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ABSTRACT

This study examines whether shifts between the correlative evolutions of ENSO and the seasonal cycle in
the tropical Pacific Ocean can produce effects that are large enough to alter the evolution of the coupled
atmosphere—ocean system. The approach is based on experiments with an ocean general circulation model
(OGCM) of the Pacific basin, in which the seasonal and nonseasonal (interannually varying) components of
the surface forcing are prescribed with different shifts in time. The shift would make no difference in terms of
ENSO variability if the system were linear. The surface fluxes of heat and momentum used to force the ocean
are taken from 1) simulations in which the OGCM coupled to an atmospheric GCM produces realistic ENSO
variability and 2) NCEP reanalysis data corrected by Comprehensive Ocean-Atmosphere Data Set clima-
tology for the 20-yr period 1980-99. It is found that the response to the shifts in terms of eastern basin heat
content can be 20%-40% of the maximum interannual anomaly in the first experiment, whereas it is 10%-20%
in the second experiment. In addition, the response to the shift is event dependent. A response of this
magnitude can potentially generate coupled atmosphere—ocean interactions that alter subsequent event
evolution. Analysis of a selected event shows that the major contribution to the response is provided by the
anomalous zonal advection of seasonal mean temperature in the equatorial band. Additional OGCM ex-
periments suggest that both directly forced and delayed signals provide comparable contributions to the
response. An interpretation of the results based on the “delayed oscillator” paradigm and on equatorial
wave-mean flow interaction is given. It is argued that the same oceanic ENSO anomalies in different times of
the oceanic seasonal cycle can result in different ENSO evolutions because of nonlinear interactions between
equatorially trapped waves at work during ENSO and the seasonally varying upper-ocean currents and

thermocline structure.

1. Introduction

A better understanding of ENSO evolution requires
a deeper insight into its interactions with the season-
al cycle of the climate system in the tropical Pacific
Ocean. ENSO studies performed with numerical mod-
els of intermediate complexity have suggested sev-
eral mechanisms for such interactions (e.g., Battisti
1988; Tziperman et al. 1997; Clement et al. 1999, 2000;
Fedorov and Philander 2001; Timmermann et al. 2005)
and even argued that they are essential components of
the observed interannual variability (Jin et al. 1996).
The mechanisms of interaction include the nonlinear-
ities that can arise if surface wind components and/or
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sea surface temperatures are obtained by superposi-
tion of the seasonal cycle and interannual anomalies
(Tziperman et al. 1997).

Typical intermediate coupled models used in ENSO
research only include seasonal variations in the ocean-
ic surface layer and lower atmosphere mean condit
ion. Intermediate models with modifications that allow
for effects by seasonal variations in other features of
the upper-ocean circulation (e.g., the thermocline) and
GCMs capable of producing a realistic seasonal cycle in
the upper ocean have been used to explore the inter-
actions between ENSO and the seasonal cycle in the
upper ocean (e.g., Chang et al. 1995; Guilyardi 2006).
An and Wang (2001), for example, working with a
modified Cane-Zebiak model, found that allowing the
basic state thermocline depth (upper-layer depth) to
vary seasonally renders the timing of La Nifia events
more realistic than in the standard model version.
Guilyardi et al. (2003) proposed that, in ENSO events
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simulated by a coupled GCM (CGCM), advection into
the equatorial region of heat content anomalies by the
seasonally varying western boundary current (WBC)
contributes to event demise and thus to phase locking
because the WBC is strongest toward the end of the
year. Vintzileos et al. (1999a,b), also using a
CGCM, hypothesized that the seasonal cycle of the
equatorial undercurrent and meridional circulation cells
plays an important role in the redistribution of ENSO
heat content anomalies.

The primary goal of this study is to examine whether
shifts between the correlative evolutions of ENSO and
the seasonal cycle in the tropical Pacific Ocean can
produce effects that are large enough to alter the evo-
lution of the coupled atmosphere—ocean system. We
aim, therefore, to assess the importance of processes
absent in typical intermediate coupled models of ENSO
and to test hypotheses proposed by works using modi-
fied intermediate models and CGCMs. We follow an
approach based on uncoupled ocean GCM (OGCM)
simulations. In this framework, we can modify the phase
relationship between interannual anomalies and the
seasonal cycle of the surface forcing in a relatively
simple but also realistic way. The approach selected
does not include coupled feedbacks. In view of this
demerit, we can only search for responses that generate
coupled atmosphere-ocean interactions with the po-
tential to alter the future event evolution.

We start in section 2 with a description of the model
and experimental design. Section 3 presents the results
of the experiments with shifts between the phases of
interannual anomalies and the seasonal cycle. Section 4
discusses the impact of direct and remote mechanisms
on the response to the shifts. The conclusions are in
section 5.

2. Model and experiment design

The OGCM we use is the Pacific basin (30°S-50°N)
version of the Modular Ocean Model (MOM, version
1.1), configured with 27 layers in the vertical direction
and a horizontal resolution of 1/3° latitude by 1° longi-
tude equatorward of 10°, increasing to 3° by 1° at higher
latitudes. We have previously coupled this OGCM to
the University of California, Los Angeles, atmospheric
GCM [version 6.8, 15 levels in the vertical direction and
a horizontal resolution of 4° latitude by 5° longitude; see
Yu and Mechoso (2001) for more details].

As a first step, we spin up the OGCM by running
it for 10 yr using mean seasonal surface fluxes and wind
stresses from the CGCM simulation reported in Yu
and Mechoso (2001). The OGCM is restarted and run
using the full surface fluxes from the same CGCM sim-
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ulation for the 16-yr-long period during which the
output is currently available. The forcing fields are
obtained by linear interpolation to the OGCM time
step of monthly-mean CGCM output assigned at half
month. To compensate for unrealistic behaviors in long
runs caused by this approximation, we add a relatively
weak (30 day) relaxation of surface temperature and
salinity to the CGCM climatology. We refer to this
16-yr OGCM simulation as the CONTROL-CGCM run.
On the one hand, our procedure assures consistency
between forcing and internal fields in the ocean model.
On the other hand, our results will be affected by ““‘im-
perfections” in the CGCM simulation. For example, the
meridional structure of the simulated ENSO is, in gen-
eral, narrower in latitude than in the observation. In
addition, the simulated variability in the far western
basin is too strong. Our previous studies, however, have
shown that the simulated interannual variability is
comparable to observation both in terms of temporal
behavior and spatial patterns in the central and east-
ern equatorial Pacific basin (Yu and Mechoso 2001;
Mechoso et al. 2003). Hence, we believe that such im-
perfections do not pose an important challenge to our
approach.

Next we perform an OGCM experiment by changing
the phase difference between interannual anomalies
and seasonal cycle of the surface fluxes by 0.5 yr—that
is, by applying the anomalous fluxes with a 6-month
delay (i.e., shifting). In this experiment, which we call
SHIFT-CGCM, the surface fluxes for October of a
particular year, for example, are obtained by adding the
anomalous fields corresponding to this month to the
mean seasonal fluxes of April. Our method, therefore, is
similar to that of Xie (1995), except that to force the
OGCM we use model-generated or reanalysis fields
whereas he uses idealizations that are symmetric about
the equator and zonally uniform. Xie (1995) found a
significant response to the shift in SST and suggested
that amplification of the response by interactions with
the atmosphere can contribute to ENSO’s phase locking
to the seasonal cycle.

Because a 16-year period is relatively short in refer-
ence to the ENSO time scale, we performed another
43-yr-long simulation with the CGCM and repeated the
entire procedure, thus obtaining two additional 43-yr-
long OGCM simulations that we call the CONTROL-
CGCM* and SHIFT-CGCM*.

The control and shift experiments are repeated using
National Centers for Environmental Prediction (NCEP)
reanalysis data (corrected by the Comprehensive Ocean—
Atmosphere Data Set long-term mean) for the period
of 1980-99. These experiments are labeled CONTROL-
NCEP and SHIFT-NCEDP, respectively.
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3. Results of the SHIFT experiments

Figure 1 shows the monthly-mean temperature anom-
alies averaged in the upper ocean (0-300 m) along the
equator obtained in CONTROL-CGCM. There are two
major ENSO events in the period, of which one is warm
(marked ELN) and the other is cold (LAN). The heat
content anomalies in the western and eastern parts of
the basin during the events appear out of phase, as
is typical in observed ENSO events. Figure 2 shows
the monthly-mean temperature anomalies in the upper
ocean at the center of the Nifo-3 region (equator,
110°W) in the CONTROL-CGCM and SHIFT-CGCM
experiments for ELN and LAN, together with the cor-
responding responses to the 6-month shift. In ELN, the
magnitude of the response in heat content anomaly to
the shift reaches 40% of the maximal anomaly for the
event, and more than half of the total anomaly for that
month (October of the fourth year). In LAN, the re-
sponse of the heat content anomaly is about half of that
in ELN. In a coupled scenario, responses of this mag-
nitude can generate atmosphere—ocean interactions that
would alter the future event evolution.

In CONTROL-CGCM* there are eight warm and
nine cold ENSO events in total, of which two are very
weak. We also find responses to the shift larger than
30% in at least half of the events. In Fig. 3 we show the
responses to the shift in terms of heat content anomaly
at 110°W on the equator from four representative cases,
including two warm (Figs. 3b,c) and two cold cases
(Figs. 3a,d). Here the response reaches magnitudes up
to 50% of the monthly anomalies. In Figs. 3b and 3c, the
responses are similar to those we found in the ELN case.
In Figs. 3a and 3d, we find larger responses to the shift
during La Nifia events when compared with those in the
LAN case discussed above. The response to the shift in
some simulated ENSO events, therefore, is a robust
feature of our results. The considerable event-to-event
variation is another robust feature. In the remainder of
this paper we concentrate on CONTROL-CGCM and
SHIFT-CGCM.

Before performing further analysis, we test the ro-
bustness of the response obtained in the ELN case. We
use two methods. In the first, we make several shorter
SHIFT runs (4 yr long) for the ELN case with different
initial conditions. These are produced by simply varying
the period of anomalous forcing applied before the in-
itiation of the event. For the ELN case, in which SST
anomalies peak during the second half of year 4, we
perform 6-month shift experiments by starting from
spinup conditions and applying anomalous forcings
from different times in years 1 and 2 of CONTROL-
CGCM. A comparison between Fig. 4a and Fig. 3 shows
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Time (year)

ELN

FIG. 1. Vertical mean (0-300 m) temperature anomaly along the
equator in CONTROL-CGCM. The contour interval is 0.2°C, and
negative anomalies are shaded. Cases ELN and LAN are the two
major events in this run.

that the response to the shift is much larger than the
responses to small perturbations in the oceanic initial
condition. In the second test, we change the magnitude
of the shift from 6 months to 3 months and then to 9
months. The responses to the 3-month and 9-month
shifts are almost as strong as that to the 6-month shift
(Fig. 4b), although there are differences in detail.

The response to the shift is event dependent. We
further illustrate such dependence by using two simple
indicators of the basinwide heat content redistribution
in the upper equatorial Pacific (5°S-5°N, 0-300 m).
These indices are defined as the average and difference
temperature anomaly between the equatorial regions
west and east of 150°W and represent the zonal mean
heat content anomaly of the equatorial band and the
anomalous zonal tilt of the equatorial thermocline, re-
spectively. Figure 5 shows the time evolution of both
indices in ELN and LAN for both CONTROL-CGCM
and SHIFT-CGCM. ELN shows a clear response to the
shift in the thermocline tilt index, whereas LAN shows a
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FIG. 2. Vertical mean (0-300 m) temperature anomaly (°C) for (a) case ELN and (b) case LAN at the

equator and 110°W for CONTROL-CGCM (thick solid lines) and SHIFT-CGCM (dotted lines), and
their difference (dashed lines). All values are normalized by the maximal monthly anomaly in the CGCM
simulation. The thin solid lines represent the Nifio-3 SST anomalies (°C) in the CGCM simulation for the

corresponding periods.

much smaller response in both indices. The response in
zonal-averaged anomaly is negligible for both events.
(Similar results are found for CONTROL-CGCM* and
SHIFT-CGCM*.) We will discuss the weak response in
the zonal-averaged anomaly later in the paper.

To further examine the origin of the large response in
ELN, we study the heat transport into the eastern
equatorial box (5°S-5°N, 150°W to the coast, 0-300 m).
A calculation of the heat budget of the region shows

that horizontal heat transport is the dominant term, as
in Philander and Hurlin (1988) and others. As shown
in Fig. 6, almost all of the difference in heat transport
into the eastern part of the basin between CONTROL-
CGCM and SHIFT-CGCM is due to the different con-
tribution by advection of mean temperature by the
anomalous zonal current.

Figure 7 shows the difference between CONTROL-
NCEP and SHIFT-NCEP in terms of heat content at
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FIG. 3. As in Fig. 2, but for CONTROL-CGCM*

and SHIFT-CGCM*: (a) January (Jan) of year (yr)

14-Jan of yr 17, (b) Jan of yr 17-Jan of yr 20, (¢) Jan of yr 27-Jan of yr 30, and (d) Jan of yr 39-Jan of yr 42.

All values are normalized by the maximal monthly

anomaly in each panel.
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FIG. 4. (a) Vertical mean (0-300 m) temperature anomaly (°C) at the equator and 110°W in shift runs
for case ELN from three different initial conditions, together with those from SHIFT-CGCM and
CONTROL-CGCM. (b) Responses to 3-, 6-, and 9-month shifts in the ELN case from the same initial
condition. All values are normalized by the maximal monthly anomaly in the CGCM simulation.

110°W on the equator in the same format as Figs. 2
and 3. The values in Fig. 7 correspond to the heat
content anomaly normalized by the maximal anomaly
in the period of each panel. We note that the response
to the shift is nonlinear in ENSO amplitude. For ex-
ample, the response in the very strong 1997/98 warm
event is relatively small (~10%) in comparison with
that in the weaker 1988/89 cold event (>20%). Fur-
thermore, the response in this set of experiments seems
to be systematically smaller than that in the set forced
with CGCM output, which can reach 50% in some
cases.

4. Direct and delayed effects

In this section we estimate the contribution of ““direct
or local” and ““delayed or remote” effects to the dif-
ferences between CONTROL-CGCM and SHIFT-
CGCM. We focus on October of the fourth year, when
differences in the ELN case have largest magnitudes.
First, we perform several October simulations using the
anomalous forcing corresponding to the fourth year
of CONTROL-CGCM applied at increasingly earlier
times, before which the forcings do not have interannual
variability. We do this by taking initial conditions from

(a) ELN

heat content anomaly (deg C)

(b) LAN

Time (year)

13 14 15 16 17
Time (year)

FIG. 5. Average temperature anomaly (°C) between the eastern and western parts of the equatorial
basin (5°S-5°N, 0-300 m) for CONTROL-CGCM (thick solid line) and SHIFT-CGCM (thick dotted
line), along with the difference between the two parts for CONTROL-CGCM (thin solid line) and
SHIFT-CGCM (thin dotted line), for (a) case ELN and (b) case LAN.
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FIG. 6. (a) Horizontal heat transport into the eastern half of the
equatorial band (5°S-5°N, 150°-70°W, 0-300 m) for case ELN in
CONTROL-CGCM (solid line) and SHIFT-CGCM (dashed line).
(b) As in (a), except that transport by anomalous zonal advection
of seasonal mean temperature is not included. All values are
normalized by 1.414 X 108 (m*°C!s™1).
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the spinup run (i.e., obtained without interannual vari-
ations in the surface fluxes) corresponding to » months
before the last 1 October in the spinup run. The simu-
lations performed are referred to as CONTROL-n ex-
periments. Next, we repeat the simulations with the
seasonal cycle shifted, as we did in the previous section
of the paper. This is done by starting the simulations
with initial conditions (from the spinup run) corre-
sponding to n months before the last 1 April in the
spinup run and using exactly the same anomalous sur-
face fluxes as in the corresponding CONTROL-n ex-
periment. We refer to these runs as SHIFT-n. The larger
the n is, the more we see the impact of delayed or re-
mote effects. In this manner, we make five pairs of
OGCM experiments corresponding ton = 1,3, 6,9, and
12 (i.e., going back by 3-month intervals).

Figure 8 presents a summary of results in terms of
differences in anomalous zonal velocities at the equa-
tor, together with the difference between CONTROL-
CGCM and SHIFT-CGCM in October of the fourth
year. We focus on the central basin from the surface to
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FIG. 7. As in Fig. 3, but for CONTROL-NCEP and SHIFT-NCEP: (a) 1981-85, (b) 1986-90, (c) 1991-95,
and (d) 1996-2000.
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FIG. 8. The difference in zonal current anomaly (cm s ') at the equator for October of the
fourth year between (a) CONTROL-1 and SHIFT-1, (b) CONTROL-3 and SHIFT-3, (c)
CONTROL-6 and SHIFT-6, (d) CONTROL-9 and SHIFT-9, (¢) CONTROL-12 and SHIFT-
12, and (f) CONTROL-CGCM and SHIFT-CGCM. The contour interval is 10 cm s~ .

about 100 m deep. The panel for n = 1 (Fig. 8a) shows
that local effects explain a significant part of the differ-
ence between CONTROL-CGCM and SHIFT-CGCM
(Fig. 8f). An inspection of the entire panel sequence
(Figs. 8a—e) clearly shows that the differences between
CONTROL-CGCM and SHIFT-CGCM (Fig. 8f) in the
upper ocean are practically recovered for n = 9 and not
for smaller n. This indicates a comparable contribution
of both local (direct) and remote (delayed) effects to the
response to the shift in terms of anomalous zonal cur-
rents, which are primarily responsible for the difference
in heat transport as shown in Fig. 6.

5. Discussion and conclusions

Our study starts with a direct estimation of the impact
on an OGCM simulation of shifting by 6 months the
phase relationship between the seasonally and inter-

annually varying components of the prescribed monthly
mean surface fluxes. These were produced by the same
model when it was coupled to an AGCM. In this way, the
anomalies in surface fluxes corresponding to the north-
ern autumn are applied simultaneously with the seasonal
fields for the northern spring. The method used is similar
to that used by Xie (1995), who found significant effects
of the shift on SST in idealized OGCM experiments.

According to the results, the shift produces differences
in eastern basin heat content that reach up to 20%-40%
of the interannual anomaly in at least half of the events.
The response is case dependent. A heat transport anal-
ysis of one case in which the response is large shows that
the process most affected is the anomalous zonal ad-
vection of seasonal thermocline in the midbasin.

If the OGCM is forced with surface fluxes corre-
sponding to the NCEP reanalysis for the period 1980—
99, then the response to the shift is on the order of
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10%-20% of the maximal ENSO anomaly. There are
also interevent variations in the response. Another
common feature of the experiments with surface fluxes
from the CGCM simulation and NCEP reanalysis data is
that the zonal mean heat content at the equator is in-
sensitive to the shift (cf. Fig. 2). This indicates that sea-
sonal features such as variation in the advection of heat
content anomalies by the WBC into the equatorial band,
which changes the zonal mean heat content, are either
unimportant or are balanced by other processes that
counteract such effects. The responses we found in the
experiments with surface fluxes from the NCEP rean-
alysis tend to be smaller than those in the experiments
that are forced by CGCM output. The relatively short
length of experiments and observational datasets in ref-
erence to the ENSO time scale may not be long enough
to argue for a systematic difference between simulation
and observations in view of the large event-to-event
variability.

The selected warm-event case in the runs with surface
fluxes from the CGCM output is analyzed further to
examine the relative contributions to the response of
direct and delayed effects. This is done by tracing the
impact of anomalous forcing back in time with and
without the shift. The results show that 1) direct or local
response to the anomalous forcings contributes signifi-
cantly to the difference between the control and shift
experiments and 2) delayed responses associated with
anomalous forcings applied 9-12 months earlier are
partly responsible for the difference between the con-
trol and the shift experiments.

Our study finds, therefore, that an artificial shift in the
phase relationship between the seasonal and interan-
nual components of the surface fluxes (monthly mean)
in an OGCM can cause responses up to 50% in terms of
heat content anomaly in the equatorial eastern basin.
The response is due to changes in the anomalous zonal
advection of seasonal mean temperature in the equa-
torial upper ocean. Furthermore, these changes are due
to both local and remote effects set by the shift and can
only be interpreted in a nonlinear framework. The same
oceanic ENSO anomalies in different times of the sea-
sonal cycle can, therefore, result in different ENSO
evolutions.

To interpret our results, let us start by considering the
“delayed oscillator”” paradigm of ENSO. According to
this paradigm, there are two kinds of signals causing
thermocline change in the equatorial eastern basin
during ENSO: 1) Kelvin waves directly forced in the
central to western equatorial basin 1-2 months earlier
(direct signals) and 2) Kelvin waves generated by re-
flection of slowly propagating Rossby waves gener-
ated much earlier (remote signals). Our analysis finds
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that both local and remote effects of the anomalous
forcings are responsible for the difference between the
control and the shift experiments. Thus, both kinds of
wave signals in the delayed-oscillator paradigm are
influenced by the shift, because they are being forced
and propagating under different seasonal mean condi-
tions. These arguments are consistent with several pre-
vious studies on how features of the equatorial Pacific
mean state can affect equatorially trapped, low-frequency
baroclinic Kelvin and Rossby waves (e.g., McPhaden
and Ripa 1990; Giese and Harrison 1990; Long and
Chang 1990; Zheng et al. 1998). The seasonal variation
in major equatorial currents in the upper ocean and the
equatorial thermocline slope continuously affects equa-
torial waves excited by ENSO wind anomalies. The ac-
cumulated effect of the seasonal variation on these waves
can be very significant, as in the ELN case examined
here. However, given the unique temporal and spatial
patterns of each individual event, this accumulated effect
may be weak, as in the LAN case examined here.

The seasonal variation in the lower atmosphere and
oceanic mixed layer results in seasonal variations of the
coupling instability and regulates the delayed oscillator
(Tziperman et al. 1998). Our results imply that the
seasonal variation in the upper-ocean currents and ther-
mocline slope have a similar regulating effect. Yang and
O’Brien (1993) showed with an intermediate coupled
model of ENSO that increasing the steepness of the
thermocline slope from the central basin to the eastern
basin could decrease the model’s interannual variability
(and vice versa) because of impacts on Kelvin wave
propagation. Our results, obtained in a more complex
and realistic framework, are consistent with such im-
pacts on ENSO evolution.
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