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Abstract The equatorial Pacific exhibits a clear seasonal cycle, with West Pacific SSTs being highest
during boreal autumn and El Nifio/Southern Oscillation (ENSO) events tending to peak during boreal winter. In
this work, we use the concept of a monsoonal mode and idealized coupled simulations to show that the presence
of a large land mass in the Northern Hemisphere can lead to these seasonal asymmetries. Specifically, warm air
moving east from the Asian summer monsoon suppresses surface fluxes in the West Pacific, leading to
increased temperature there during the following months. The warmth of the West Pacific in boreal autumn
strengthens the Walker circulation and the zonal temperature gradient across the Pacific, leading to the growth
of El Nifio events during that season. In summary, the presence of the Asian monsoon north of the equator
results in ENSO events preferentially growing during boreal autumn and peaking during boreal winter.

Plain Language Summary El Nifio events, characterized by warming of the central and eastern
equatorial Pacific, are a major driver of interannual variability around the globe. Despite solar insolation
peaking twice per year on the equator, El Nifio events are almost always strongest during boreal winter. In this
work, we show that the presence of Asia in the Northern Hemisphere leads to this seasonality. Specifically,
warm air blowing east from the South Asian monsoon during boreal summer warms the West Pacific. This
makes the West Pacific warmest during boreal fall, which serves as a supply of energy for El Nifio events to
grow during that season and peak during boreal winter.

1. Introduction

The equatorial Pacific and the El Nifio/Southern Oscillation (ENSO) display seasonal cycles that favor one
season, despite solar insolation peaking twice a year on the equator. West Pacific Sea Surface Temperatures (SST,
Figure la) are roughly constant throughout June-July-August (JJA), increase during September-October-
November (SON), decrease during December-January-February (DJF), and increase again during March-
April-May (MAM). Meanwhile, the East Pacific (panel b) has an opposite seasonal cycle with larger ampli-
tude, being coldest during SON and warmest during MAM. If the temperature of the equatorial Pacific were
controlled only by incoming solar radiation, both these seasonal cycles would have two maxima associated with
peak insolation crossing the equator twice a year, yet they each have only one. In other words, on the equator, one
might expect boreal spring/summer to be the same as fall/winter, yet the West Pacific is warmer in October, while
the East Pacific is warmer in April (Figure 1c, see Figure S1 in Supporting Information S1 for the full Pacific
seasonal cycle).

ENSO also exhibits strong seasonality, despite being an interannual phenomenon with a period of 3—6 years. For
example, the 1997-1998 El Nifio event had a clear signal in June (Figure 1d), strengthened considerably during
SON, and peaked in December (Figure 1e). Between 1959 and 2021 almost all ENSO events peaked during DJF,
while none peaked during JJA (Figure 1f). In this work, we propose a novel and intuitive explanation for this
seasonal asymmetry: warm air blowing eastward from the South Asian monsoon into the West Pacific suppresses
heat loss and increases the temperature there during boreal autumn. The warm West Pacific favors ENSO growth,
leading to El Nifio events peaking during boreal winter.

The tropical Pacific is of outsized importance in global climate due to ENSO (Battisti & Sarachik, 1995;
Clarke, 2014; Philander et al., 1984; Timmermann et al., 2018), which impacts worldwide weather (Hoerling
et al., 1997; Neelin et al., 2003; Zhou et al., 2014) and SSTs (Johnson & Birnbaum, 2017). Previous work on
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Figure 1. (a) The seasonal cycle of West Pacific (160-190°E, 15°N-15°S) and (b) East Pacific (235-260°E, 15°N-15°S) SSTs from ERAS Reanalysis, (c) the difference
in SST between the October and April climatology (zonal mean removed), and (d) June and (e) December SST anomalies during the growth of the 1997 El Nifio event.
(f) A detrended time series of El Nifio/Southern Oscillation score, defined as the first principal component of interannual variability of tropical SSTs. The months of the
positive and negative peaks of normalized amplitude larger than two are labeled.

ENSO, using methods ranging from simplified analytic models (Burgers et al., 2005; Jin, 1998) to intermediate
complexity models (Jin et al., 2006) and full general circulation models (GCMs, Delecluse et al., 1998; Gui-
lyardi, 2006; Guilyardi et al., 2009; Philander et al., 1992), has found that ENSO's seasonality is set by El Nifio
growth rates, which are highest during SON (Chen & Jin, 2020, 2022; S.-K. Kim & An, 2021; Stein et al., 2014).
Tziperman et al. (1997) further showed, using the Zebiak and Cane ENSO model (Zebiak & Cane, 1987), that
these growth rates are controlled by the background seasonality of the Pacific, especially the wind divergence and
SSTs. However, there is little consensus about what drives these seasonal asymmetries, and therefore the
fundamental reason for ENSO events peaking during DJF.

The best known explanation for the seasonal asymmetry of East Pacific wind divergence, and therefore ENSO, is
the annual mean position of the Intertropical Convergence Zone (ITCZ). Specifically, because the annual mean
ITCZ is in the Northern Hemisphere, trade winds are strongest when the ITCZ is farthest north, that is, in JJA and
SON. ENSO growth rates are therefore enhanced in those seasons, leading to ENSO events peaking in DJF (Li &
Philander, 1996; Tziperman et al., 1997). Various explanations have been suggested for the asymmetry of the
annual mean ITCZ, including the Atlantic Meridional Overturning Circulation transporting energy northward
(Green et al., 2017; Moreno-Chamarro et al., 2020), and the slant of South America (Philander et al., 1996).

Another suggested explanation for the seasonal asymmetry of ENSO is the precession of Earth's orbit. The
anomalous insolation during Earth's perihelion can cause seasonal asymmetries in the Pacific, although models
differ on the details and magnitude of this effect (Chiang & Broccoli, 2023; Erb et al., 2015; Lu & Liu, 2019).

The seasonality of the West Pacific warm pool has also been extensively studied (Chang, 1994; Clement
etal., 2005; DeWitt & Schneider, 1999; S. T. Kim et al., 2012; Ko6berle & Philander, 1994; E. K. Schneider, 2002;
Y. Wang et al., 2019; Yin et al., 2020). Previous research has identified proximate causes of seasonal asymmetry,
such as net surface heat fluxes (N. Schneider et al., 1996; W. Wang & McPhaden, 1999) and wind-forced Kelvin
and Rossby waves (Yu & McPhaden, 1999), but not a fundamental reason for fall and spring being different on the
equator.

Here, we argue that the seasonality of the tropical Pacific and therefore of ENSO is a result of the presence of the
South Asian monsoon. We use the concept of the Indo-Pacific monsoonal mode introduced in Tuckman
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et al. (2024) as a framework; warm air blowing eastward from Asia during JJA suppresses surface fluxes in the
West Pacific, enhancing SSTs and, therefore, the Pacific temperature gradient during SON. This strengthens the
Walker circulation, creating a seasonality in low-level winds, which, together with the seasonality of SSTs, phase
locks ENSO to the seasonal cycle. To isolate key processes, we run idealized coupled simulations with two
simplified continental configurations, one with a representation of Asia and one without. Only in the presence of
Asia, and therefore a monsoon, do the equatorial Pacific and ENSO have seasonal cycles that match observations.

2. Methods

We use ERAS atmospheric reanalysis (Hersbach et al., 2020) and idealized coupled atmosphere-ocean experi-
ments to isolate and understand the role of the Asian Monsoon in tropical Pacific seasonality. The models consist
of an idealized, moist atmosphere with gray radiation and a dynamic ocean, with barriers separating the Pacific,
Atlantic, and Indian basins (Marshall et al., 1997; Tuckman et al., 2024). We compare two simulations: a
“continent” simulation in which Eurasia is represented as a wide mid-latitude region with reduced heat capacity
and no ocean dynamics; and an “aquaplanet” simulation with no representation of land (Figure 2). The idealized
continent produces intense precipitation during JJA, analogous to the South Asian monsoon, whereas the
aquaplanet simulation does not. Further details of the model setup are found in the Appendix A, and relevant
diagnostic quantities are shown in Figures S2 and S3 in Supporting Information S1.

In both simulations, the first principal component of interannual variability in tropical ocean temperatures re-
sembles the observed ENSO mode (Figure 2, right column). This mode shows warming of the central and eastern
equatorial Pacific, cooling of the western Pacific, and explains 25%—-35% of interannual variability in the tropics.
The regions to be studied are highlighted with orange (West Pacific) and blue boxes (East Pacific). These areas are
chosen to be representative of the West Pacific warm pool and the East Pacific cold tongue, respectively. We
analyze potential temperature at 25 m depth (hereafter T,5) for the simulations as it is less noisy and a better metric
of ocean heat content than SST, while for reanalysis we use SST as it is the most readily available variable.
Additionally, the simulations have upwelling along the eastern boundary of the Pacific, which affects the SST, but
not 7,5. The simulations' ENSO modes have roughly similar periods to the observed ENSO mode (bottom of
Figure 2), whose broad power spectrum peaks between 3 and 6 years. The modeled power spectra peak at 4 and
5 years in the aquaplanet and continent simulations, respectively; both are within the error bounds of the observed
power spectrum. The difference in the period of ENSO between the simulations could be due to the presence of a
continent influencing teleconnections between the Indian and Pacific Oceans (further discussed in Appendix A).
Most importantly, both models simulate realistic interannual variability in the Pacific, giving confidence in their
use for studying ENSO.

3. Pacific Seasonality With and Without a Monsoon

The seasonality of the equatorial Pacific is captured in the continent simulation but not in the aquaplanet
simulation (Figure 3). West Pacific temperatures in reanalysis (panel a) peak in SON and have a minimum in
February. The T,s from the continent simulation is comparable, peaking in October and November and having a
minimum in February and March. The aquaplanet simulation, however, has a roughly symmetric seasonal cycle,
with maxima during both solstitial seasons. In the East Pacific (panel b), both reanalysis and the continent
simulations are warmest in MAM and coldest in SON, while the aquaplanet simulation once again has two
maxima and two minima over the course of the year. Without a continent to break the hemispheric symmetry (i.e.,
in the aquaplanet simulation), there is little difference between summer and winter along the equator. Note that the
simulations show a larger seasonal cycle of temperature in the West Pacific than does reanalysis, likely due to
model idealizations (such as the lack of clouds and atmospheric short-wave absorption) or model biases in the
mixed layer depth.

Next, we compare the simulated seasonal distribution of ENSO peaks with that of reanalysis (Figure 3c). An
ENSO peak is defined as an East Pacific temperature which exceeds the mean for that time of year by two
standard deviations and is at its highest within a 12 months window. The threshold for reanalysis is one standard
deviation, as it is a shorter time series. In observations, more than 65% of ENSO peaks occur in DJF, while less
than 10% occur during JJA. ENSO seasonality in the continent simulation is similar, with 64% of the peaks being
during DJF and 11% in JJA. By contrast, in the aquaplanet simulation, there is little seasonality, with slightly more
peaks during JJA or DJF and fewer during SON or MAM.
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Figure 2. (left) Continental configuration and (right) the El Nifio/Southern Oscillation (ENSO) mode, calculated as the first principal component of tropical interannual
variability for (top) reanalysis data, (middle) the “aquaplanet” and (bottom) “continent” simulations. Asia reaches from 0° to 135°E and from 8° to 90°N in the continent
simulation, and the thin barriers are at 0°, 135°, and 270°E in both simulations. The fraction of variability explained is shown in the top left of each panel. (bottom) The
power spectra of the ENSO mode in each case, with a 50% confidence interval plotted as thin dashed lines for reanalysis. Rectangular boxes indicate regions which are
representative of the West Pacific (orange, 160-190°E, 15°N-15°S) and East Pacific (blue, 240-265°E, 5°N-5°S). The ENSO mode is calculated from reanalysis SSTs and
from potential temperature 25 m below the surface (T,5) in the simulations.

In summary, the continent simulation broadly captures the seasonality of the equatorial Pacific, both in its
climatology and interannual variability, while the aquaplanet simulation does not. This strongly suggests that the
presence of Asia plays an important role in the seasonality of the Pacific, which we now explain using the concept
of a monsoonal mode.

3.1. Role of the Monsoonal Mode

Observations show that an atmospheric energy and precipitation anomaly forms over South Asia in boreal spring/
summer due to excess heating over land. This anomaly is then advected eastward into the West Pacific in boreal
autumn and remains there due to interactions with the East Pacific cold tongue and equatorial easterlies. Tuckman
et al. (2024) interpreted this phenomenon as a “monsoonal mode”: A zonally propagating moist energy anomaly
of continental and seasonal scale. This provides a framework for understanding how the South Asian monsoon
influences the seasonal cycle of the West Pacific and ENSO (Figure 4).

TUCKMAN ET AL.

4 of 13

85UB017 SUOWILIOD 3AIe81D) 3|qeotjdde 8y} Aq pausenob ae sappiie O ‘88N JO s3I 10} Areiq1 3Ul|UO AB|IA UO (SUORIPUOD-PLR-SLLLBIWI0D" A8 |IMARRIq 1 BUI|UO//SONY) SUORIPUOD PUe SWIS 1 813 885 *[5202/50/20] U0 AfeiqiTauljuo AB|IM ‘0jouyds L Jo 8nisu| stesnuyoesseiN Aq #80TTT 19%202/620T 0T/I0p/wod A8 |imAxeiqput|uo'sqndnfe//sdny wo. pspeo|umod ‘6 ‘GZ0Z ‘Z008rY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111084

Seasonal Cycle

o
(@)}
)

S (K)

WP
Temperature

W—2>< Reanalysis — Aquaplanet —Continent\

N

) [— Reanalysis — Aquaplanet —ContinentJ

J J A S O N D J F M A M

EP
Temperature
(K)

|c

o
o

Fraction
ENSO Peaks

JJA SON DJF MAM

Figure 3. The seasonality of the equatorial Pacific. Panel (a) shows the seasonal cycle of West Pacific (orange box from
Figure 2) reanalysis SST (black) and potential temperature 25 m below the surface (T55) from the aquaplanet simulation
(blue) and continent simulation (red). Panel (b) shows the same for the East Pacific (blue box from Figure 2). Panel (c) shows the
fraction of El Nifio/Southern Oscillation (ENSO) peaks that occur in each season for reanalysis (black), the aquaplanet
simulation (blue), and the continent simulation (red). The reanalysis SST in panel a is multiplied by two so that the amplitude is
similar to that of T'»5 from the continent simulation, and the reanalysis ENSO score is smoothed with a 2 month moving mean to
decrease noise.

The monsoonal mode is most clearly visible in the seasonality of the energy flux potential (EFP), defined such that
its gradient is the atmospheric moist energy transport (see Appendix A for details, Boos & Korty, 2016). Figure 4
shows the seasonal cycle of the EFP maxima, the region from which energy is exported meridionally and zonally,
in (a) reanalysis, (b) the aquaplanet simulation, and (c) the continent simulation. In reanalysis and the continent
simulation, energy is exported from Southern Asia/the Northern Indian Ocean during JJA and from the equatorial
West Pacific during DJF. However, in the aquaplanet simulation, there is only a small maximum EFP over the
Western Indian Ocean with little seasonal movement. There is also an EFP maximum over the Western Pacific in
the aquaplanet simulation, as the Pacific and Indian basins are similar (not shown in Figure 4, see Figure S3 in
Supporting Information S1).

The monsoonal mode mechanism and its relevance is demonstrated on the right side of Figure 4. A continent in
the Northern Hemisphere (panel d, gray) becomes very warm during JJA due to its low heat capacity, leading to
large energy fluxes from the land surface (orange arrows) and an EFP maximum (green circle). The energetic air
above the continent is advected eastward by the monsoon winds (black arrow), leading to anomalously warm and
humid air over a cool surface. This suppresses surface fluxes (red arrows), leading to less energy leaving the West
Pacific in the continent simulation than in the aquaplanet simulation from May to September (panel e). Conse-
quently, the West Pacific is warmer in the continent simulation during SON (panel f). In other words, warm air
moving east from Asia during JJA suppresses surface fluxes in the West Pacific, causing ocean temperatures there
to peak in SON, as seen in Figure 3a. It is important to note that surface fluxes are affected by wind speeds as well
as air-sea temperature differences, but the wind speeds in the two simulations are very similar during the relevant
season (Figure S4 in Supporting Information S1).

Although the EFP indicates the presence of a monsoonal mode in reanalysis and the continent simulation, there
are factors that complicate our interpretation. First, the use of monthly EFPs can give the impression that the
movement of the mode from Southern Asia to the West Pacific is discontinuous, while it is in fact smooth. This is
shown in detail in Tuckman et al. (2024), and can be seen in reanalysis precipitation (Figure S5 in Supporting
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Figure 4. Elements of the monsoonal mode. The seasonal cycle of the energy flux potential (EFP) maximum in (a) reanalysis, (b) the aquaplanet, and (c) the continent
simulations. The color of the circle changes each month, and its radius is a measure of the strength of zonal heat transport. The monthly positions of the EFP maxima are
connected with a green line (in panels a and c). (d) A schematic of the monsoonal mode in JJA. (e) The difference in West Pacific surface flux between the continent and
aquaplanet simulations over the seasonal cycle. (f) The difference in West Pacific 7,5 between the continent and aquaplanet simulations.

Information S1). Additionally, there are some notable biases in the continent simulation, including a westward
shift in boreal summer and eastward movement in boreal winter. These are likely due to our use of a simplified
continental configuration without a representation of Africa or Australia, which influence the boreal summer and
winter EFPs, respectively.

The seasonality of the East Pacific SST is also controlled by the presence of a continent, through a combination of
the monsoonal mode and the Bjerknes feedback (Bjerknes, 1969). Specifically, the warmer continent/West
Pacific in boreal summer and fall enhances the strength of the Walker circulation, and therefore the westward
current (Figure S6a in Supporting Information S1) and upwelling (Figure S6b in Supporting Information S1) in
the East Pacific. This cools the East Pacific by exporting warm water to the west (Figure S6c in Supporting
Information S1) and bringing cold water toward the surface from below (Figure S6d in Supporting Informa-
tion S1). In other words, the Walker circulation being strongest in boreal summer and fall cools the East Pacific
during JJA and makes it coldest during SON (Figure 3b). By contrast, the cooler West Pacific in DJF and MAM
dampens the Walker circulation, warming the East Pacific. In the aquaplanet simulation, the Walker circulation
has little seasonality, leading to summer/winter and fall/spring symmetry of East Pacific temperatures.

In summary, warm air moving east from Asia during JJA suppresses surface fluxes in the West Pacific, causing
temperatures there to peak in SON, as seen in Figure 3a. The warmer West Pacific in SON also strengthens the
Walker circulation, which (a) further warms the West Pacific by preventing upwelling there and (b) cools the cold
tongue (Bjerknes, 1969), causing the East Pacific to have the opposite seasonality as the West Pacific (Figure 3b).
We now turn to how this background Pacific seasonality interacts with ENSO.

3.2. Seasonality of ENSO

To explore the processes that influence ENSO seasonality, we use a modified Bjerknes index (Jin et al., 2006,
2020) to calculate an ENSO growth rate. The real part of the Bjerknes index (a measure of ENSO growth) depends
on changes in the near-surface temperature of the East Pacific and the relaxation of the West Pacific thermocline
(Jin et al., 2020), so we quantify these two factors. For the East Pacific temperature, we diagnose a linearized
anomalous temperature budget of the mixed layer in the equatorial Central and Eastern Pacific (190°-260°E, 5°S—
5°N, 0-80 m depth):
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contributions from meridional advection, which are not shown directly here. More details can be found in Appendix A.

10 AT - U, - AT - W - 1
——T'~———U-—AT——=-W-—AT-—SF, 1
T’ ot T T T T " T W

where T is temperature, U is the zonal current, W is the vertical current, and SF is the surface flux (schematic on
left side of Figure 5). The overbars denote the climatological seasonal cycle, the primes denote anomalies from the
seasonal cycle, and A, and A, indicate finite differences in the zonal and vertical directions across the box studied.
We neglect nonlinear terms, meridional advection, and anomalous sources or sinks besides surface fluxes. Each
term has been divided by 7’, so it can be interpreted as a contribution to the total growth rate of an El Nifio or La
Nifla event once the event begins (i.e., 7" # 0).

Meanwhile, the West Pacific thermocline relaxation (represented as €) is calculated directly from the simulations
as the slope of the line of best fit between h,, and dh,,/dt, where h,, is the anomalous depth of the West Pacific
thermocline (further details can be found in the Appendix A).

The seasonal contributions of each term to ENSO growth are shown on the right side of Figure 5 for the continent
(top) and the aquaplanet simulations (bottom). The total growth rate for the continent simulation (black bars) is
positive in JJA, peaks in SON, and is negative in DJF and MAM. This seasonality is primarily determined by the
mean zonal current acting on the anomalous temperature (orange), with secondary contributions from the
anomalous zonal current acting on the mean temperature (purple), the mean stratification (green), and surface
fluxes (gray). All of these quantities are affected by the monsoonal mode through the modulation of Pacific
surface temperatures and related currents. As discussed above, the presence of a continent leads to a seasonality in
the Walker circulation, and therefore the near-surface westward current (Figure S6a in Supporting Informa-
tion S1) and East Pacific upwelling (Figure S6b in Supporting Information S1). This strengthens the Pacific
temperature gradient in JJA and SON, leading to enhanced ENSO growth in those seasons. The cooler West
Pacific in DJF and MAM dampens the Walker circulation and East Pacific upwelling, which warms the water at
the bottom of the mixed layer. These factors influence ENSO growth rates through Ay T (purple), U (orange), and
A, T (green), shown on the right side of Figure 5. Intuitively, since the Walker circulation/cold tongue feedback is

TUCKMAN ET AL.

7 of 13

85UB017 SUOWILIOD 3AIe81D) 3|qeotjdde 8y} Aq pausenob ae sappiie O ‘88N JO s3I 10} Areiq1 3Ul|UO AB|IA UO (SUORIPUOD-PLR-SLLLBIWI0D" A8 |IMARRIq 1 BUI|UO//SONY) SUORIPUOD PUe SWIS 1 813 885 *[5202/50/20] U0 AfeiqiTauljuo AB|IM ‘0jouyds L Jo 8nisu| stesnuyoesseiN Aq #80TTT 19%202/620T 0T/I0p/wod A8 |imAxeiqput|uo'sqndnfe//sdny wo. pspeo|umod ‘6 ‘GZ0Z ‘Z008rY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111084

the source of ENSO instability, the system is most unstable when these features are strongest in SON and most
stable when they are weakest in MAM.

Surface fluxes also slightly amplify the seasonal cycle of ENSO growth, mostly through the temperature of the
East Pacific. Despite model simplifications, the relative importance of these terms, and specifically the domi-
nance of zonal advection in setting the seasonality of ENSO, is in agreement with previous work (Chen &
Jin, 2022). The effect of surface fluxes in our model is small, which may be due to equatorial winds associated
with the ITCZ having a too small seasonal cycle. Thermocline relaxation (¢) and mean upwelling acting on the
anomalous temperature gradient (V_VAZT' / T') do not have significant seasonal cycles.

For the aquaplanet simulation (bottom right of Figure 5 and blue lines in Figure S6 in Supporting Information S1),
the ENSO growth rate and its components have small seasonal cycles, leading to little seasonality in ENSO peaks
(Figure 3). Note that the growth rates are displayed here with the annual means removed; the two simulations'
absolute growth rates (which are similar) and the corresponding ENSO time series are shown in Figure S7 in
Supporting Information S1.

In the presence of a continent, the transition from growth to decay in DJF causes ENSO events to peak in that
season. The growth rates are controlled mostly by variations in the zonal current and the zonal temperature
gradient, since the relationship between these (i.e., the Bjerknes feedback) is the source of ENSO instability. The
presence of a continent north of the equator explains this seasonality, as the monsoonal mode induces seasonal
cycles in the temperature of the equatorial Pacific and the strength of the Walker circulation.

4. Conclusions

We have proposed a simple explanation for the seasonality of the equatorial Pacific and the seasonal phase-
locking of ENSO. That the West Pacific is warmest during SON and that ENSO events peak during DJF can
both be understood as consequences of the annual Indo-Pacific monsoonal mode, in which warm air moving
eastward from the Asian Monsoon suppresses surface fluxes in the West Pacific (Tuckman et al., 2024). In our
aquaplanet simulation, which does not have a continent or a monsoon, the West Pacific has little spring/autumn
asymmetry, and ENSO events peak during boreal summer just as often as in boreal winter. However, when a
monsoon is present, the West Pacific is warmest during SON and ENSO events peak during boreal winter, just as
in observations. The seasonality of ENSO stems from the impact of the monsoonal mode on the zonal temperature
gradient across the Pacific and associated changes in the Walker Circulation.

Our study shows that the presence of Asia and its annual monsoon is a sufficient condition to capture the major
seasonal asymmetries in the equatorial Pacific. However, it may not be a necessary condition, as there are other
sources of hemispheric asymmetry on Earth. These include the Andes (Baldwin et al., 2021; Takahashi & Bat-
tisti, 2007a, 2007b), the Atlantic Meridional Overturning Circulation (Marshall et al., 2014), the precession of
Earth's orbit (Lu & Liu, 2019), and the slant of South America (Li & Philander, 1996; Philander et al., 1996), all of
which may break the seasonal symmetry of the equatorial Pacific. However, the influence of the monsoon
considered here is an intuitive explanation of ENSO seasonality and incorporates an understanding of the spring/
autumn asymmetry in the West Pacific. Additionally, none of the above mechanisms can explain the results
shown here, as in our two simulations the ITCZs are similar (Figure S8 in Supporting Information S1), South
America is not tilted, the Andes are not represented, and Earth's orbit is circular. Further studies with idealized
configurations could be designed to explore the influence of each of these effects.

Our results have important implications for understanding the equatorial Pacific. First, they directly relate
properties of the tropical Pacific to those of Asia and the South Asian monsoon. This means that studying the
Pacific requires accounting for the influence of the monsoonal mode. The interannual variability of the monsoon
and the modulation of the monsoonal mode by continental drift on geological timescales may substantially in-
fluence the equatorial Pacific. The monsoon-ENSO connection also suggests a framework in which to analyze
model biases in ENSO seasonality (Bellenger et al., 2014; Liu et al., 2021; Tian et al., 2019). Such biases could be
due to model differences in the strength or movement of the monsoonal mode. Second, any insight into ENSO
seasonality may have implications for the spring ENSO predictability barrier (SPB, Duan & Wei, 2013; Levine &
McPhaden, 2015). The ENSO state helps initialize seasonal predictions, so negative ENSO growth rates in MAM
make it more difficult to predict the climate in the following months. The framework of the monsoonal mode
suggests a simple and intuitive reason for the SPB: negative ENSO growth rates in the spring, caused by a
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weakened Walker Circulation and a small zonal temperature gradient across the Pacific, are due to the presence of
a large continent in the Northern Hemisphere. By connecting the seasonality of ENSO to the presence of Asia, we
have made progress toward understanding the fundamental predictability of the Earth system.

Appendix A

In this appendix, we discuss the coupled simulations used, the calculation of the energy flux potential shown in
Figure 4, the use of reanalysis data, and the ENSO energy budget discussed in reference to Figure 5.

Al. Coupled Model Simulations

The coupled atmosphere-ocean simulations used in this study are similar to those described in Tuckman
et al. (2024) based on the MITgecm (Marshall et al., 1997). The code is available at https://github.com/MITgcm/
verification_other/tree/master/cpl_gray%2Bswamp%2Bocn. Simulations are run for at least 750 years to ensure
that the coupled system achieves a quasi-steady state. Diagnostics are averaged over the final 100 years, except in
the calculation of ENSO statistics (i.e., Figures 2 and 3c), which uses 200 years to minimize noise.

The model employs identical cubed-sphere grids representing the atmosphere and ocean with ~2.8° horizontal
resolution in the tropics (Adcroft et al., 2004). The atmosphere has 26 vertical levels, idealized moist physics, a
gray radiation scheme (Frierson et al., 2007), and water vapor feedback on long-wave optical thickness (Byrne &
O’Gorman, 2013). There are no clouds or shortwave absorption in the atmosphere. The model employs a seasonal
cycle of solar radiation appropriate for a circular orbit with an obliquity of 23.45°.

The dynamic ocean has 43 vertical levels with a uniform depth of 3.4 km and uses the mixing scheme developed
in Gaspar et al. (1990). The continent simulation has three infinitesimally thin ridges running south from the North
Pole and a large landmass, treated as a 2 m slab ocean (globe in Figure 2), extending from roughly 8°N to the
North Pole. The landmass represents Asia, two thin barriers stretching from the North Pole to 35°S demarcate the
Atlantic basin, and one reaching 30°S separates the Indian and Pacific oceans. In order to conserve freshwater,
excess water that precipitates over the continent is redirected into the Atlantic basin. The aquaplanet simulation
has the same three north-south boundaries but has no representation of Asia.

Both simulations have a West Pacific warm pool and an East Pacific cold tongue comparable to reanalysis, despite
the highly idealized model (Figures S2 and S3 in Supporting Information S1). The simulated surface winds
exhibit an Inter-Tropical Convergence Zone, tropical easterlies, and extratropical westerlies (as shown in
Tuckman et al. (2024), Figure 3). It should be noted that the simulations' ENSO patterns feature a negative signal
in the equatorial Atlantic, and strong teleconnections with the Indian Basin (Figure S9 in Supporting Informa-
tion S1). This is likely due to ENSO teleconnections between basins that are delineated by thin barriers. It is not
obvious why the ENSO mode is in the Pacific, rather than the Indian basin, as they are the same width. In the
continent simulation, the presence of a continent likely interferes with the development of ENSO events, while in
the aquaplanet simulation, being westward of the smallest basin (i.e., the Atlantic), seems to favor ENSO
instability. Both the teleconnection to the Atlantic basin and the lack of an Indian ocean ENSO are not relevant to
our focus here.

A2. The Energy Flux Potential and Reanalysis Data
We calculate an EFP y (Boos & Korty, 2016), which is a solution to:

VZy ==V - (hii), (A1)

where V? is the 2D Laplacian acting on a scalar, V- is the 2D divergence, and (hu) is the vertically integrated
horizontal transport of moist static energy (MSE), defined as:

h=Lg+gz+c,T, (A2)

where g is specific humidity, z is height, T is temperature, and the constants L = 2.25 X 103 kl/kg, g = 9.8 m/
s%, and ¢, = 1005 J/kg/K are the latent heat of vapourization of water, the acceleration due to gravity, and the
specific heat of air at constant pressure.
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We use monthly mean SSTs from the ERAS global atmospheric reanalysis produced by ECMWEF (Hersbach
et al., 2020) and the mass-corrected divergence of total energy (Mayer et al., 2022), with resolutions of 0.25°. The
divergence includes a component from the kinetic energy, although this contribution is negligible compared to the
MSE described above. The EFP data are averaged from 1979 to 2020 to calculate the climatological means, while
the SST data are averaged from 1959 to 2021.

The ENSO score in reanalysis (Figure 1) is defined as the normalized mean SST in the East Pacific box shown in
Figure 2. Normalization consists of taking the detrended values, subtracting the mean value for each time of year,
and then dividing by the standard deviation of the resulting time series.

A3. Energy Budget and ENSO Growth Rates

We use an ocean energy budget applied to the Central-Eastern Pacific to understand how the growth of an ENSO
event is modulated by the seasonal cycle. We write an ocean temperature budget:

a d d d
—T+U—T+V—-T+W—-T=S5,-35 A3
ot + ox * dy + 0z b (A3)

where T is the temperature as a function of position (x,y,z) and time (), temperature is advected by the currents (U,
V,W), and source and sink terms are summarized as S; and S,, respectively. We focus on the near-surface
equatorial central and eastern Pacific (190°-260°E, 5°S-5°N, 0—80 m depth). This is chosen to monitor the
anomalous temperature of the East Pacific, but extends through the Central Pacific so that ENSO seasonality can
be directly related to the monsoonal mode through the West Pacific temperature.

Terms are evaluated using finite differences to approximate the spatial derivatives, and the temperature budget
can then be written:

0

ET +UAT+VAT+WAT=S,-5,

where all quantities are averaged over our chosen region. We now split each term (e.g., T) into a climatological
seasonal cycle (T) and an anomaly from this seasonal cycle (7). We will assume that the only relevant source or

sink is the surface flux, which in the mean is simply SF and in the anomaly we will represent as SF' = aT’, where
a changes over the seasonal cycle. This yields a temperature budget for the mean seasonality:

0 - - - - _ - .

6_th —UA,T—- VA, T— WA, T-SF
and anomalies from it:

a 7 r ’ ’ T ’ ’

ET = —-UAT —-UA,T-UAT

VAT —V'A,T—V'AT
—WA. T —WA.T—-WAT

- ’
—aTl’,

We are interested in how an El Nifio anomaly, that is, a positive value of T’, is influenced by the climatological
seasonal cycle, thatis, @, T, U, V and W. The relevant terms are therefore those that are the product of a mean and
an anomaly quantity, such as UA,T’, U’ A, T, etc. Previous work has shown that the relevant terms for the growth
of El Nifio events, especially with regard to the seasonal cycle, are zonal and vertical advection and surface fluxes
(An & Jin, 2004; Chen & Jin, 2022; Tziperman et al., 1997; Vallis, 1988), supporting the neglect of other source
and sink terms. We also neglect meridional advection, as its contribution is small.

Five terms remain: (a) The mean horizontal current acting on the anomalous temperature, (b) the anomalous
horizontal current acting on the mean temperature, (c) the anomalous vertical current acting on the mean
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temperature, (d) the mean vertical current acting on the anomalous temperature, and (e) surface fluxes. Dividing

by 7’ to obtain quantities with units of inverse time (i.e., a growth rate), we can write:

19 AT - U - AT - W
7 3, "= X/ U_ rAXT_ zr W_ ’
T’ ot T T T

AT-a (A4)
For the advective terms, each prime variable is evaluated and then composited over six El Nifio peaks, averaging
from 1 month before to 1 month after each peak. The bar terms represent the mean seasonal cycle, so they are
averaged over 100 years in a given season. The result for each term is an anomaly variable (which is not a function
of time, as it represents the average structure of an El Nifio event) multiplied by a bar variable (which has a
seasonal cycle), giving us the seasonality of ENSO growth rates.

The finite differences are taken over the box studied, for example, A, T is the temperature difference between
190° and 265°E, and the corresponding U’ is averaged over the box studied.

For the surface flux term, & is calculated as the reciprocal of the anomalous T corresponding to an excess 1 W/m?
of surface fluxes in the relevant region and time of year. In other words, since we can calculate the relationship
between the anomalous surface fluxes and 7", we can solve for & by dividing the anomalous surface fluxes by the
anomalous temperature of the region studied.

This energy budget is based on the Bjerknes index technique developed in Jin et al. (2006). More specifically, the
real part of the Bjerknes index (Re[BI]), which represents growth or decay, depends on the coefficients of the East
Pacific temperature and the West Pacific thermocline depth in the differential equations for those variables (i.e.,

Re[BI]~R+¢, where R~ % % and € ~ hi d‘;’t‘", ignoring the phase transition terms from Equations 6.1-6.3 in Jin

et al. (2020)). Here, we use a simplified version of each term and focus on those that have been previously shown
to be important (Chen & Jin, 2022; Tziperman et al., 1997).

We diagnose € directly from the simulations using the following process. First, the West Pacific thermocline
depth is defined as the depth with a temperature 4° colder than the surface (results are insensitive to the exact
value chosen). Then, the seasonal cycle is removed, and the line of best fit between this anomalous thermocline
depth and its time derivative is calculated in each season. This allows for a numerical calculation of € in the
equation dh,,/dt = —eh,,.

The resulting growth rates from the advective terms, surface fluxes, and thermocline relaxation are shown in
Figure 5, with the meridional advection terms included in the total growth rate for completeness.

Note that the technique of calculating growth rates fails when 7" is exactly zero, as exponential growth does not
make sense at this time. Our technique should therefore be applied only once an El Nifio or La Nifia event has
begun and is growing or decaying; it cannot capture the transition between El Nifio and La Nifia events.
Equivalently, we are examining the real component of the Bjerknes index only, as we wish to understand why
ENSO events peak in winter, and we are not concerned with the phase transition of ENSO.

Data Availability Statement

Reanalysis data used in this study is available from the Climate Data Store (Hersbach et al., 2023). The code for
the MITgem continent simulation is available at https://github.com/MITgcm/verification_other/tree/master/cpl_
gray%2Bswamp%2Bocn.
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