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Abstract
The rectification of intraseasonal wind forcing on interannual sea surface temperature anomalies (SSTA) and sea level anoma-
lies (SLA) associated with El Niño–Southern Oscillation (ENSO) during 1993–2016 are investigated using the LICOM ocean 
general circulation model forced with daily winds. The comparisons of the experiments with and without the intraseasonal 
wind forcing have shown that the rectified interannual SSTA and SLA by the intraseasonal winds are much weaker than the 
total interannual SSTA and SLA in the cold tongue, due to the much weaker rectified than the total interannual Kelvin and 
Rossby waves in the equatorial Pacific Ocean. The dynamics of the rectification are through the nonlinear zonal and vertical 
advection by the background currents, which produces downwelling equatorial Kelvin waves during El Niño. The meridional 
advection is much smaller than the zonal and vertical advection, suggesting that the rectification is not induced by the Ekman 
dynamics or the thermocline rectification. The rectified interannual Kelvin waves are found to be much smaller than reflected 
at the Pacific western boundary and those forced by the interannual winds, suggesting that the latter two play a much more 
important role in ENSO dynamics than the intraseasonal winds. The results of this study suggest an unlikely significant role 
of oceanic nonlinear rectification by intraseasonal winds during the onset and cycling of El Niño.

Keywords Intraseasonal rectification · Interannual variability · ENSO · Kelvin and Rossby waves · Nonlinear oceanic 
dynamics

1 Introduction

The El Niño–Southern Oscillation (ENSO) is the climate 
mode that dominates interannual variability in the tropical 
Pacific ocean–atmosphere coupled system, which has global 
repercussions. The initiation of the ENSO events is still an 
issue unsettled to date. Early observations suggest that west-
erly wind bursts (Luther et al. 1983) play the potential role 
of triggering the El Niño events. The study of Lukas et al. 
(1984) shows strong westerly wind bursts during the onset 
of the 1982–1983 El Niño, forcing significant downwelling 
equatorial Kelvin waves to the eastern equatorial Pacific. The 
effect of the westerly wind bursts is enhanced by the exist-
ence of a shallow mixed layer above an oceanic barrier layer 
in the western Pacific Ocean (Lukas and Linstrom 1991), 
which traps the momentum of the surface wind forcing in 
a thin surface layer. Significant intraseasonal westerly wind 

bursts have indeed been observed to precede major El Niño 
events (e.g. Moore and Kleeman 1999; McPhaden 1999; 
Lengaigne et al. 2004a, b; Menkes et al. 2014; Fedorov et al. 
2014; Chen et al. 2015; Hu and Fedorov 2016). These obser-
vations have made people to hypothesize that intraseasonal 
westerly winds play an important role in triggering El Niño.

Observations have shown that the tropical atmos-
phere variations contain strong intraseasonal variability 
(10–90 days periods), the most prominent of which is the 
so-called Madden–Julian Oscillations (MJO; Madden and 
Julian 1971, 1972). The MJO usually originate and grow in 
the tropical Indian Ocean and propagate to the western and 
central equatorial Pacific year round, with clear signatures 
in troposphere zonal winds and tropical deep convection. 
Both westerly and easterly wind bursts are generated dur-
ing the passages of the MJO events. Strong MJO events are 
observed every year to frequent the tropical western Pacific 
Ocean (e.g. Kessler et al. 1995; McPhaden 1999; Berg-
man et al. 2001; Zhang and Gottschalck 2002; Roundy and 
Kiladis 2006; Hendon et al. 2007). Why some of the MJO 
events trigger El Niño while some others do not? It is known 
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that the simultaneous correlation between the interannual 
MJO and the cold tongue sea surface temperature anomalies 
(SSTA) is very weak during northern winter (e.g. Slingo 
et al. 1999; Hendon et al. 1999), suggesting that the two are 
often not associated with each other. Some coupled model 
simulations have indeed shown that the atmospheric intra-
seasonal variability has little influence on ENSO evolution 
(e.g. Zebiak 1989).

ENSO and the intraseasonal variations are tropical oscil-
lations at very disparate frequencies, the interactions of 
which must go through nonlinear dynamics in the atmos-
phere or/and ocean. Kessler and Kleeman (2000) use a har-
monic representation of the intraseasonal wind stress over 
the western equatorial Pacific to force an ocean general cir-
culation model (OGCM). Their simulations suggest that the 
intraseasonal winds rectify interannual anomalies through 
oceanic nonlinearity, which produce low-frequency SSTA 
of about 0.1 °C in the central Pacific. However, SSTA of 
~ 0.1 °C in the central-eastern equatorial Pacific are much 
smaller than the interannual SSTA associated with El Niño 
and are unlikely important even during the onset of an El 
Niño. Due to the idealized configurations of their forcing, 
realistic SSTA rectified in the cold tongue have not been esti-
mated. Rong et al. (2011) have estimated the rectified SSTA 
by the observed intraseasonal winds using an OGCM, show-
ing slightly larger, yet still small, SSTA rectified through 
oceanic nonlinearity in the eastern equatorial Pacific.

The dynamics of the SSTA rectification remain unclear to 
date. Observations suggest that the intraseasonal wind forc-
ing is concentrated over the western equatorial Pacific, which 
shall rectify the cold tongue interannual SSTA through the 
propagation of the interannual long equatorial Kelvin waves. 
Two kinds of dynamics are potentially involved in the gen-
eration of the rectified equatorial Kelvin waves. One is the 
meridional advection due to the surface Ekman transports of 
the intraseasonal zonal winds (Kessler and Kleeman 2000); 
the other is the thermocline depth rectification due to the 
Ekman pumping (Yuan and Liu 2009). The former gener-
ates downwelling Kelvin waves whereas the latter generates 
upwelling Kelvin waves after one cycle of harmonic wind 
forcing. In the equatorial Indian Ocean, Yuan and Liu (2009) 
have shown that the intraseasonal winds rectify upwelling 
Kelvin waves, which are very weak and are unlikely to play 
a significant role in the interannual dynamics. The rectified 
interannual Kelvin waves in the tropical Pacific Ocean have 
not been evaluated so far.

Several mechanisms have been proposed to produce the 
ENSO cycling. Among them the delay oscillator (Suarez and 
Schopf 1988), the discharge–recharge oscillator (Jin 1997a, 
b), the advective-reflective oscillator (Picaut et al. 1997), and 
the western Pacific oscillator (Weisberg and Wang 1997), 
all have suggested that the reflections of the oceanic equa-
torial Rossby waves at the Pacific western boundary play 

an important role in terminating ENSO (e.g. Schopf and 
Suarez 1988; Boulanger and Menkes 1999; Boulanger et al. 
2003; Yuan et al. 2004). The roles of the oceanic Kelvin 
waves generated by the intraseasonal wind forcing and by 
the Rossby wave reflection at the Pacific western boundary 
during the onset and terminating phases of ENSO have not 
been compared to date.

In this study, a series of forced OGCM experiments with 
and without intraseasonal wind forcing are conducted. The 
rectified Kelvin waves are evaluated based on these experi-
ments and are compared with the interannual oceanic Kelvin 
waves forced by the low-frequency winds and reflected at 
the western boundary, based on which the role of the intra-
seaonal wind forcing in ENSO dynamics is evaluated. The 
purpose of this study is different from that of Rong et al. 
(2011) in that we focus on the rectified equatorial Kelvin 
waves linking the intraseasonal wind forcing in the western-
central equatorial Pacific with the interannual SSTA in the 
eastern basin. The rectification through the oceanic nonlin-
earity is found to be small and unlikely to play a significant 
role in ENSO initiation and termination.

The remainder of this manuscript is organized as the fol-
lowing. The model and data in this study are introduced in 
Sect. 2. Results of the model simulation are validated in 
Sect. 3. The rectification by the intraseasonal wind forcing 
during ENSO is estimated, the role of which is evaluated in 
Sect. 4. The dynamics of the oceanic nonlinear rectification 
are investigated in Sect. 5. Discussions and conclusions are 
summarized in Sect. 6.

2  Modal and data

The OGCM used in this study is the Laboratory of Numeri-
cal Modeling for Atmospheric Sciences and Geophysical 
Fluid Dynamics (LASG)/Institute of Atmospheric Physics 
(IAP) Climate System Ocean Model (LICOM; Liu et al. 
2004, 2005). The LICOM model employs a free sea surface 
and nearly leveled vertical coordinates in the deep ocean (the 
� coordinate) and contains complete dynamics of the ocean 
circulation. The domain of the model covers the global 
ocean between 78.5°S and 90°N with a horizontal resolution 
of 0.5° latitude by 0.5° longitude. There are 30 levels in the 
vertical with 12 layers in the upper 300 m. The Packnowski 
and Philander (1981) mixing scheme is used to represent the 
enhanced vertical mixing in the surface layer. A 900-year 
spin-up simulation is conducted from the initially motionless 
ocean and climatological temperature and salinity based on 
the World Ocean Atlas dataset of 1994 (Levitus and Boyer 
1994; and Levitus et al. 1994).

Four sets of numerical experiments using different sur-
face wind forcings are conducted to estimate the rectifica-
tion of the intraseasonal winds on the SSTA and sea level 
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anomalies (SLA) at the interannual time scales. A main-
run control experiment (hereafter MR) is forced with the 
daily wind stress and heat flux of the National Center for 
Environmental Prediction–National Center for Atmospheric 
Research (NCEP–NCAR) reanalysis (Kalnay et al. 1996) 
during 1948–2016. The surface wind stress, latent and sen-
sible heat fluxes, long wave and short wave radiation are 
calculated using the formula of Large and Yeager (2004, 
2009). The surface wind stress and latent and sensible heat 
fluxes are based on the daily winds, air temperature, and spe-
cific humidity at 10 m above the sea surface and the model 
sea surface temperature (SST). According to Shinoda et al. 
(2008), intraseasonal winds of the NCEP–NCAR reanalysis 
agree well with in situ and scatterometer measurements in 
the western Pacific. In this study, we focus on the rectifica-
tion of the intraseasonal wind forcing on the interannual 
SSTA and SLA associated with ENSO.

An experiment called EXP1 is conducted to force the 
same ocean model with low-passed wind stress over the 
tropical oceans of the globe (20°N–20°S). The cut-off period 
of the low-pass filter is 90 days, so that the intraserasonal 
wind stress is excluded in Experiment EXP1. The latent and 
sensible heat fluxes are the same in the MR. The effects of 
intraseasonal wind stress on the SSTA and SLA are evalu-
ated by substracting EXP1 from MR and comparing the dif-
ferences with the MR simulations.

Due to the nonlinear quadratic relation in the bulk for-
mula of the wind tress calculation, low frequency wind stress 
can be rectified by high frequency wind variability. To exam-
ine this effect, the daily wind velocity components are low-
passed with the same Gaussian filter (using the Lanczos fil-
ter shows similar results), based on which, the low-frequency 
wind stress is calculated. Experiment EXP2 is conducted to 
force the model with this low frequency wind stress over the 
tropical oceans of the globe (20°N–20°S). The latent and 
sensible heat fluxes are calculated using the unfiltered winds 
so that they are the same as in MR and EXP1.

To isolate the rectification of the intraseasonal winds 
through the heat flux, low-passed daily winds are used to 
calculate the wind stress, and latent and sensible heat fluxes, 
which are used to force the model in Experiment EXP3. The 
difference between EXP2 and EXP3 measures the rectifica-
tion of intraseasonal winds through the heat fluxes.

The LICOM model simulations have been decomposed 
into equatorial waves to estimate the effects of the intrasea-
sonal rectification on the evolution of ENSO. The eigenfunc-
tions and wave speeds of the baroclinic modes are calculated 
based on the averaged density profile over the equatorial 
Pacific Ocean between 5°S and 5°N. The three-dimensional 
dynamic height and zonal velocity referenced to 2500 m 
depth of no motion are projected onto the eigenfunctions to 
extract the baroclinic modes, which are further decomposed 
into equatorial Kelvin and Rossby waves using the method 

described by Yuan et al. (2004). The decomposed Kelvin and 
Rossby waves preserve the model nonlinearity. Yuan et al. 
(2004) have found that the reflection of the Kelvin waves 
at the Pacific eastern boundary is in good agreement with 
a linear reflection at a straight wall, while the reflection of 
the Rossby waves at the Pacific western boundary is signifi-
cantly different from the linear theory.

The SST data used in this study is the Hadley Center data 
(HadISST; Rayner et al. 2003) compiled on a 1° longitude 
by 1° latitude grid based on in situ and satellite observations. 
The merged sea surface height anomalies are the satellite 
altimeter measurements onboard of Satellites Topex/Posei-
don, ERS, and Jason-1 since 1993, which are calibrated, 
merged, and archived by the AVISO project (ftp://ftp.aviso 
.ocean obs.com). Because of the SLA data, the analyses of 
the LICOM hindcast in this study focus on the period from 
1993 to 2016.

3  Validation of the MR simulation

The simulated SSTA and SLA are compared with the obser-
vations in this section, based on which the MR solution 
is decomposed into equatorial waves to study the ENSO 
dynamics.

3.1  Comparison with the observation

The area-averaged SSTA time series in the Nino 3 region 
(150°W–90°W, 5°S–5°N) of the MR simulation are found to 
be in good agreement with the Hadley Center data (Fig. 1), 
suggesting that the low-frequency signals of SST, espe-
cially those at the seasonal and interannual time scales, 
are reproduced well by the simulation. The correlation and 
root-mean-square error (RMSE) between the simulated and 
Hadley center data are 0.93 and 0.5 °C, respectively. The 
comparison of the simulated SSTA averaged between 5°S 
and 5°N over the equatorial Pacific Ocean of the MR with 
the Hadley Center data shows that the abnormal warmings 
during the 1994–1995, 1997–1998, 2002–2003, 2006–2007, 
2009–2010, and 2015–2016 El Niño events in the central 
and eastern equatorial Pacific have been reproduced well 
by the OGCM (Fig. 2). The abnormal coolings of the cen-
tral and eastern equatorial Pacific during the 1995–1996, 
1998–2001, 2007–2008, 2010–2011 La Niña events also 
compare well with the Hadley Center data. These compari-
sons suggest that the model can be used as a proxy to esti-
mate the effects of the rectification on the SSTA in the cold 
tongue and the associated dynamics by the intraseasonal 
forcing.

The simulated sea level anomalies (SLA) of the MR are 
validated with the AVISO satellite altimeter data (Fig. 3). 
The positive (negative) SLA in the eastern (western) 

ftp://ftp.aviso.oceanobs.com
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equatorial Pacific Ocean during the 1994–1995, 1997–1998, 
2002–2003, 2006–2007, 2009–2010 and 2015–2016 El Niño 
events have been reproduced by the OGCM. The simu-
lated SLA during the 1995–1996, 1998–2001, 2007–2008, 
2010–2011 La Niña events also compare well with the 

altimetry data. The simulated SLA during the 1997–1998 
and the 2015–2016 strong El Niños are noticeably weaker 
than the altimeter data, which may be due to errors of the 
wind stress or/and model dynamics. The correlation and 
RMSE between the simulated SLA and AVISO data in the 

 

Fig. 1  Comparison of simulated monthly SSTA time series in Nino 3 region of the MR (black curve) with the Hadley Center data (red curve)

Fig. 2  Comparison of monthly 
averaged SSTA between 5°S 
and 5°N over the equatorial 
Pacific Ocean of the MR (right 
panel) with the Hadley Center 
data (left panel). Red (blue) 
color indicates SSTA greater 
(less) than 0.5 (− 0.5) °C and 
the contour interval is 1 °C
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Nino 3 region are 0.89 and 3.5 cm, respectively. The com-
parisons of the simulated SSTA and SLA with observations 
suggest that the model can be used to study the dynamics of 
the equatorial Pacific Ocean circulation during the ENSO 
events of 1993–2016.

3.2  Equatorial waves in MR

To study the interannual equatorial wave dynamics of the 
ENSO events, the MR solution is decomposed into long 
equatorial waves. The longitude-time plots of the Kelvin 
wave coefficients of the first baroclinic mode (Fig. 4) show 
the eastward propagating downwelling Kelvin waves in 
1994, 1997, 2002, 2006, 2009, and 2015, forced by the west-
erly winds anomalies near the dateline (Fig. 5). The down-
welling Kelvin waves in the far western equatorial Pacific 
in 1997, 2006, and 2009 are evidently reflected from the 
downwelling Rossby waves at the western boundary (Fig. 4). 
These eastward propagating downwelling Kelvin waves 
deepen the thermocline in the eastern equatorial Pacific, 
which are responsible for the onset of positive SSTA in the 

central and eastern equatorial Pacific during the 1994–1995, 
1997–1998, 2002–2003, 2006–2007, 2009–2010, and 
2015–2016 El Niño events. Upwelling Rossby waves are 
also generated by the same westerly wind anomalies near 
the dateline, which propagate to the western boundary and 
get reflected into upwelling Kelvin waves at later times after 
the downwelling Kelvin wave propagations (Fig. 4). These 
upwelling Kelvin waves serve to weaken the thermocline 
depth anomalies in the central and eastern equatorial Pacific, 
resulting in a decrease of the SSTA and SLA (Figs. 2, 3). 
Our simulation is consistent with the results of Yuan et al. 
(2004), showing that the western boundary reflection plays 
an important role in the decay and termination of the El Niño 
events since 1993.

Westward propagation of the downwelling Rossby waves 
during the 1995–1996, 1998–1999, 1999–2000, 2000–2001, 
2007–2008, 2010–2011 La Niña events (Fig. 4) is forced 
by the easterly wind anomalies near the dateline (Fig. 5). 
These Rossby waves propagate to the western boundary 
and are reflected into downwelling Kelvin waves (Fig. 4). 
These downwelling Kelvin waves must be reflected from the 

Fig. 3  Comparison of monthly 
averaged sea level anomalies 
(SLA) between 5°S and 5°N 
of the MR (right panel) with 
the AVISO altimeter data 
(left panel). Red (blue) color 
indicates SLA greater (less) 
than 3 (− 3) cm, and the contour 
interval is 5 cm
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Rossby waves at the western boundary because they cannot 
be forced by the easterly wind anomalies over the western-
central equatorial Pacific at the same time (Fig. 5). The 
eastward propagation of those downwelling Kelvin waves 
is visible at the end of 1995, 1998, 1999, 2000, 2007, 2010. 
Among them, the Kelvin waves propagating to the central 
and eastern Pacific at the beginning of 1996, 2001, 2008, 
and 2011 weaken the cooling in the eastern Pacific until it 
vanishes or reverted into warming. Thus, the Rossby wave 
reflections at the Pacific western boundary provide a crucial 
negative feedback for the termination of the La Niña events.

The decomposed Kelvin waves have been compared 
with the linearly reflected Kelvin waves calculated from the 

decomposed Rossby waves of the first baroclinic mode at 
the western boundary in the MR (Fig. 6). The details have 
been described by Yuan et al. (2004). The dotted curve in 
Fig. 6 is calculated from the incoming equatorial Rossby 
waves of meridional modes 1 and 3 (symmetric), and the 
dashed curve adds the contribution from the meridional 
modes 2 (anti-symmetric). The ratios of linear reflection 
at the western boundary are 0.41, 0.6, and 0.13 for the 
interannual Rossby waves of meridional modes 1, 2, and 3, 
respectively. Higher meridional-mode Rossby waves make 
negligible contributions to the Kelvin wave amplitude. 
The significant difference between the decomposed Kel-
vin waves and reflected Kelvin waves based on the linear 

Fig. 4  Decomposed coefficients 
of equatorial Kelvin and the first 
meridional mode Rossby waves 
of the first baroclinic mode 
for the results of MR. Shading 
indicates the negative values, 
and the contour interval is 2
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theory suggests that the linear model is deficient in simu-
lating the Rossby wave reflection at the western boundary. 

This result is consistent with the previous forcing of Yuan 
et al. (2004).

Fig. 5  a Monthly zonal wind 
stress anomalies averaged 
between 5°S and 5°N along the 
equator from the daily NCEP 
data. Contour interval is 2 × 
 10− 2 Pa. Shading indicates 
negative values. b Comparison 
of monthly anomalies of area-
averaged zonal wind stress over 
the region 160°E–180°E among 
the unfiltered wind stress (black 
curve), the low-passed wind 
stress (red curve), and the wind 
stress calculated using the low-
passed wind velocity (green). 
Unit is  10− 2 Pa

 

(a) (b)

Fig. 6  Coefficients of the decomposed Kelvin waves (solid), lin-
ear reflected Kelvin waves calculated from the incoming equatorial 
Rossby waves of meridional modes 1 and 3 (dotted) and the incom-

ing equatorial Rossby waves of meridional modes 1–3 (dashed) of the 
first baroclinic mode at the western boundary for the MR
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Large upwelling Rossby waves are evidently reflected into 
upwelling Kelvin waves at the western boundary during the 
strongest 1997–1998 and 2015–2016 El Niño events, suggest-
ing that the western boundary reflections play an important 
role in the termination of the strong El Niño events. How-
ever, the onsets of these two largest El Niño events are signifi-
cantly different. The downwelling Kelvin waves at the west-
ern boundary during the onset of the 1997–1998 El Niño are 
much larger than those during the onset of the 2015–2016 El 
Niño. During the early stage of the 2015–2016 El Niño, the 
downwelling Kelvin waves are forced primarily by the west-
erly winds near the deadline, with very little amplitude of the 
reflected Kelvin waves coming from the western boundary 
to propagate to the eastern Pacific (Figs. 4, 5, 6). But in the 
first few months of 1997, the downwelling Kelvin waves are 
coming strongly from the western boundary reflection of the 
equatorial Rossby waves (Fig. 6), which are further strength-
ened by the westerly winds during the propagation to the east 
(Figs. 4, 5). The equatorial wave dynamics of the 1997–1998 
El Niño with the nonlinearity near the western boundary 
and in the equatorial Pacific included have been discussed 
by Yuan et al. (2004). The 2009–2010 El Nino is another 
strong El Niño event during the period of 1993–2016. But 
this event is a central-type El Niño (Modoki) and its strength 
is weaker than the 1997–1998 and 2015–2016 events (Fig. 2). 
The westerly winds anomalies near the dateline during the 
2009–2010 event are significantly weaker than those during 
the 1997–1998 and 2015–2016 events (Fig. 5), generating 
weaker upwelling Rossby waves to propagate to the western 
boundary and weaker upwelling Kelvin waves reflected at the 
western boundary (Figs. 4, 6). During the decaying stage of the 
2009–2010 El Niño, upwelling Kelvin waves are forced by the 
easterly winds near the deadline (Fig. 5), which are responsible 
for the termination of the positive SSTA in the central and 
eastern equatorial Pacific.

The ability of the model to simulate the Kelvin and 
Rossby waves associated with the ENSO evolution reason-
ably forms the basis of the analysis of the long-wave dynam-
ics of the intraseasonal rectification in this study.

4  Rectification by the intraseasonal wind 
forcing

The rectification by the intraseasonal winds is evaluated by 
comparing the three sensitivity runs with the MR in this 
section.

4.1  Rectifications of the intraseasonal wind stress 
on the interannual variability

EXP1 is conducted to force the OGCM with low-pass-fil-
tered wind stress. The SSTA and SLA differences between 

MR and EXP1 averaged between 5°S and 5°N along the 
equator are in general less than 0.1 °C and 1 cm, respec-
tively (Fig. 7). The comparison suggests that the rectified 
SSTA and SLA due to the intraseasonal wind stress forcing 
are generally small. The rectified SSTA are comparable 
to the modeled results of Kessler and Kleeman (2000), 
forced with idealized wind stress. Rong et al. (2011) has 
also indicated that the effects of the intraseasonal wind 
stress on low frequency SSTA is small in the Geophysi-
cal Fluid Dynamics Laboratory (GFDL) MOM2.2 experi-
ments forced with realistic wind stress.

The MR and EXP1 simulations are decomposed into 
long equatorial waves. The decomposed coefficients of 
the equatorial Kelvin and Rossby waves rectified by the 
intraseasonal wind stress forcing are almost all less than 
2 (Fig. 8), corresponding to less than 0.36 cm SLA and 
2.6 cm s− 1 zonal current anomalies for the first baroclinic 
Kelvin wave and of less than 0.28 cm SLA and 3.2 cm s− 1 
zonal current anomalies for the first baroclinic and first 
meridional mode Rossby waves. The comparisons suggest 
that the interannual Kelvin and Rossby waves in the equa-
torial Pacific can be simulated well by the low-frequency 
wind stress forcing without the intraseasonal variability. 
The small amplitudes of the rectified Kelvin and Rossby 
waves provide a dynamical explanation for the small rec-
tified SSTA and SLA in the eastern equatorial Pacific in 
comparison to their total interannual anomalies.

During the onset and termination of ENSO events, there 
are Kelvin waves generated by the intraseasonal wind forc-
ing. Weak downwelling Kelvin waves are generated by the 
intraseasonal wind forcing at the end of 1994, 1997, 2002, 
2006, 2009, and 2015, followed by weak upwelling Kelvin 
waves at the beginning of 1995, 1998, 2003, 2007, 2010 
and 2016. Weak upwelling Kelvin waves are generated by 
the intraseasonal wind forcing followed by a weak down-
welling Kelvin wave during the 1995–1996, 1998–1999, 
1999–2000, 2000–2001, 2007–2008, and 2010–2011 
cold events. However, their amplitudes (Fig. 8) are much 
smaller than the interannual anomalies in Fig. 4. Thus, we 
conclude that the rectification of the intraseasonal wind 
stress forcing on the interannual oceanic equatorial Kelvin 
and Rossby waves is generally small.

The coefficients of the decomposed Kelvin waves at the 
western boundary in EXP1 are nearly the same as those 
in MR forced with the unfiltered wind stress (Fig. 9). This 
suggests that the rectification of the intraseasonal wind 
stress forcing on the interannual oceanic Kelvin waves 
near the western boundary is much smaller than the Kelvin 
waves reflected at the Pacific western boundary. There-
fore, the western boundary wave reflection plays a more 
important role in ENSO cycling than the intraseasonal 
wind stress forcing.
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4.2  Effects of nonlinearity due to the quadratic 
wind stress bulk formula

One of the nonlinear rectification mechanisms is the non-
linear quadratic bulk formula of the wind stress calculation, 
which turns out to produce much weaker low-frequency 
wind stress anomalies than the total interannual variabil-
ity (Fig. 5b). The rectified wind stress anomalies averaged 
over the entire equatorial Pacific between 5°N and 5°S are 
very weak during the 1994–1995 and 1997–1998 El Niños 
(not shown). The effects of this rectification on oceanic vari-
ability are examined in Experiment EXP2, which is forced 
with the wind stress calculated from low-passed daily wind 
velocity. Similar to the result of EXP1 (figure omitted), the 
SSTA in EXP2 compare well with the Hadley Center data in 
Fig. 2. The differences between MR and EXP2 are slightly 
larger than those between MR and EXP1, especially in the 
central and eastern equatorial Pacific during the 1997–1998, 
2002–2003 and 2015–2016 El Niño events (Fig. 10). This 
indicates that the rectified SSTA by the intraseasonal winds 
are stronger than those forced by the intraseasonal wind 

stress, which is consistent with the result of Rong et al. 
(2011). The maximum differences between MR and EXP2 
are barely larger than 0.2 °C in the central-eastern equatorial 
Pacific during the 1997–1998, 2002–2003, and 2015–2016 
El Niño events but are all smaller than 0.2 °C in the western 
equatorial Pacific during other periods, suggesting the travail 
effects of the rectification by the intraseasonal wind speeds. 
The rectified SSTA during La Niña events appear much 
weaker than those during the warm episodes, which is also 
consistent with the result of Rong et al. (2011). However, 
Rong et al. (2011) indicated that the intraseasonal rectifica-
tion may result in a SSTA decrease of 0.2 °C over the eastern 
Pacific with as large as 0.8 °C SSTA increase in the cold 
tongue during the mature phase of the strong El Niño events. 
The rectified SSTA in our experiment are smaller than those 
of Rong et al. (2011), which may be due to different models. 
Our result has no significant changes if we should use the 
wind product and the filtering methods as those of Rong 
et al. (2011) (figures not shown).

We have repeated the Experiments MR and EXP2, using 
the algorithm of Rong et al. (2011) to calculate the surface 

Fig. 7  Monthly SSTA (left) 
and SLA (right) along the 
equator averaged between 5°S 
and 5°N for the difference 
between MR and EXP1. For 
the SSTA, red color indicates 
positive anomalies greater than 
0.1 °C, and blue color indicates 
negative anomalies smaller 
than − 0.1 °C, and the contour 
interval is 0.2. For the sea level 
anomalies, red color indicates 
positive anomalies greater than 
1 cm, and blue color indicates 
negative anomalies smaller than 
− 1 cm, and the contour interval 
is 1
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latent and sensible heat fluxes. The rectified SSTA are 
slightly larger but are still significantly weaker than those in 
Rong et al. (2011) (figures omitted). Either study seems to 
suggest that the rectified SSTA by the intraseasonal winds 
are small compared with the full interannual anomalies of 
ENSO. It is worth mentioning that the heat flux specification 
in Rong et al. (2011) requires a restoring term to relax the 
model upper ocean temperature and salinity to the observed. 
The restoring term has been saved and applied in the control 
and the sensitivity experiment without the restoring term to 

produce similar mean state. We think there is still relative 
drift of the mean state between the control and the sensitiv-
ity experiments, which may have resulted in the SSTA to 
grow faster. In our experiments, the wind stress mean state 
in EXP2 only differs from that in the MR slightly. Using the 
daily wind stress climatology from MR and anomalies from 
EXP2, and the two heat fluxes algorithms, produces small 
SSTA differences between the two experiments (not shown).

The differences of SLA along the equator averaged 
between 5°S and 5°N between MR and EXP2 are slightly 

Fig. 8  Decomposed coefficients of equatorial Kelvin and the first meridional mode Rossby waves of the first baroclinic mode for the results of 
MR-EXP1. Shading indicates the negative values, and the contour interval is 2
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larger than those between MR and EXP1. Intraseasonal 
wind forcing represented by the difference between MR 
and EXP2 has evidently produced positive (negative) SLA 
in the central-eastern (western) equatorial Pacific during 
1997–1998, 2002–2003 and 2015–2016 El Niño events. 

But the amplitudes are smaller than the total interannual 
anomalies by nearly an order of magnitude, suggesting the 
minor effects of the intraseasonal rectification during the 
El Niño events.

Fig. 9  Coefficients of the decomposed Kelvin waves of the first baroclinic mode at the western boundary for the MR (black curve), the EXP1 
(red curve), and the EXP2 (green curve)

Fig. 10  Monthly SSTA (left) 
and SLA (right) along the 
equator averaged between 5°S 
and 5°N for the difference 
between MR and EXP2. For 
the SSTA, red color indicates 
positive anomalies greater than 
0.2 °C, and blue color indicates 
negative anomalies smaller 
than − 0.2 °C, and the contour 
interval is 0.2. For the sea level 
anomalies, red color indicates 
positive anomalies greater than 
1 cm, and blue color indicates 
negative anomalies smaller than 
− 1 cm, and the contour interval 
is 1



4362 X. Zhao et al.

1 3

Due to the nonlinear quadratic relationship between the 
surface wind velocity and the wind tress, decomposed coef-
ficients of the equatorial Kelvin and Rossby waves from 
the difference between MR and EXP2 (Fig. 11) are slightly 
larger than those from the difference between MR and EXP1 
during the 1997–1998, 2002–2003 and 2015–2016 El Niño 
events (Fig. 8). But all of the differences are much smaller 
than the magnitudes of the total interannual equatorial waves 
in Fig. 4. Nor are the western boundary wave reflection 
altered significantly by the intraseasonal winds as indicated 

by the comparison of the decomposed Kelvin waves at the 
western boundary in MR and EXP2 (Fig. 9).

4.3  Rectification by intraseasonal heat flux 
associated with the intraseasonal winds

Besides the dynamical forcing by the intraseasonal wind 
stress, the intraseasonal heat fluxes associated with passages 
of the intraseasonal events force the model thermodynamics. 
To estimate the effects of intraseasonal heat fluxes on the 

Fig. 11  Decomposed coefficients of equatorial Kelvin and the first meridional mode Rossby waves of the first baroclinic mode for the results of 
MR-EXP2. Shading indicates the negative values, and the contour interval is 2



4363Interannual variability and dynamics of intraseasonal wind rectification in the equatorial…

1 3

interannual SST and equatorial wave dynamics of ENSO, 
Experiment EXP3 is conducted to use low-pass-filtered daily 
wind to calculate the surface wind stress, as well as the latent 
and sensible heat fluxes. The difference between EXP2 and 
EXP3 measures the impact of intraseasonal heat flux associ-
ated with the intraseasonal winds. Sizable differences of the 
SSTA between EXP2 and EXP3 are identified, the absolute 
values of which are greater than 0.2 °C only in the western 
equatorial Pacific and are generally smaller than 0.2 °C in 
the eastern equatorial Pacific (Fig. 12). This comparison 
suggests that SSTA in the western equatorial Pacific are 
more sensitive to the rectification of the intraseasonal heat 
flux forcing than to the intraseasonal wind stress forcing. 
During the 1994–1995, 1997–1998, 2002–2003, 2006–2007, 
2009–2010, and 2015–2016 El Niño events, the atmospheric 
convection center moves eastward, bringing the intrasea-
sonal wind variability with it, which rectifies negative SSTA 
in the western-central equatorial Pacific Ocean. The oppo-
site occurs during the 1995–1996, 1998–1999, 1999–2000, 
2000–2001, 2007–2008, and 2010–2011 La Niña events so 
that positive SSTA are rectified in the western equatorial 

Pacific Ocean. Thus, the intraseasonal heat fluxes induce 
SSTA anomalies in the western-central equatorial Pacific 
that enhance the anomalous zonal SST gradient over the 
equatorial Pacific Ocean during ENSO events.

The numerical experiments of Kessler and Kleeman 
(2000), forced with idealized MJO winds, show that the 
overall signature of the rectified anomalies was low-fre-
quency SST cooling in the western Pacific under strong 
winds of either sign (bottom left of their Fig. 3). Compared 
with the difference between MR and EXP1 (EXP2), the 
SSTA in the western-central equatorial Pacific due to heat 
flux rectification are larger than these due to the wind stress 
rectification, owing to the existence of the barrier layer 
under the surface mixed layer (Figs. 7, 10, 12). In the east-
ern Pacific, the intraseasonal wind variability is very weak. 
The interannual SSTAs in the eastern equatorial Pacific are 
dominated by the Kelvin waves because of the absence of the 
barrier in the east and the sensitivity of the SST to the ther-
mocline variability. Thus, the SSTA in the central-western 
equatorial Pacific are dominated by the intraseasonal heat 
flux rectification, whereas those in the eastern equatorial 

Fig. 12  Monthly SSTA (left) 
and SLA (right) along the 
equator averaged between 5°S 
and 5°N for the difference 
between EXP2 and EXP3. For 
the SSTA, red color indicates 
positive anomalies greater than 
0.2 °C, and blue color indicates 
negative anomalies smaller 
than − 0.2 °C, and the contour 
interval is 0.2. For the sea level 
anomalies, red color indicates 
positive anomalies greater than 
1 cm, and blue color indicates 
negative anomalies smaller than 
− 1 cm, and the contour interval 
is 1
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Pacific are dominated by the Kelvin waves rectified by the 
intraseasonal wind stress in the central-western Pacific.

The SLA between EXP2 and EXP3 do not show nearly as 
much difference as the SSTA do. This comparison suggests 
that the rectification by the intraseasonal heat fluxes has little 
influence on the oceanic dynamical process. The equatorial 
Kelvin and Rossby waves from the difference between EXP2 
and EXP3 are also much smaller than the total interannual 
waves (not shown), suggesting that the sensitivity of the heat 
flux rectification is confined in the western Pacific, which do 
not propagate to the eastern equatorial Pacific to generate 
significant SSTA in the cold tongue.

Notice that, since the model is forced with observed 
wind stress, the coupled effects due to the rectification have 
already into the hindcast experiments, so that the sensitivity 
tests have all of the coupled effects included.

5  Role and dynamics of the intraseasonal 
rectification

The daily output from Experiments MR and EXP1 is used 
to calculate the nonlinear advection terms in the zonal 
momentum equation for the period of January 1997 through 
December 1998 (Fig. 13). All terms are moved to the right 
side of the equation and integrated above the thermocline 
depth (20 °C isotherm depth). The current anomalies are 
in reference to the monthly climatology for the period of 
1993–2016. Daily advection anomalies are calculated from 
the current anomalies, which represent the interannual 
variations of the intraseasonal advection. These advection 
anomalies are found to contain primarily intraseasonal vari-
abilities at 25–60 day periods according to the power spec-
trum (not shown), with very small semi-annual and annual 

  

 

Fig. 13  Daily zonal windstress anomalies (unit:  10− 2  Pa), zonal, 
meridional, and vertical advection anomalies of zonal current above 
the thermocline (unit:  10− 6 ms− 2), and Z20 anomalies (unit: m) for 

the difference between MR and EXP1. The meridional advection 
anomalies are averaged between 0° and 5°N, and others are averaged 
between 5°S and 5°N
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variability, suggesting the successful removal of the seasonal 
climatology.

The strong MJO events in early 1997 and in Octo-
ber–December 1997 have generated weak downwelling 
Kelvin waves to the eastern equatorial Pacific Ocean, as 
indicated by the depth anomalies of the 20 °C isotherm 
(Fig. 13). The nonlinear advection terms suggest that the 
rectification is dominated by the zonal and vertical advec-
tion, with the meridional advection much smaller than the 
zonal and vertical advection. The low-passed zonal and ver-
tical advection terms are confirmed to be much larger than 
the meridional advection (figure omitted). These advection 
anomalies suggest clearly that the intraseasonal rectification 
is not due to the surface Ekman transports. The downwelling 
Kelvin waves neither support the thermocline rectification 
hypothesis. An examination of the background equatorial 
currents (not shown) reveals that the nonlinear advection is 
due to the low-frequency zonal and vertical currents, which 
have become positive (eastward and upward) since March 
1997. The positive background currents give rise to the posi-
tive advection of the zonal momentum after the intraseasonal 
forcing has passed through, hence the rectified downwelling 
equatorial Kelvin waves to the east. During La Niña events, 
say in 1998, the low-frequency equatorial zonal currents are 
to the west, but the MJO is weak in the western Pacific, so 
that the rectified Kelvin waves are weak.

The rectified Kelvin waves are much weaker than the 
reflected Kelvin waves at the western boundary (compare 
Figs. 4, 8, 11). In addition, the rectified Kelvin waves east of 
the dateline are found much weaker than those forced by the 
low-frequency winds without the intraseasonal components 
(Fig. 14). The small amplitudes of the rectified equatorial 
Kelvin waves suggest that the intraseasonal rectification 
unlikely play an important role in the onset and evolution 
dynamics of the El Niño event.

6  Summary and discussions

The rectification of intraseasonal wind forcing on the SSTA 
and SLA associated with ENSO during 1993–2016 are 
investigated using the LICOM OGCM forced with the daily 
winds of the NCEP-NCAR reanalysis with and without the 
intraseasonal variations, respectively. The effects of the 
rectification by the intraseasonal wind velocity through the 
nonlinearity of the stress bulk formula, and by the intrasea-
sonal heat flux induced by the intraseasonal winds, are also 
investigated.

In the Experiment MR forced with the daily wind stress 
and heat flux of the NCEP–NCAR reanalysis, the simulated 
SSTA and SLA in the equatorial Pacific Ocean are in good 
agreement with the observed SSTA of the Hadley Center and 
the SLA of the AVISO satellite altimeter during 1993–2016. 

The model simulated equatorial Kelvin and Rossby waves 
explain the ENSO evolution and cycling reasonably, sug-
gesting that the model can be used as a proxy to investigate 
the long-wave dynamics of the intraseasonal wind forcing 
on ENSO.

The simulated SLA during the 1997–1998 and the 
2015–2016 strong El Niño are weaker than the altimeter 
data, which may be due to errors of the wind stress or/and 
model dynamics. This deficiency seems to be a common 
problem of modern ENSO simulations [c.f. the NASA simu-
lation in Yuan et al. (2004)]. The ocean state estimate by 
the Estimating the Circulation and Climate of the Ocean 
Phase II (ECCO2) system, which is obtained by least squares 
fitting of the Massachusetts Institute of Technology gen-
eral circulation model (MITgcm) to the available satellite 
and in-situ observations, also shows a weaker SLA during 
2015–2016 (left panel of Fig. 15). Furthermore, using the 
ERA-interim reanalysis winds of the European Centre for 
Medium-Range Weather Forecasts (ECMWF, Dee et al. 
2011) to force the LICOM model used in the present paper 
gives a similar result (right panel of Fig. 15).

The rectification of the intraseasonal wind stress forcing 
on the interannual SSTA and SLA is found much weaker 
than the total interannual SSTA and SLA. Using the ERA-
interim reanalysis data to force the model gives a similar 
result (not shown). The dynamics of the weak rectification 
is due to the weakly rectified interannual Kelvin and Rossby 
waves in the equatorial Pacific Ocean. The rectified interan-
nual Kelvin waves are found to be much smaller than that 
reflected at the Pacific western boundary or forced by the 
low-frequency winds, suggesting that the latter two play a 
more important role in the ENSO cycling and termination.

The nonlinear advection of the ocean in 1997 is analyzed, 
showing dominance of the zonal and vertical advection over 
the meridional advection in the zonal momentum equation 
(Fig. 13). The negligible meridional advection suggests that 
the surface Ekman transport is not the primary dynamics 
controlling the intraseasonal rectification. The variations of 
the 20 °C depth are very small, showing that the intrasea-
sonal rectification is not controlled by the thermocline recti-
fication, either. A downwelling Kelvin wave is rectified after 
a MJO cycle, because the background currents in the western 
Pacific is eastward and downward during 1997.

The intraseasonal heat flux associated with the intrasea-
sonal winds is found to produce slightly larger SSTA in the 
western-central equatorial Pacific Ocean than in the east. 
Abnormal coolings (warmings) are generated in the western-
central equatorial Pacific during strong El Niño (La Niña) 
events, enhancing (reducing) the zonal SST gradient over 
the equatorial Pacific Ocean. However, the magnitudes of 
the rectified SSTA are much smaller than the total SSTA, 
suggesting minor roles of the intraseasonal rectification. 
Most importantly, the rectification of the intraseasonal heat 
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flux on the interannual SLA is negligibly small, generating 
negligibly small equatorial Kelvin waves to propagate to the 
eastern equatorial Pacific.

The numerical experiments conducted in this study sug-
gest that the intraseasonal winds generate very weak inter-
annual equatorial Kelvin waves to propagate to the eastern 

Fig. 14  a Wind-forced Kelvin wave coefficients with western boundary wave condition at 151°E set to zero. b Same as left but forced by the 
intraseasonal wind stress. Shading indicates the values greater (smaller) than 5 (− 5)
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equatorial Pacific. This fact suggests that the anomalous 
warming or cooling of the cold tongue during ENSO is 
unlikely forced by the dynamical rectification of the ocean 
driven by the intraseasonal winds. The weak SSTA recti-
fied by the intraseasonal winds in comparison with the 
total interannual SSTA also suggest weak response of the 
atmospheric Walker Cell circulation. The rectified equato-
rial Kelvin waves are much weaker than those forced by the 
low-frequency winds and reflected at the Pacific western 
boundary, suggesting the insignificance of the intraseasonal 
rectification in the ENSO cycling.

It is worth noting that the nonlinear dynamics of the 
western boundary currents (Yuan and Wang 2011; Wang 
and Yuan 2012, 2014) are not analyzed in this study in 
the LICOM simulation. Strong nonlinearity of the western 
boundary currents and regime shifts of the ocean currents 
at the Pacific entrance of the Indonesian Seas due to the 
existence of multiple equilibria could induce significant 

Kelvin waves in the far western equatorial Pacific Ocean 
(Yuan et al. 2018). Due to the coarse resolution of the 
LICOM model used in this study, these aspects of the 
oceanic nonlinearity are not investigated. There is also 
a potential role for the stochastic forcing to induce vari-
ability at ENSO time scales through the so-called linear 
stability mechanism of the coupled system (e.g. Moore 
and Kleeman 1999). The rectification of intraseasonal 
wind forcing on ENSO should be further studied using 
a coupled model.
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Fig. 15  Monthly SLA between 
5°S and 5°N of the ECCO2 
(left panel) and the MR of the 
LICOM model using the wind 
forcing of the ERA-interim data 
(right panel). Red (blue) color 
indicates SLA greater (less) 
than 3 (− 3) cm, and the contour 
interval is 5 cm
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