur in the

equatorial and off-equatorial western Pacific; also, during

the mature phase, westerly wind anomalies still occur in

the western Pacific but easterly wind anomalies

(a) (b) (c)

Fig. 4 The SST anomaly component of the seasonal evolutions of the a 1990, b 2002, and c 2004 CP-El Nino events simulated by the Zebiak–

Cane model with and without the OFVs, respectively

Table 1 The correlation coefficients of the observed SST anomalies

with the simulated SST anomalies for three CP-El Niño years

Feb. Apr. June Aug. Oct. Dec.

1990 OFV 0.995 0.986 0.976 0.961 0.966 0.956

No-OFV 0.052 0.207 -0.058 -0.233 -0.215 0.131

2002 OFV 0.995 0.972 0.958 0.958 0.976 0.976

No-OFV 0.556 0.400 -0.137 -0.108 0.405 0.720

2004 OFV 0.995 0.972 0.976 0.902 0.835 0.805

No-OFV 0.176 0.153 -0.066 -0.042 0.301 0.475

‘OFV’ (‘No-OFV’) denotes the correlation coefficient of the with-

(without-) OFV-simulated SST anomalies with the observed anomalies.

All results simulated with the OFV are statistically significant at the 99 %

level
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simultaneously occur in the equatorial eastern Pacific.

These characteristics of the simulated wind fields agree

with the observations. This indicates that related SSTA and

wind have a strong feedback during the CP-El Nino events

and such feedback is also captured by the model with OFV.

The observed thermocline depth anomalies (see Fig. 6)

tend to be positive in the tropical central Pacific during the

early stages of CP-El Niño events; furthermore, the sub-

sequent evolution of these anomalies occurs in almost the

same location. In particular, the maximum values of the

anomalies occur on the equator. However, when we use the

Zebiak–Cane model with the corresponding OFV to sim-

ulate the CP-El Nino events, the resultant thermocline

depth anomalies display different patterns from those

observed. Although the simulated positive thermocline

depth anomalies are also concentrated in the central Paci-

fic, the maximum values occur on both sides of the equator

instead of directly on the equator. Despite such differences,

the SST anomaly components of the three CP-El Nino

events are still well reproduced by the Zebiak–Cane model

with the corresponding OFV. We therefore conclude that

subsurface ocean feedback may have little impact on CP-El

Niño evolution. In fact, Yu and Kim (2010) demonstrated

that CP-El Niño events involve only a shallow layer of

subsurface ocean temperature variations and are less rela-

ted to the thermocline variations (also see Kug et al. 2009;

Kao and Yu 2009). Furthermore, Kug et al. (2009) and Kao

and Yu (2009) demonstrated that the CP-El Nino events

tend to be more influenced by the zonal advection and heat

flux variations. All of these results may explain why the

(a)

(b)

(c)

Fig. 5 The Zonal wind anomalies (units in m/s) for three CP-El Niño

events. The anomalies in each case are averaged from March to July

and from August to December. a Observed zonal wind, derived from

the NCEP/NCAR reanalysis data; b simulated zonal wind with OFV;

and c simulated zonal wind without OFV
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Zebiak–Cane model with the corresponding OFV fails to

describe the thermocline depth variation but reproduces the

SSTA component of the CP-El Nino events well. These

results also reveal that the model with the OFV depicts the

role of zonal wind variation in the occurrences of CP-El

Nino events.

In summary, we have demonstrated that the behavior of

the SSTA as well as the CP-El Niño wind fields can be

reproduced by the Zebiak–Cane model with the OFVs.

Furthermore, the thermocline depth simulations lead us to

believe that the discharge process of the equatorial heat

content associated with the CP-El Niño is not efficient and

emphasizes the role of the zonal advection in the devel-

opment of CP-El Nino events, as found by previous studies.

Therefore, the CP-El Niño simulation is acceptable, where

the OFV plays an important role in correcting the air–sea

interaction described by the Zebiak–Cane model.

3.2.2 Simulating the EP-El Niño events by the OFV

approach

In this section, we attempt to simulate the EP-El Niño

events using the Zebiak–Cane model. For the 1982, 1987,

and 1997 EP-El Niño events, we use the initial anomalies

generated by the procedure presented by Chen et al. (1995)

and integrate the Zebiak–Cane model for 12 months with

the given start month (see Sect. 3.2). In Fig. 7, we plot the

seasonal SSTA of the three resultant events. The 1982 and

1987 El Niño events are roughly reproduced, but the sim-

ulated 1997 El Niño event tends to exhibit a decaying El

Niño-like event. That is to say, the observed 1997 El Niño

is not captured by the Zebiak–Cane model with the ini-

tialization procedure of Chen et al. (1995) (for the reason,

some discussions are presented in Sect. 3.2.3). However,

when we apply the OFV (see Fig. 8) to the Zebiak–Cane

(a)

(b)

(c)

Fig. 6 Same as Fig. 5, but for thermocline depth anomalies (units in m). The observations are from the EMC/CMB data
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model, the 1997 El Niño is well reproduced by the Zebiak–

Cane model (see Fig. 9); furthermore, the 1982 and 1987

El Niño events are much better reproduced (see Table 2).

The other physical variables, such as thermocline depth

anomaly and zonal wind field, also agree very well with the

observation (Figs. 10, 11). In fact, the anomalous zonal

westerly shown in Fig. 10 shows a clear eastward propa-

gation from the western Pacific, covering a large part of the

tropical Pacific, with the wind converging into the eastern

Pacific indicating a slackening of the tropical trade winds

as well as Walker circulation followed by a weakened

upwelling of cold water in the tropical eastern Pacific. The

weakened upwelling suppresses the SSTA cooling and

favors a warm SST occurrence in the equatorial eastern

Pacific. On the other hand, the anomalous zonal westerly

generates an anomalous oceanic state in the tropical Pacific

Ocean. Figure 11 shows the variations of the subsurface

water temperature associated with the thermocline. The

subsurface water becomes warming in the equatorial east-

ern Pacific but cooling in the equatorial western Pacific.

This result indicates that the related thermocline is deep-

ening over the equatorial eastern Pacific but is shoaling

over the equatorial western Pacific. The deepening ther-

mocline over the equatorial eastern Pacific induces a strong

warm vertical advection by a mean upwelling in the eastern

Pacific (Kang et al. 2001; An and Jin 2001) and also helps

warm the SST in the eastern Pacific. All of these

atmospheric and oceanic conditions enhance the likelihood

of an El Nino event. The thermocline depth feedback

associated with vertical advection is clearly a key process

for EP-El Nino occurrences (also see Jin 1997), which may

be different from CP-El Niño events.

3.2.3 Relative importance of initial error and model error

in yielding simulation uncertainties of observed EP-

and CP-El Nino

The above results are derived from the initialization pro-

cedure suggested by Chen et al. (1995). In numerical

experiments, we also adopt another initialization procedure

based on a variational data assimilation, which yields the

optimal initial condition of the model and makes the model

output in the future time closest to the observation.

For the CP-El Nino events, results from the two initiali-

zation procedures are similar. That is, the Zebiak–Cane model

with the OFVs reproduces the three CP-El Nino events while

that without the OFV fails to depict the CP-El Nino events. It

is indicated that severe model errors exist in the Zebiak–Cane

model for modeling the CP-El Niño events and the OFVs can

offset the model errors and allow the Zebiak–Cane model to

reproduce the CP-El Nino events well.

For the EP-El Nino events, the results from the initial-

ization procedure of the variational data assimilation are a

bit different from those obtained by the initialization

(a) (b) (c)

Fig. 7 The SST anomaly component of the seasonal evolutions of the a 1982, b 1987, and c 1997 EP-El Nino events simulated by the Zebiak–

Cane model without the OFVs
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procedure of Chen et al. (1995). In the case of the initial-

ization procedure of Chen et al. (1995), we have shown that

the Zebiak–Cane model without the OFV approximates the

1982 and 1987 El Niño events but fails to produce the 1997

El Nino event; however, for the initialization procedure of

the variational data assimilation, the model without the

OFV produces all these three El Nino events (see Fig. 12

for the 1997 El Nino simulation). That is to say, with a

(a) (b) (c)

Fig. 8 Same as Fig. 3, but for three EP-El Niño events: a 1982 EP-El Nino year; b 1987 EP-El Nino year; c 1997 EP-El Nino year

(a) (b)Fig. 9 The SST anomaly

component of the seasonal

evolution for the 1997 El Nino

simulated by the Zebiak–Cane

model. a The simulation

without OFV, b the simulation

with OFV
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proper initial condition, the Zebiak–Cane model has the

potential for reproducing the EP-El Nino events. In any

case, when using the OFV, the three EP-El Nino events, as

expected, are much better simulated; in particular, the 1997

El Nino event is well reproduced even in the case of ini-

tialization procedure of Chen et al. (1995). These imply

Table 2 The correlation coefficients of the observed SST anomalies with the simulated SST anomalies for three EP-El Niño years

Feb. Apr. June Aug. Oct. Dec.

1982 OFV 0.998 0.997 0.994 0.995 0.996 0.998

No-OFV 0.141 0.001 0.649 0.836 0.883 0.867

1987 OFV 0.992 0.984 0.972 0.954 0.883 0.825

No-OFV 0.794 0.725 0.649 0.776 0.790 0.649

1997 OFV 0.997 0.991 0.994 0.993 0.990 0.994

No-OFV -0.173 0.036 0.023 -0.132 -0.384 -0.221

‘OFV’ (‘No-OFV’) denotes the correlation coefficient of the with- (without-) OFV-simulated SST anomalies with the observed anomalies. All

results simulated with the OFV are statistically significant at the 99 % level

(a)

(b)

(c)

Fig. 10 The zonal wind anomalies (units in m/s) for three EP-El

Niño events. The anomalies in each case are averaged from March to

July and from August to December. a Observed zonal wind, derived

from the NCEP/NCAR reanalysis data; b simulated zonal wind with

OFV; and c simulated zonal wind without OFV
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that a proper initial field plays a key role in reproducing

EP-El Nino events and small amplitudes of model errors

exist in the Zebiak–Cane model for modeling EP-El Nino

events.

From the simulations of the 1997 El Nino event with

both initialization procedures, it is inferred that the OFV

can correct not only the model errors caused by tendency

errors but also the analysis errors caused by the initial

uncertainties. Comparison between the simulations with

the OFV and without the OFV (or between the simulations

with the two initialization procedures) demonstrates that

strong westerly wind burst (WWB) event in spring plays an

important role in the onset of the 1997 El Nino event. After

the OFV or the initialization of variational data assimila-

tion is applied to the Zebiak–Cane model for the 1997 El

Nino simulation, the WWB event is enhanced (see

Fig. 13), which is much favorable for warming the

equatorial central and eastern Pacific SST through com-

bined effects of surface advection and downwelling Kelvin

waves, leading to a strong EP-El Nino event.

When compared with the CP-El Niño simulations gen-

erated by the Zebiak–Cane model either with or without the

OFV, the EP-El Niño events are often much better simu-

lated than the CP-El Nino events. This may indicate that

the present Zebiak–Cane model is good at simulating the

EP-El Niño events but not at simulating the CP-El Niño

events. The Zebiak–Cane model may also be better at

forecasting EP-El Nino events.

4 Implications

We have demonstrated that the Zebiak–Cane model exists

severe model errors in simulating the CP-El Nino events

(a)

(b)

(c)

Fig. 11 Same as Fig. 10, but for the thermocline depth anomaly (units in m). The observations are from the EMC/CMB data
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and finally fails to describe the behaviors of the CP-El

Niño events. As expected, when we apply the OFV to

reduce the effect of model errors, the model reproduces

the observed CP-El Niño events well; thus, the OFV

clearly plays an important role in offsetting model errors.

The OFV associated with the three CP-El Niño events

often exhibit an SSTA tendency pattern with large

anomalies in the equatorial eastern Pacific (see Fig. 3);

therefore, the SST tendency errors occurring in the

equatorial eastern Pacific may dominate the uncertainties

of the Zebiak–Cane model.

Model bias is generally caused by tendency errors. And

the OFV can offset the model bias. We then naturally ask:

what model bias is offset by the OFVs? To address this

question, we investigate the SST differences between the

CP-El Nino events simulated by the Zebiak–Cane model

with the OFV (an approximation to the observation; see

Table 1) and those without the OFV.

In Fig. 14, we plot a composite of the SST differences as

well as the zonal wind differences for the 36 months

associated with the growth phase of the three CP-El Nino

events; this figure may describe the ‘‘climatological’’

(a) (b)Fig. 12 The SST anomaly

component of the seasonal

evolution of the 1997 El Nino

simulated by the Zebiak–Cane

model with a the initialization

procedure presented by Chen

et al. (1995) and b the

initialization procedure of the

variational data assimilation

Fig. 13 The differences in

zonal wind anomaly between

the simulations with and

without the OFV. After the OFV

is applied to the model, the

westerly wind burst event is

enhanced, which is much

favorable for warming the

equatorial central and eastern

Pacific SST through combined

effects of surface advection and

downwelling Kelvin waves,

leading to a strong EP-El Nino

event
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differences between model simulations with OFV and

without OFV and provide the ‘‘climatological’’ SST and

zonal wind patterns that cannot be described by the Ze-

biak–Cane model. In fact, their opposite patterns present

the SSTA and zonal wind components of the model bias

that is offset by the OFVs. The ‘‘climatological’’ differ-

ences are shown to present a seesaw SST pattern with

positive anomalies in the equatorial central Pacific and

negative anomalies in the equatorial eastern Pacific and a

zonal wind anomaly pattern with the easterly in the equa-

torial eastern Pacific and the westerly in the central Pacific.

We demonstrate that with the OFV in the Zebiak–Cane

model and the model bias being offset, the model repro-

duces the CP-El Nino events well; otherwise, the model

tends to yield EP-El Nino events. It is implied that the CP-

El Nino occurrences may be related to the seesaw SST and

zonal wind patterns of the ‘‘climatological’’ differences. In

the observations, the CP-El Nino events frequently occur-

red during recent decades, especially after 1990s. Does the

tropical SST before and after the 1990s tend to exhibit the

seesaw SST pattern? Some studies have shown similar SST

trends using observed data (Zhang et al. 2010, 2011;

Karnauskas et al. 2009). For example, Zhang et al. (2010)

used multiple datasets to study the SST trends during the

1980–2007 period and showed an SST cold-tongue cooling

mode like the seesaw SST pattern shown here (also see

Zhang et al. 2011). Therefore, we guess that the SST cold-

tongue mode (also the seesaw SST pattern shown in this

paper) may be associated with the climatological condi-

tions of the frequent CP-El Nino occurrences.

In order to examine the role of SST cold-tongue mode in

the frequent CP-El Nino occurrences, we conduct a group

of sensitivity experiments, in which the SST cold-tongue

mode and the related wind fields are superimposed to the

climatological mean state of the Zebiak–Cane model and a

modified climatological mean state is formed of the Ze-

biak–Cane model. With the given initialization procedures,

the Zebiak–Cane model with modified climatological mean

state is integrated. The results demonstrate that the El Nino

events simulated by the Zebiak–Cane model with modified

climatological mean state present their SST patterns with

warming center departing from the east coast but still far

away from the dateline. Despite such SST patterns are

different from those of CP-El Nino events, the warming

SST have moved westward, which may suggest the role of

SST cold-tongue mode and associated wind fields. This

indicates that the model bias offset by the OFV may not be

only the SST cold-tongue mode and the related wind. Some

studies showed that wind forcing from the subtropical and

extratropical atmosphere may also play an important role in

the occurrence of CP-El Nino events (e.g. Kao and Yu

2009; Yu and Kim 2011). The effect of the subtropical and

extratropical atmosphere on tropical Pacific may also be

absent in the Zebiak–Cane model and also be offset by the

OFV. However, due to the limitation of the Zebiak–Cane

model, we cannot identify the model bias induced by effect

of subtropical and extratropical wind forcing. In any case,

from the above discussion it is implied that the SST cold-

tongue mode and corresponding wind identified by the

OFV could be one of the conditions for the frequent CP-El

Nino events occurrences. In fact, as shown in Fig. 14, the

climatological SST warming occurring in the equatorial

central Pacific and the SST cooling in the equatorial eastern

Pacific shown in the SST cold-tongue mode tend to

increase the zonal SST gradient and enhance the easterlies

in the tropical eastern Pacific and westerlies in the tropical

western Pacific. The increased climatological zonal SST

gradient and its accompanied westerlies in the tropical

western Pacific will enhance downwelling Kelvin waves

and eastward advection of warming SST in tropical wes-

tern Pacific. However, the increased climatological eas-

terlies in the tropical eastern Pacific favor westward zonal

advection of cooling SST and are related to upwelling

Kelvin waves, which hinder the eastward warming SST

advection and suppress the eastward downwelling Kelvin

waves, finally leading to the warming SST occurring in the

equatorial central Pacific and favoring the occurrences of

CP-El Niño events.

5 Conclusion and discussion

In this paper, we propose an OFV approach to offset the

tendency errors of numerical models and therefore reduce

the effects of model errors. Applying the OFV approach to

the Zebiak–Cane model and correcting the model simula-

tions to agree with the observations, we explore the sim-

ulations of EP- and CP-El Nino events and compare them

to those simulated by the model without the OFV. The

results demonstrate that the Zebiak–Cane model is good at

simulating the EP-El Nino events, but fails to describe the

behavior of the CP-El Niño events. Therefore, the Zebiak–

Cane model may have large model errors when

Fig. 14 The differences in the SST anomaly field (shaded) and the

differences in zonal wind anomaly field (black contours) between the

model simulations with and without the OFV (the former minus the

latter). The growth-phase periods of three CP-El Nino years, a total of

36 months, are considered
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reproducing the observed CP-El Nino events. In fact, when

we apply the OFV to reduce the model errors, the model

reproduces the observed CP-El Niño events well; further-

more, the related physical variables are also acceptable.

Particularly, the simulations of the thermocline depth lead

us to believe that the discharge process of the equatorial

heat content is not efficient in CP-El Nino events and

emphasizes the role of the zonal advection, as found by

previous studies. The OFV is clearly useful in reducing the

model errors and reproducing the El Niño events using the

Zebiak–Cane model.

The OFVs associated with the three CP-El Niño events

often exhibit an SSTA pattern with positive anomalies in

the equatorial eastern Pacific; therefore, the SST tendency

errors occurring in the equatorial eastern Pacific may

dominate the uncertainties of the Zebiak–Cane model. A

further investigation demonstrates that the OFV induces a

‘‘climatological’’ difference between the model simulations

with and without the OFV and provides the ‘‘climatologi-

cal’’ SST and zonal wind patterns that cannot be described

by the Zebiak–Cane model. With the OFV, the Zebiak–

Cane model reproduces the CP-El Nino events well while

the model fails to produce the events without the OFV;

therefore, the CP-El Nino occurrences may be linked to the

SST cold-tongue cooling mode induced by the OFV.

Physically, the SST cold-tongue cooling mode and the

corresponding zonal wind tend to increase the zonal SST

gradient and enhance easterlies over the equatorial eastern

Pacific and westerlies over the equatorial western Pacific;

these processes lead to the accumulation of warm water in

the equatorial central Pacific, finally favoring the occur-

rence of CP-El Niño events.

Li et al. (2013) adopted observational data and indicated

that the cold-tongue cooling mode may be an important

factor for the frequent CP-El Niño occurrences in recent

decades. And the theoretical result shown in present paper

further confirms that derived from observation and inter-

prets why the cold-tongue cooling mode favors frequent

occurrence of CP-El Nino events. Alternative view on the

climatological conditions for the frequent occurrences of

CP-El Nino events have also been proposed in previous

studies (Yeh et al. 2009; Ashok et al. 2007). For example,

Ashok et al. (2007) emphasized the difference between the

1958–1978 and 1979–2004 periods and noted that the

weakened tropical easterly trade winds that weaken the

zonal SST gradient as well as the zonal thermocline are

associated with an increase in the CP-El Niño frequency in

recent decades. This view indicates a warming trend of the

SST in the equatorial eastern Pacific and emphasized its

relation to the increasing CP-El Niño frequency. The

warming trend in the equatorial Pacific is different from

that shown by the seesaw SST pattern (i.e., the cold-tongue

cooling mode) demonstrated in this paper. In fact, whether

the tropical eastern Pacific has become warmer or colder is

still debated (Liu and Huang 2000; Liu et al. 2005; Yeh

et al. 2009, 2012; Karnauskas et al. 2009; Deser et al. 2010;

Zhang et al. 2010, 2011; An et al. 2012; L’Heureux et al.

2013), presumably due to discrepant observation data,

various model outputs and the different time periods

studied. Thus, the favorable conditions for increased CP-El

Niño occurrences and the explanations of the physical

mechanisms are still being explored in-depth.

The simulations of ENSO events, especially the CP-El

Nino events, are still challenging due not only to model

uncertainties but also to their unclear mechanism. In this

paper, we apply the OFVs to the model and reproduce

several observed El Nino events. Furthermore, we identify

the model bias of the Zebiak–Cane model that affect the

CP-El Nino simulation and extract the possible climato-

logical conditions for the frequent CP-El Nino occurrences.

The OFV clearly plays a positive role in simulating the El

Nino events. However, we note that the OFV here is only

applied to the SST equation of the Zebiak–Cane model and

may still have uncertainties in the simulations. Therefore, if

we calculate the OFVs of the tendency equations for the

other variables, the resultant simulations could improve

over those in present study. Furthermore, different physical

variables may have a much coordinate performance. In any

case, ENSO simulations should be further explored by

using more complex models, and the OFV approach is

expected to play a useful role.
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