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Abstract Characteristics of the seasonal and interannual sea surface temperature variability in the eastern
equatorial Pacific (EEP) over last two interglacials, the Holocene and Eemian, are analyzed using transient
climate simulations with the Kiel Climate Model. There is a tendency toward a strengthening of the seasonal
as well as the El Niño/Southern Oscillation (ENSO)-related variability from the early to the late interglacials.
The weaker EEP sea surface temperature annual cycle during the early interglacials is mainly a result of
insolation-forced cooling during its warm phase and dynamically induced warming during its cold phase.
Enhanced convection over northern South America weakens northeasterlies in the EEP leading to weaker
equatorial upwelling, deeper thermocline and subsequent warming in this region. We show that a negative
ENSO modulation of the annual cycle operates only on short timescales and does not affect their evolutions
on orbital time scales where both ENSO and annual cycle show similar tendencies to increase.

Plain Language Summary Although the Sun crosses the equator twice a year, the sea surface
temperature (SST) in the eastern equatorial Pacific (EEP) exhibits a distinct annual cycle. Therefore, in
addition to the direct solar forcing, coupled ocean-atmosphere processes must also be taken into
consideration to explain the observed annual cycle of the EEP SST. The annual cycle is also an important
factor for the seasonal phase locking of the El Niño/Southern Oscillation. The aim of this study is to identify
dominant factors affecting the annual cycle and interannual variability in the EEP on geological time scales. For
this purpose we analyze transient climate simulations of the last two interglacials, the Holocene (9,500–0 BP)
and the Eemian (126,000–115,000 BP). We find that both El Niño/Southern Oscillation variability and the
annual cycle of SST in the EEP tend to increase from the early to late interglacials. We will show that local
radiative forcing and reorganized atmospheric circulation are dominant factors to modify the annual cycle.
However, a relative contribution of these factors may vary within the year. Our research demonstrates that the
mechanism of the present-day annual cycle should be updated when considering long-term variations of
climate states on orbital time scales.

1. Introduction

The sea surface temperature (SST) in the eastern equatorial Pacific (EEP) exhibits a dominance of the annual
cycle despite a distinct semiannual cycle in solar radiation in the equatorial region (e.g., Horel, 1982; Mitchell
& Wallace, 1992; Murakami et al., 1992; Wang, 1994; Wyrtki, 1981; Xie, 1994, 2004). The presence of the annual
cycle in the SST of the EEP is a consequence of dynamical processes including the seasonal migration of the
Intertropical Convergence Zone (ITCZ) and attendant development/decay of the equatorial Pacific cold
tongue. As a result, the lowest (highest) SSTs in the EEP occur in September–October (March–April) when
the development of the equatorial cold tongue is strongest (weakest; e.g., Horel, 1982; Mitchell & Wallace,
1992; Wyrtki, 1981). The physical processes responsible for the generation of the annual cycle in the EEP
are related to the establishment of the meridional temperature asymmetry between the northern and
southern tropical east Pacific, in particular, due to the development of the summer monsoon over Central
America and the eastern North Pacific (Mitchell & Wallace, 1992; Murakami et al., 1992; Wang, 1994).
Furthermore, the temperature asymmetry is maintained by the positive wind-evaporation-SST feedback,
the upwelling-SST feedback and the stratus cloud-SST feedback (Xie, 2004).
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The annual cycle is also considered as an important factor for the seasonal phase locking of the El
Niño/Southern Oscillation (ENSO), as it modulates the strength of atmosphere-ocean coupling during the
year (Galanti & Tziperman, 2000; Guilyardi, 2006; Tziperman et al., 1997; Xiao & Mechoso, 2009). The converse
effect of ENSO on the annual cycle is also shown to be true: the annual cycle is weak during El Niño and strong
during La Niña years (Gu & Philander, 1995). Paleoclimate studies can give important insights into the
dynamics of the links between ENSO and annual cycle (An & Choi, 2014; Braconnot et al., 2012; Brown
et al., 2008; Carre et al., 2014; Chiang et al., 2009; Clement et al., 2000; Emile-Geay et al., 2016;
Karamperidou et al., 2015; Liu et al., 2000, 2014; Luan et al., 2012; Song et al., 2017; Timmermann et al.,
2007; Zheng et al., 2008).

Previous studies based on reconstructions (Carre et al., 2014; Koutavas & Joanides, 2012) and model simula-
tions (An & Choi, 2014; Braconnot et al., 2012; Brown et al., 2008; Chiang et al., 2009; Karamperidou et al., 2015;
Liu et al., 2014; Zheng et al., 2008) have indicated that both the annual cycle and interannual variability of the
EEP SST in the mid-Holocene tend to be weaker compared to present. Yet some studies have shown that the
amplitudes of the seasonal cycle and ENSO vary inversely on orbital time scale (Emile-Geay et al., 2016;
Timmermann et al., 2007) due to the nonlinear mechanism of frequency entrainment (Liu, 2002).

At present, it is generally considered that the dominant factors affecting the annual cycle of the EEP SST
during the Holocene are direct radiative forcing (local insolation) and changes in meridional cross-equatorial
wind, caused by the enhanced interhemispheric insolation gradient (off-equatorial insolation forcing) (Xie,
1994). The former factor should weaken the annual cycle of the EEP SST in the early Holocene (An & Choi,
2014; Karamperidou et al., 2015) since tropical regions receive less insolation in boreal winter-spring (EEP
SST maximum) and more insolation in boreal summer-autumn (EEP SST minimum) with respect to present.
Changes in the meridional cross-equatorial wind can also modify the annual cycle of SST in the EEP through
the mechanism of evaporative cooling, vertical mixing, and upwelling (Xie, 1994, 2004). In addition, we will
show that a reorganization of the monsoonal circulation in the tropical eastern Pacific may also affect the
annual cycle of the EEP SST. Modeling studies (e.g., Montoya et al., 2000; Liu, Otto-Bliesner, et al., 2003) have
found an intensification of local monsoon over northern South America in the early Holocene and early
Eemian on the basis of independent climate model simulations.

In this study, we investigate by means of transient climate model simulations the temporal evolution of the
seasonal and interannual variability in the EEP during the last two interglacials, the Holocene and the Eemian,
and propose a physical mechanism for the simulated changes.

2. Data and Methods

In the present study we use two orbitally accelerated transient simulations of the last two interglacial periods,
the Holocene and the Eemian, performed with the Kiel Climate Model (KCM; Park et al., 2009). The KCM
consists of the atmospheric general circulation model ECHAM5 (Roeckner et al., 2003) with a horizontal
resolution of T31 (3.75° × 3.75°) and 19 vertical levels coupled to the ocean-sea ice model NEMO (Madec &
the NEMO team, 2008) with a horizontal resolution of 2° × 2° and enhancedmeridional resolution of 0.5° close
to the equator. The model simulates present-day climate reasonably well (Park et al., 2009), in particular the
EEP SST annual cycle and seasonal ENSO phase locking (Wengel et al., 2018a, 2018b). It has also been used
extensively for paleomodeling studies (Jin et al., 2014; Khon et al., 2010, 2012, 2014; Salau et al., 2012;
Schneider et al., 2010; Song et al., 2017). In this study, the KCM was forced by varying orbital parameters
corresponding to the Holocene and the Eemian using the acceleration technique with factor of 10 (Jin
et al., 2014). Greenhouse gas concentrations are held constant at preindustrial levels. We do not take into
account changes in the ice-sheet configuration and freshwater discharge. A calendar adjustment was imple-
mented to account for changing length of the seasons due to precession of equinoxes and the elliptical
shape of the Earth’s orbit (Joussaume & Braconnot, 1997). The conversion was made using the method
developed in Pollard and Reusch (2002). To check the model’s performance in reproducing the present-
day tropical Pacific climate variability, we use Hadley Centre Global Sea Ice and SST (Rayner et al., 2003) obser-
vations and ERA-Interim reanalysis data (Dee et al., 2011).

The method of continuous wavelet (Morlet) transform is used to isolate different SST periodicities (Grinsted
et al., 2004; Torrence & Compo, 1998). This statistical technique conserves variance and the original time
series can be recovered exactly (Torrence & Compo, 1998). Thus, the method of inverse wavelet transform
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is applied to quantitatively reconstruct different periodicities, such as semiannual and annual cycles,
interannual and decadal variabilities (supporting information Figure S1). In contrast to the conventional
definition of the seasonal cycle as climatological monthly means, our approach enables to analyze year-to-
year variations of the amplitude of the annual cycle.

3. Mechanism of the Present-Day Annual Cycle in the EEP

Seasonal anomalies (with respect to the annual mean) of SST and surface wind over the eastern tropical
Pacific using observations and the pre-industrial control simulation with the KCM are shown in Figure 1.
Northward wind anomalies strengthen over the eastern Pacific during boreal summer-autumn, in response
to the onset of summer continental monsoon over Central America and northwardmigration of the ITCZ over
the ocean (Mitchell & Wallace, 1992; Murakami et al., 1992; Wang, 1994). This local Hadley circulation is
enhanced by the positive wind-evaporation-SST feedback (Xie, 2004). In addition, the enhanced northward
winds produce ocean upwelling south and downwelling north of the equator (Xie, 2004). As a result, the
southern (northern) tropical eastern Pacific SST decreases (increases), with the center of the equatorial cold
tongue being shifted south of the equator (Figure 1). The resultant north-south SST asymmetry reinforces
the cross-equatorial northward wind anomalies, completing the positive upwelling-SST feedback (Xie,
2004). In boreal winter-spring, on the other hand, the northward wind anomalies weaken, which leads to a
maximum of equatorial warming in boreal spring. Overall the KCM simulates reasonably well the present-
day pattern of the SST annual cycle in the tropical eastern Pacific, despite some underestimation of its
amplitude (Table 1; see also Wengel et al., 2018a).

Figure 1. Seasonal anomalies (relative to annual mean) of sea surface temperature (SST) and surface wind over the eastern
Pacific as observed (a, c) and simulated (b, d) by the Kiel Climate Model for the preindustrial period. MAM = March–May;
SON = September–November; ANN = Annual mean.
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4. Response of the SST Annual Cycle in the EEP to Orbital Forcing

We study the evolution of seasonal and interannual SST variability in the Niño3 region (Niño3 SST, 5°S to
5°N, 150–90°W) during the last two interglacials (Figure 2). Based on a wavelet analysis, we can identify
three main periodicities: semiannual, annual, and interannual (2–7 years or ENSO variability). These deter-
mine the major part of the total Niño3 SST variability (Table 1). The KCM simulates a tendency toward a
strengthening of both annual cycle and interannual variability (see also Salau et al., 2012) toward the late
interglacials, with the annual cycle strengthening being much more pronounced (Table 1). The estimated
amplitudes of the analyzed harmonics and their relative contribution to the total variability are given in
Table 1. The strengthening of the annual cycle of Niño3 SST is estimated to be larger (0.5–0.7 K) com-
pared to that for its interannual variability (0.2 K) for both interglacials. The relative contribution of the

Table 1
Characteristics of Niño3 SST Semiannual Cycle (SAC), Annual Cycle (AC), and Interannual (2–7 Years; ENSO) Variability: Amplitude and Peak Month as Simulated by the
KCM for the Holocene and Eemian and Observed for the Twentieth Century

Period, BP

SAC AC ENSO
SC

variance
ENSO

varianceAmpl., K Peak month Ampl., K Peak month Ampl., K Peak montha

Late Holocene (0 ka BP) 0.23 4 0.49 3 0.81 12 31% 59%
Early Holocene (9.5 ka BP) 0.22 5 0.25 4 0.64 1 19% 62%
Late Eemian (115 ka BP) 0.25 4 0.76 2 0.83 11 48% 43%
Early Eemian (126 ka BP) 0.21 5 0.28 8 0.65 1 21% 65%
Obs (1870–2017) 0.22 5 0.82 5 0.66 10 60% 31%

Note. The two rightmost columns represent relative contributions of the seasonal cycle (SAC + AC) and El Niño/Southern Oscillation (ENSO) variances to the total
variance of Niño3 SST. KCM = Kiel Climate Model.
aPeak month is calculated for warm ENSO (El Niño) events.

Figure 2. Wavelet analysis of monthly mean sea surface temperature (SST) averaged over Niño3 region simulated by the
Kiel Climate Model for the Holocene (a) and Eemian (b). Black contours indicate 95% significance levels.
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annual cycle (ENSO) to the total variability, therefore, also increases toward the late (early) interglacials
(Table 1). The simultaneous enhancement of the annual cycle of Niño3 SST and ENSO is consistent with
most previous works based on climate models (An & Choi, 2014; Braconnot et al., 2012; Brown et al., 2008;
Chiang et al., 2009; Karamperidou et al., 2015; Liu et al., 2014; Zheng et al., 2008) and some reconstruc-
tions (Carre et al., 2014; Koutavas & Joanides, 2012). In order to make sure that the model is not con-
stantly drifting, we have also analyzed long-term KCM simulations with fixed orbital configurations
(supporting information Figure S2). No changes were found in the seasonal and interannual variability
in this case.

Semiannual and annual harmonics of equatorial insolation and SST over the Niño3 region for the Holocene
and Eemian are shown in Figure 3. The semiannual harmonic of the equatorial insolation appears from the
semiannual cycle in solar declination (obliquity factor), while its annual harmonic is a result of the Earth-
Sun distance variation (precession and eccentricity factors). Furthermore, the phase of the annual harmonic
is controlled by precession while its amplitude is affected by eccentricity (Figures 3a and 3c). The amplitude
of the annual cycle of the equatorial insolation is comparable with that for the semiannual cycle during the
Holocene (Figure 3a) and is notably larger at higher orbital eccentricity as shown in Figure 3c for the Eemian.
This is because the Earth-Sun distance experiences stronger annual cycle during the Eemian relative to
the Holocene.

In the late interglacials the Niño3 SST is higher (lower) in December–May (June–November) thereby intensi-
fying its annual cycle (Figures 3b and 3d). During December–May the Niño3 SST changes follow changes in
local insolation (with a delay of 1–2 months), while the SST response to the local insolation is much less pro-
nounced during June–November (Figure 3) when the cold tongue develops. This is because the cold tongue
is mainly controlled by dynamical processes resulting from the cross-equatorial insolation gradient in the
sense that the meridional wind at the Equator is remotely forced by the annual cycle of insolation in the
off-equatorial regions (Xie, 1994). Thus, although insolation maxima are shifted toward the boreal summer
in both early interglacials (Figures 3a and 3c, red solid lines) this does not affect the timing of the cold tongue
development (supporting information Figure S3).

Figure 3. Annual (AC, solid line) and semiannual (SAC, dotted line) cycles of insolation (a, c) and sea surface temperature
(SST; b, d) averaged over Niño3 region for the Holocene (a, b) and Eemian (c, d) reconstructed using the inverse wavelet
transform.
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5. Mechanism of SST Annual Cycle Strengthening During the Last Two Interglacials

Figure 4 depicts early-to-late interglacial changes in SST and surface wind over the eastern tropical Pacific
during the warm (a and c; December–March) and cold (b and d; June–September) phase of the annual cycle.
The widespread cooling over the tropical Pacific during the warm phase (Figures 4a and 4c) of the annual
cycle is likely caused directly by local radiative forcing, since the tropical region receives less solar radiation
during this season in the early interglacials (supporting information Figures S4c and S4e; see also An &
Choi, 2014: Clement et al., 2000; Karamperidou et al., 2015; Liu, Brady, & Lynch-Stieglitz, 2003).

During the cold phase, however, insolation-forced warming (supporting information Figures S4d and S4f) is
overwhelmed by dynamically induced cooling (Figures 4b and 4d) in the southern tropical Pacific. During this
phase, the early interglacial northerly ITCZ intensifies (as evidenced by a decrease in outgoing longwave
radiation in Figures 4b and 4d) in response to stronger interhemispheric insolation gradient (supporting
information Figures S4d and S4f, see also Khon et al., 2012). As a result, the enhanced northward wind causes
cooling in the southeastern tropical Pacific due to increased evaporation, vertical mixing, and upwelling,
thereby amplifying the annual cycle.

On the other hand, convection also increases over northern South America producing a local monsoonal cir-
culation (Figures 4b and 4d and supporting information Figures S5b and S5d; see also Liu, Otto-Bliesner, et al.,
2003; Montoya et al., 2000) due to the enhanced land-sea temperature contrast. This local monsoonal circu-
lation leads to a relaxation of the northeastern trade winds, weaker equatorial upwelling, and a deeper ther-
mocline (supporting information Figures S5a and S5c) with subsequent warming in the EEP during the early
interglacials. In addition, the deeper thermocline during the cold phase slows down the rate of cooling result-
ing in a relative warming in the EEP. It should be noted that insolation forcing favors warming during this
phase and, therefore, can also be considered as a contribution to the cold tongue warming. As a result, the
equatorial cold tongue and its frontal zone are, therefore, shifted by ~1–2° southward in the early interglacials
(supporting information Figures S3b and S3d).

Figure 4. Changes in sea surface temperature (SST; shaded, K) and surface wind (arrows, m/s) between the early Holocene
and preindustrial (a, b) and between the early and late Eemian (c, d) for warm season (December to March; a, c) and
cold season (June to September; b, d). Contours in (b) and (d) show changes in outgoing longwave radiation (W/m2)
between the early and late interglacials.
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It should be noted that seasonal variations of surface zonal wind over the central equatorial Pacific (low-level
Walker circulation) do not affect the annual cycle of SST in the EEP (Gu & Philander, 1995; Horel, 1982;
Murakami et al., 1992). Indeed, the simulated annual cycle of the surface zonal wind over the central equator-
ial Pacific is not pronounced throughout both the Holocene and Eemian, whereas its interannual variability
associated with ENSO demonstrates a tendency to increase toward the late interglacials (supporting
information Figure S6). This confirms the conclusion that SST variations in the eastern tropical Pacific are
determined by different physical processes on seasonal and interannual timescales (Gu & Philander, 1995;
Köberle & Philander, 1994).

It has been found (Gu & Philander, 1995) that the amplitude of the annual cycle is negatively correlated with
interannual variations of SST in the eastern tropical Pacific (supporting information Figures S7 and S8). This
is because during El Niño (La Niña) the thermocline in the eastern tropical Pacific is deeper (shallower) and,
therefore, the amplitude of local SST seasonal cycle decreases (increases). Both observations and simula-
tions show that ENSO-annual cycle amplitude relationship strongly depends on the annual cycle amplitude
itself: the maximum of regression is located in the southeastern tropical Pacific where the annual cycle is
strongest. Therefore, the KCM underestimation of the EEP annual cycle amplitude (Figure 1 and Table 1)
may have led to its weaker relationship with ENSO for the present day (supporting information Figure S7).
Throughout both interglacials the KCM simulates a tendency toward a stronger ENSO modulation (support-
ing information Figures S7 and S8) of the SST annual cycle: the annual cycle becomes weaker during El Niño
and stronger during La Niña. Our results demonstrate that the relationship of the annual cycle with
ENSO should increase simultaneously with the increase of the annual cycle amplitude (supporting
information Figure S7). It should be noted that the negative ENSO modulation of the annual cycle operates
only on short timescales of 2–7 years and does not affect their long-term evolution on orbital timescales.

6. Summary and Conclusions

We investigate the evolution of seasonal and interannual SST variations in the eastern tropical Pacific during
the last two interglacials, the Holocene and the Eemian. For this purpose, we analyze transient climate simu-
lations of the Holocene (9.5–0 ka BP) and the Eemian (126–115 ka BP) performed with a global climate model
(KCM). Both the annual cycle and interannual variability of SST in the eastern tropical Pacific show a tendency
toward a strengthening in the late interglacials. The changes in the EEP SST seasonal cycle are attributed to its
annual cycle changes, whereas the semiannual harmonics are hardly affected. This is because the semiannual
insolation forcing has changed little locally and remotely. This is in sharp contrast to the annual cycle, where
both local and remote insolation has changed dramatically.

We show that both local radiative forcing and reorganized atmospheric circulation are important factors to
modify the annual cycle of the EEP SST. The local radiative forcing weakens the early interglacial annual cycle
of the EEP SST since tropical regions receive less (more) solar radiation during its warm (cold) phase.
According to our simulations, this factor is dominant during the warm phase (boreal winter-spring) when
widespread cooling in the tropical Pacific is observed. During the cold phase, however, we find that the
EEP SST is mainly determined by a dynamically induced response to changed winds. This is clearly seen in
the southern tropical Pacific, where basin-wide cooling dominates despite the insolation-forced warming.
The cooling is caused by enhanced southerly winds and a subsequent increase in evaporative cooling, verti-
cal mixing, and ocean upwelling.

Enhanced early interglacial convection over northern South America produces a local monsoonal circulation
over the northern flank of the cold tongue. This reorganized circulation results in relaxed northeastern trades,
weaker equatorial upwelling, deeper thermocline, and subsequent warming in the EEP. Also, the deeper
thermocline slows down the cooling rate during the cold phase, resulting in a relative warming in the EEP.
It should be noted that since local insolation forcing favors warming during this phase, this factor can also
be considered as a contribution to the cold tongue warming.

Proxy data derived from oxygen isotopes of planktonic foraminifera from marine sediment cores in the EEP
(Koutavas & Joanides, 2012) and fossil mollusk shells collected in coastal Peru (Carre et al., 2014) allow recon-
structing annual mean, seasonal range, and interannual variability of SST in the EEP. The reconstructed weak
mid-Holocene variance of SST is shown to be attributed to a combination of suppressed ENSO and/or weaker
seasonality in the EEP (Koutavas & Joanides, 2012; Liu et al., 2014; Zhu et al., 2017), thereby supporting our
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model estimates. Overall, the early interglacial annual mean SST in the southeastern tropical Pacific is lower
compared to present (Figure 4) according to our model results. However, changes for SST along the Peruvian
coast are less pronounced since the insolation-forced cooling during boreal winter–spring is balanced by a
corresponding warming during boreal summer-autumn (Figure 4).

On interannual timescales of 2–7 years, the KCM simulates a strengthening of the negative relationship
between ENSO and the amplitude of the annual cycle toward the late interglacials especially over the
southeastern tropical Pacific. However, this negative ENSO modulation does not affect their behaviors on
orbital time scales where both harmonics show similar tendencies to increase.
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