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Abstract. The amount of radiative energy received at the
Earth’s surface depends on two factors: Earth—Sun distance
and sunlight angle. Because of the former, high-eccentricity
cycles can induce the appearance of seasons in the tropical
ocean. In this paper, we use the Earth system model IPSL-
CM5A2 to investigate the response of the low-latitude ocean
to variations in Earth’s orbit eccentricity. Sea surface tem-
perature (SST) and primary production (PP) were simulated
under six precession configurations at high eccentricity and
two configurations at low eccentricity, representing extreme
configurations observed over the past 1 million years. Re-
sults show that high eccentricity leads to increased seasonal-
ity in low-latitude mean SST, with an annual thermal am-
plitude of approximately 2.2°C (vs. 0.5°C at low eccen-
tricity). Low-latitude mean PP, which already exhibits in-
herent seasonality under low-eccentricity conditions, sees its
seasonality largely increased under high eccentricity. As a
consequence, we show that on long timescales the intensity
of SST seasonality exhibits only the eccentricity frequency,
whereas that of PP additionally follows precession dynam-
ics. Furthermore, the seasonal variations in both SST and PP
at high eccentricities are influenced by the annual placement
of the perihelion with its direct impact of radiative energy
received in tropical regions. This leads to a gradual and con-
sistent transition of seasons within the calendar. We intro-
duce the concept of “eccentriseasons”, referring to distinct
annual thermal differences observed in tropical oceans under
high-eccentricity conditions, which shift gradually through-
out the calendar year. These findings have implications for
understanding low-latitude climate phenomena such as the
El Nino-Southern Oscillation (ENSO) and monsoons in the
past.

1 Introduction

Seasonality is one of the central characteristics of climate.
It relates to the geometry of the Earth’s orbit around the
Sun and the rotational axis configuration and to the effect
of these on the amount and distribution of radiative energy
received at the Earth’s surface (Laepple and Lohmann, 2009;
Milankovitch, 1941). The seasonality at a given latitude is
largely determined by the Earth—Sun distance and the angle
at which sunlight reaches the Earth’s surface, both defining
the amount of radiative energy received seasonally and lo-
cally. Both parameters are influenced by variations in oblig-
uity, eccentricity, and precession (orbital longitude of the per-
ihelion) that respectively describe the tilt of Earth’s rotational
axis, the shape of the Earth’s orbit, and the seasonal timing
of Earth’s closest proximity to the Sun. Our common view
of seasonality implies that seasonal cycles occur because the
Earth’s axis is tilted, with seasons having opposite timing in
the two hemispheres. At low latitudes, where the surface in-
clination experiences limited annual changes, the seasons are
relatively mild. In some cases, such as on the Equator, sea-
sonal variations in climate are barely noticeable except for
changes in humidity, as for the monsoon. In the open ocean,
the modern seasonal thermal contrast corresponding to the
annual amplitude of sea surface temperature (SST) is in many
tropical places much less than 2 °C (e.g., Levitus, 1983; Har-
rison et al., 2009; Erb et al., 2015; Chiang and Broccoli,
2023).

While this likely holds for the present-day climate, the an-
nual amplitude of SST at the Equator might have been differ-
ent in the past during periods of high eccentricity (¢ = 0.050-
0.060), owing to an annual variation in Earth—Sun distance
of about 10 %—11 %, compared to 3.2 % under present-day
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Figure 1. Schematic illustration of Earth’s orbit eccentricity and precession (adapted from Berger et al., 1993; Laskar, 2020). The Sun (S)
occupies one focus of the elliptical Earth orbit, which is traced counterclockwise. The eccentricity (e) signifies the ratio of the distance
between the foci (S and S’) to the length of the major axis (2a). During the perihelion, when Earth is closest to the Sun, the Earth-Sun
distance equates to a(l —e). At the aphelion, Earth’s farthest point from the Sun, the distance becomes a(1 + ¢). The annual Earth—Sun
distance variation, in percentage, equals the eccentricity multiplied by 200. The perihelion longitude (@) denotes the angle between the
vernal point direction (this direction is that of the Sun observed during the March equinox) and the perihelion directions. Precession causes
a gradual clockwise shift of the vernal equinox (~ 25 min yr_1 or 60 min,x 24 h x 365 d/21 000 years). The equinoxes and solstices are
represented close to their modern positions where Earth is at the perihelion in early January.

orbital configuration (e =0.016) using the ellipse equation
(Fig. 1). At high eccentricity, Earth’s more elliptical orbit in-
deed amplifies the effect of precession (Berger and Loutre,
1991). The latter alters the timing of the perihelion, with
a periodicity of ca. 21ka, and determines the season of in-
creased insolation. Elevated eccentricity amplifies the differ-
ence between the energy received at low latitudes at the per-
ihelion versus the aphelion, inducing potential tropical sea-
sonal fluctuations that impact meteorological factors (Chiang
and Broccoli, 2023). The impact of eccentricity-modulated
precession variations has been extensively documented for
various low-latitude seasonal phenomena such as monsoons
(e.g., Wang, 2009; Cheng et al., 2016; Prescott et al., 2019),
ocean primary productivity (Beaufort et al., 1997; Le Mézo
et al., 2017), African lake levels (Trauth et al., 2009), the
Dole effect (low-latitude vegetation and phytoplankton pro-
ductivity) (Landais et al., 2010), and the El Nifio—Southern
Oscillation (ENSO) (Clement et al., 1999; Timmermann
et al., 2007; Ashkenazy et al., 2010; Erb et al., 2015). Those
studies generally focused on specific intervals, preventing a
systematic understanding of the processes at play at the scale
of one full orbital precession cycle and of the eccentricity
dependence of the system response.

Very few studies focus on trying to understand the depen-
dence of the climate system’s response to eccentricity. The
simulations of Erb et al. (2015) clearly exhibit a strong am-
plification of seasonal cycle under extreme eccentricity com-
pared to null eccentricity in the eastern equatorial Pacific re-
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gion, but the implication of their results for the understand-
ing of the eccentricity effect on seasonality was not revealed
by that time. The study indeed mostly focused on precession
and obliquity forcing, providing in-depth analysis on the dy-
namical mechanisms at play in the response of the regional
surface ocean temperature. Building on the simulation re-
sults of Erb et al. (2015), Chiang et al. (2022) more recently
showed that the increase in seasonal SST amplitude under
high eccentricity in the Pacific cold tongue was a robust phe-
nomenon. Their analysis highlights that the SST seasonal cy-
cle in the cold tongue region results from the combination of
two distinct cycles that are respectively driven by the tilt of
the Earth’s axis (i.e., tilt effect) and the distance to the Sun
(i.e., distance effect), both generating distinct seasonal pat-
terns. They further show that the distance effect equals the tilt
effect under extreme eccentricity configuration (e =~ 0.05)
but only contributes to one-third of seasonal amplitude un-
der present-day orbital forcing (~ 0.4 °C), which might ex-
plain why it remains ignored. Chiang and Broccoli (2023)
further expand the concept of the distance effect at global
scale, showing that under present-day eccentricity the latter
contributes to above 20 % of seasonal amplitude of surface
temperature in most of tropical areas but also of precipitation
and winds in both the tropics and extra-tropics. The concept
of eccentricity-driven amplification of seasonality might ex-
tend beyond just the “physical” aspects of the climate system
to include processes like primary productivity in the ocean.
Primary productivity integrates signals from temperature, the
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hydrological cycle, and wind circulation, all of which play a
role in shaping the surface ocean environment (e.g., Beaufort
et al., 1997).

Beaufort et al. (2022) also investigated the direct impact of
Earth’s orbital eccentricity on tropical surface ocean season-
ality building on paleoceanographic records from the Indo-
Pacific Warm Pool. The cyclic diversification phases they ob-
served in the evolution of coccolithophores spanning 2.8 mil-
lion years closely follow the heightened seasonality during
periods of high eccentricity. The distinctive eccentricity sig-
nature found in the records indeed differed from the one of
the Pleistocene global climate cycles and ice volume vari-
ability, which rather follow high-latitude insolation forcing.
While this study provided evidence of a significant seasonal
pattern in surface conditions of the Indo-Pacific Ocean basins
under high eccentricity, the simulation design they used to
support their hypothesis only had two precession configura-
tions and therefore fell short of capturing an entire precession
cycle at high eccentricity, limiting a comprehensive analysis.
Apart from the aforementioned investigations, only a limited
number of modeling studies have addressed the combined
sensitivity of SST and primary production (PP) dynamics
to eccentricity. These factors are nevertheless crucial in as-
sessing paleoclimate dynamics, given the numerous proxy
records associated with them.

In this study we used an Earth system model that in-
cludes a marine biogeochemistry module to simulate both
SST and PP response to changes in precession at high eccen-
tricity, which we compare with low-eccentricity configura-
tions (Beaufort et al., 2021; Sarr and Beaufort, 2024). Given
the complex response of ocean surface to precession forc-
ing at a regional scale (Erb et al., 2015; Chiang et al., 2022;
Beaufort et al., 2001), a full precession cycle is necessary to
understand the long-term seasonal dynamics associated with
the timing of the perihelion. Our study is based on eight sim-
ulations: at high eccentricity, a precession cycle is described
by six different longitudes of the perihelion, while at low ec-
centricity, two longitudes of the perihelion are sufficient, as
precession has a limited effect when the orbit is nearly circu-
lar. Our setup aims at identifying the direct ocean response
to changes in insolation, excluding the potentially compet-
ing effects of change in ice-sheet extent, pCO», or nutrient
supply via runoff or dust. Our results show that at high ec-
centricity, the low-latitude ocean experienced significant sea-
sons, in SST and PP, related to a stronger annual change in
the Earth—Sun distance, confirming previous studies focusing
on the eastern equatorial Pacific cold tongue (e.g., Erb et al.,
2015; Chiang et al., 2022; Chiang and Broccoli, 2023) or on
the Indo-Pacific Warm Pool (Beaufort et al., 2022).
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2 Methods

2.1 Model and simulation setup

We used the IPSL-CMS5A2 Earth system model that in-
tegrates three key components: the LMDZ5A atmospheric
model (Hourdin et al., 2013), the ORCHIDEE land surface
model (Krinner et al., 2005), and the NEMOv3.6 oceanic
model (Madec, 2008). The NEMO model encompasses the
ocean dynamics component (OPA: Madec, 2008), a sea-
ice thermodynamics model (LIM2: Fichefet and Maqueda,
1997), and a biogeochemistry model (PISCES-v2: Aumont
et al., 2015). The ocean grid has a horizontal resolution of
2° by 2° (refined to 0.5° in the tropics) and 31 vertical lev-
els of varying thickness from 10 m at the surface to 500 m at
the ocean floor. The atmospheric grid has a horizontal res-
olution of 1.875° in latitude by 3.75° in longitude and in-
corporates 39 vertical levels. The OASIS coupler (Valcke
et al., 2012) facilitates the ocean—atmosphere coupling by in-
terpolating and exchanging variables between the two com-
ponents. A detailed description of the IPSL-CM5A2 model
and its performance in simulating pre-industrial climate and
ocean can be found in Dufresne et al. (2013) and Sepulchre
et al. (2020).

The ocean biogeochemistry component of the model,
PISCES-v2 (Aumont et al., 2015), simulates the primary
oceanic biogeochemical cycles (C, P, Si, N, and Fe) and
includes a simplified representation of lower trophic lev-
els within the marine ecosystem. It incorporates two phyto-
plankton size classes (nanophytoplankton and diatoms) and
two zooplankton size classes (micro- and mesozooplankton),
along with five limiting nutrients (Fe, NO5 ,NHI, Si, and
POi_). Phytoplankton growth is influenced by nutrient avail-
ability, light penetration, and water temperature. In the ver-
sion of the model we used, river supply of all elements except
DIC and alkalinity remains constant across simulations and is
obtained from the Global NEWS 2 datasets (Mayorga et al.,
2010). For further insights into the model parameterizations,
see Aumont et al. (2015).

We conducted eight equilibrium simulations, distin-
guished solely by their respective orbital parameters as
shown in Table 1. Four of the simulations that we use here
were already introduced in Beaufort et al. (2022) and Beau-
fort et al. (2021). Out of the eight simulations, six were per-
formed at high eccentricity, representing the most extreme
values observed during the past 1 million years. These high-
eccentricity simulations encompassed six distinct angles of
precession in order to achieve a 60° resolution (~ 2 months)
of the perihelion motion in the orbital plane during a pre-
cession cycle. Additionally, two simulations were carried out
at the lowest eccentricity, where only two precession angles
were considered due to the negligible impact of precession
when eccentricity is low. Land—sea mask and ice-sheet con-
figuration, as well as concentrations of CO; and other green-
house gases, were all set to pre-industrial values, so we only
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focus on the direct effect of orbital configuration on the sur-
face ocean. Nutrient supply by the rivers is also kept con-
stant from one simulation to the other. Each simulation was
initiated from an equilibrated pre-industrial simulation con-
ducted by Sepulchre et al. (2020) and was run for 500 addi-
tional model years.

In the following, all variables are displayed as monthly av-
erages over the final 100 years of each simulation, and the net
primary productivity is calculated by integrating values over
the entire water column. We acknowledge that the duration
of seasons is governed by the timing of the perihelion, con-
sequently influencing the length of each month in the Grego-
rian calendar (Joussaume and Braconnot, 1997). Neverthe-
less, in the context of this study, the impact remains limited,
except for instances where monthly alignment to the calendar
is presented. In order to avoid this problem, we do not adopt
an angular definition of month, but we adopt the classical one
in which the number of days per month does not vary with
the precession (see Joussaume and Braconnot, 1997). The
description of the Earth’s orbital system is from Berger and
Loutre (1991) and Laskar (2020) and is illustrated in Fig. 1.
The timing of the orbital solution is from Laskar et al. (2004).

2.2 Comparison with modern conditions

For comparison with simulations, SST and PP datasets were
used to illustrate their seasonality and annual average val-
ues. Modern SST data were gathered from the Comprehen-
sive Ocean—Atmosphere Data Set (COADS), which compiles
marine observations conducted by ships of opportunity be-
tween 1854 and 1992. These SSTs are edited and statisti-
cally summarized on a monthly basis for the period of 1961—
1992, utilizing cells of 2° in latitude by 2° in longitude (Slutz
et al., 1985). Modern PP data were acquired from MODIS
satellite measurements taken between 1998 and 2021 (Kulk
et al., 2020). This dataset provides monthly averaged mea-
surements in grid cells of 7km?. The data are averaged at
a resolution of 1° in latitude by 1° in longitude, and, sub-
sequently, monthly averages have been computed over the
entire 1998-2021 period.

2.3 Seasonality analysis

In the following analysis we adopt the basic method of calcu-
lating the annual amplitude (e.g., Chen and Yu, 2015) of SST
or PP by determining the difference between the highest and
lowest monthly values for each grid point on the dataset, as
in Beaufort et al. (2022). We prefer this approach to season-
ality indices commonly employed in the field of hydrology
sciences to characterize the annual patterns of humidity or
river flow — such as the duration of the rainy season, the sea-
sonal ratio, or more intricate methods involving complex his-
tograms (e.g., Laaha and Bloschl, 2006) — for its simplicity
and robustness.
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2.4 Annual mean and amplitude analysis

It is important to be able to quantify how eccentricity in-
creases the ocean seasonality at low latitudes. One way to
quantify this is to produce a map showing the difference in
annual amplitude of SST and PP between high- and low-
eccentricity conditions. It is evident that the nature of the
ocean’s response to changes in energy input varies depend-
ing on local oceanographic contexts, owing to the dynamic
response of the system generated by the orbital forcing (Chi-
ang and Broccoli, 2023). For example, the solar declination
during the perihelion will greatly influence SSTs depending
on latitude, with significant impact on the past dynamics of
the El Nifio—Southern Oscillation (ENSO) (Erb et al., 2015).
We acknowledge that local dynamics may no longer be ap-
parent in some peculiar areas such as the cold tongue or up-
welling zones once the average of the six high-eccentricity
simulation are taken. However, the objective here is to as-
sess the significance of eccentricity in the tropical ocean on a
global scale. We found, however, that using an average of the
simulation still highlights areas where changes in seasonality
are significant, especially in the open ocean (Fig. 3a). We also
discuss comparisons between the low-eccentricity simulation
versus the single high-eccentricity simulation (for three pe-
culiar configurations of the perihelion) (e.g., Fig. 3b—d).

As the annual mean patterns of SST and PP are nearly
identical between the two low-eccentricity simulations
(R2 > 0.99, N =79932; Fig. 4a and c) and are related to
the reduced effect of precession at low eccentricity, we select
only one of them (Ecc. min — P310) for comparison with the
high-eccentricity simulations in order to simplify our analy-
sis.

3 Results

3.1 Sea surface temperature dynamics
3.1.1  Mean annual SST

The simulated annual mean SST displays sufficient similari-
ties between the different simulations and with modern mea-
surements (COADS) (Fig. 4a—c) to suggest with confidence
that the annual mean is minimally affected by eccentricity.
As shown in Fig. 4, the simulations with the perihelion in
December and in August at low eccentricity (Fig. 4a for SST
and Fig. 4c for PP) indeed appear largely better correlated
than equivalent simulations at high eccentricity (Fig. 4b for
SST and Fig. 4d for PP), as the variation in the amount
of yearly radiative energy received by Earth in response to
change in precession at low eccentricity is negligible (Imbrie
etal.,, 1993, and Table 1).

3.1.2 Annual amplitude of SST

SST seasonality, as represented by the annual amplitude of
SST (Fig. 3d-f), shows notable differences between different
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Table 1. Summary of orbital parameters used for each simulation and the annually averaged solar irradiance and its annual amplitude, both

inWm~2,
Configuration name  Eccentricity = Longitude of = Month at Obliquity  Annually averaged Annual  Reference
perihelion (°)  perihelion solar irradiance amplitude
Ecc. min — P310 0.005 310  August 23.45 329.2 38.5 Beaufort et al. (2022)
Ecc. min — P77 0.006 77  December 23.74 328.7 36.5 Beaufort et al. (2022)
Ecc. max — P20 0.054 20 October 23.73 329.5 78.9  This work
Ecc. max — P87 0.054 87  December 23.45 329.2 73.8  Beaufort et al. (2022)
Ecc. max — P150 0.054 150  March 23.73 328.7 93.9  This work
Ecc. max — P210 0.054 210 May 23.73 329.1 101.7  This work
Ecc. max — P270 0.054 270 July 23.73 3289 89.2  This work
Ecc. max — P315 0.053 315  August 23.84 329.1 82.7 Beaufort et al. (2022)
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Figure 2. Significance of solar radiations on tropical SST during high eccentricity. Across six simulations featuring distinct longitude of
the perihelion (a w =20°, b w =87°, ¢ w = 150°, d @ =210°, e w = 270°, and f @ = 315°), SSTs are averaged across 1° latitudinal bands
spanning from 30° S to 30° N over the course of the year. The red line depicts the seasonal declination of the Sun, while the red dot marks

the declination of the Sun at the date of the perihelion.

eccentricity states. In the present-day ocean and in the low-
eccentricity configuration, extensive ocean regions near the
Equator exhibit small seasonal amplitude (< 2 °C) (Fig. 3d
and e). In high-eccentricity simulations, only a small region
in the western Pacific displays amplitudes lower than 2 °C
on average (Fig. 3f). Despite the strong hemispheric pattern
in the annual amplitude temperature response (Fig. 5b—d) re-
lated to declination of the perihelion, we note that in regions
where strong changes in seasonality are identified in Fig. 5a
(e.g., equatorial Pacific and Atlantic oceans and the north-
ern Indian Ocean), seasonality is higher under high eccen-
tricity no matter the longitude of the perihelion (Fig. Sb—d).
The contrast in seasonal amplitude between high- and low-

https://doi.org/10.5194/cp-20-1283-2024

eccentricity simulations along a full precession cycle clearly
indicates a substantial increase (at least 1 °C on average) in
seasonality across large parts of the Indian, Atlantic, and
eastern Pacific oceans. It is worth noting that the observed
increase in SST seasonality depicted in Fig. 5a aligns with
the simulation conducted by Chiang and Broccoli (2023)
(Fig. 6a of their paper), which illustrates the relative contri-
butions of Earth—Sun distance and tilt to the annual cycle of
surface temperature. Few grid points (1.6 %), mostly located
along the California peninsula, show a systematic lower am-
plitude under high-eccentricity conditions compared to low-
eccentricity scenarios (Fig. 5). The largest increase in sea-
sonality with eccentricity occurs near the Equator, (on aver-

Clim. Past, 20, 1283-1301, 2024
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Figure 5. Difference in annual amplitude of SST between high-eccentricity simulations (a average of the six simulations, b simulation with
w = 87°, ¢ simulation with w = 315°, and d simulation with w = 210°) and simulations with low eccentricity (w = 310°).

age 2 times larger between 5°N and 5° S (1.2 °C) compared
to 0.6 °C between both 30 and 5° N and 5 and 30° S).

3.1.3 Annual temperature cycles

Figure 2 clearly demonstrates that the warm season, along
with its latitudinal position, coincides with the timing of the
perihelion and its associated declination. This correlation un-
derscores the direct and immediate impact of solar radia-
tion intensity and position on sea surface temperature (SST)
at low latitudes during periods of high eccentricity. Ad-
ditionally, the amplification of insolation variations during
high eccentricity further enhances seasonality. Conversely,
the regional heterogeneity observed in the signals depicted
in Figs. 3f and 5b—d reflects the dynamical effect associated
with the forcing.

In line with the section on the annual amplitude of SST,
the analysis of the tropical averaged seasonal cycle of SST
(Fig. 6) reveals dampened annual SST cycles in both the
modern data and the low-eccentricity simulations (< 0.5 °C),
whereas the high-eccentricity simulations display mean an-
nual amplitude of approximately 2.2 °C. In addition to the
increase in SST seasonal amplitude at high eccentricity,
the SST (averaged over 30° N-30°S) seasonal cycle strik-
ingly shifts with precession. This happens only in the high-

https://doi.org/10.5194/cp-20-1283-2024

eccentricity ensemble, in contrast to the modern and low-
eccentricity cases. Similar outcomes are observed when tem-
peratures are averaged within a narrower latitude range (e.g.,
5°N=5°8S). The selection of this wide latitude range is in-
tended to encompass tropical climate phenomena, including
the monsoon in its oceanic area.

Interestingly, the timing of the temperature peak differs
among the high-eccentricity simulations, indicating a pro-
gressive displacement of the warmest period in the year fol-
lowing the shift in the longitude of the perihelion (@) during
a precession cycle (Fig. 6). The warmest period typically oc-
curs 1-2 months after the perihelion, when the Earth reaches
its closest distance to the Sun, whereas the coldest period oc-
curs approximately 1-2 months after the aphelion, when the
Earth is farthest from the Sun. This establishes a direct con-
nection between thermal seasons and precession, whereby
the gradual but significant warming of the ocean surface is
attributed to the increased radiative energy received from the
Sun during the perihelion. The spatial heterogeneity of the
SST annual amplitude in maps shown in Fig. 3 also suggests
a redistribution of the signal. This indicates that the ther-
modynamics effect is also distributed dynamically through
winds and thermocline, similarly to what is described in Erb
etal. (2015) in the case of the equatorial Pacific. As expected,

Clim. Past, 20, 1283-1301, 2024
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each simulation. The red dots represent the date of the perihelion,
and the blue dots represent the date of the aphelion.

such a relationship between thermal seasons and precession
is not observed in the low-eccentricity cases (the present-
day observations and low-eccentricity simulation); despite
their nearly opposite precession configurations (w = 103 and
o = 310°, respectively), both cases experience two relatively
minor increases in temperature during the same periods of
the year (May and October).

3.2 Primary productivity dynamics
3.2.1 Mean annual primary production

The mean annual PP patterns exhibit a strong similarity
across all seven simulations (Fig. 7a—c). First-order patterns
of PP are similar between present-day observations (MODIS
dataset), and the simulations though simulated PP are under-
estimated for the tropical Indian and Atlantic oceans, as well
as in the western Pacific, and are overestimated in the east-
ern equatorial Pacific, as discussed by Aumont et al. (2015).
However those small discrepancies do not affect our analysis
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that focuses on comparing high- and low-eccentricity simu-
lations, as we expect the model to be biased in the same way.

Simulated PP aligns with observations, revealing an equa-
torial band with higher productivity, and lower-productivity
areas are located in the tropical gyres. This equatorial area of
high annual PP is the result of Ekman upwelling that brings
nutrient-enriched water to the sub-surface (e.g., McClain and
Firestone, 1993). In the Indian Ocean, for example, the high-
PP areas spread northward into the Arabian Sea and Bay of
Bengal due to the Ekman dynamics forced by the monsoon
(Bauer et al., 1991). The similarity between the two maps
(Fig. 7b and c) suggests that mean annual PP is minimally
affected by eccentricity.

3.2.2 Annual amplitude of primary production

The annual amplitude of PP exhibits heterogeneity and
patchiness within the tropical band, as depicted in Fig. 7.
Areas characterized by seasonal upwelling, such as in the
monsoon region, generally display the largest amplitudes,
whereas oligotrophic regions exhibit smaller amplitudes.
Simulations with high eccentricity often yield larger ampli-
tudes compared to those with low eccentricity (Fig. 8). Ap-
proximately 70 % of the area located between 30°N and
30°S exhibits an increase in seasonality, with an average
11 % increase in PP amplitude at high eccentricity (Fig. 8a).
The amplification of seasonal amplitude is particularly re-
markable in the Indian Ocean and narrow equatorial bands
of the western Pacific and Atlantic oceans. The regions ex-
hibiting the most pronounced change in PP amplitude be-
tween high and low eccentricities shift across the range of
simulations (Fig. 8c and d). For instance, the Arabian Sea
upwelling region demonstrates the largest change in ampli-
tude when the longitude of the perihelion (w) is 87°, while
the smallest change is simulated at w = 315° (Fig. 7b and c).
When w = 210°, the Indo-Pacific Warm Pool displays strong
seasonality, while much of the rest of the tropical oceans
(equatorial Atlantic, eastern Pacific, and monsoon area) ex-
hibit decreased seasonality compared to the low-eccentricity
case (Fig. 8d).

The impact of eccentricity on the annual amplitude of PP
is clearly illustrated in Fig. 9, where the average PP and an-
nual amplitude of PP between 30°N and 30°S are plotted
for each simulation. The results reveal that the annual am-
plitude of PP significantly rises by up to 19 % on average at
low latitudes during periods of high eccentricity compared to
low eccentricity, except when the longitude of the perihelion
occurs in May. In contrast, increasing eccentricity does not
seem to have a significant impact on mean annual PP, as in-
dicated by the minimal fluctuation in the simulated PP at high
eccentricity (£2 % on average compared to the simulated PP
at low eccentricity, Fig. 9a).
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Figure 7. Primary production annual mean (a—c) and annual amplitude (d—f) from modern data (Satellite MODIS) (a, d), from the simulation
with low eccentricity (w = 310°) (b, e), and from the average of the six simulations with high eccentricity (c, f).
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Figure 8. Difference of annual amplitude of primary production between high (a average of the six simulations; b simulation with w = 87°;
¢ simulation with w = 315°; d simulation with @ = 210°) and low-eccentricity simulation with w = 310°.

3.2.3 Seasonal cycles of primary production

Unlike SSTs in the tropics, which lack strong seasonality un-
der low-eccentricity conditions, tropical PP exhibits ampli-
fied seasonality due to the seasonal variation in declination.
This seasonality is seen as partly due to strongly seasonal
phenomena associated with the migration of the Intertropical
Convergence Zone (ITCZ) and monsoons (e.g. Longhurst,
1995). The annual cycle of PP remains relatively consistent
across different precession states but is significantly ampli-
fied in simulations with high eccentricity (Fig. 10). Two sea-
sons of lower averaged PP (when averaged over 30-30°S)
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following the equinoxes are depicted in the seven simulations
and modern observations. The highest tropical PP generally
occurs 2 months after the solstice.

The impact of eccentricity amplification can be examined
by plotting PP in the precession time domain instead of the
traditional annual time model (Fig. 11). This representation
reveals that the peak PP occurs when the perihelion aligns
with a particular month or slightly earlier, and, conversely,
at any given month, low PP occurs after the aphelion. It is
important to note that each month in this figure is scaled dif-
ferently, with the highest scale assigned to August because
it is the month showing the highest PP in all simulations and
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Figure 9. Evolution of primary production annual mean (a) and
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precession cycle for high eccentricity (solid line; each circle rep-
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Figure 10. 2-year time series of primary production between 30° N
and 30°S from high-eccentricity simulations (solid lines). Low-
eccentricity simulations are represented by the dotted red and blue
lines for w = 310° and w = 77°, respectively.

modern data. Remarkably, the maximum productivity, reach-
ing approximately 220 gCm~2 yr—!, coincides with the per-
ihelion occurring in August (w = 315°). This demonstrates
that the regular shift of the perihelion during a precession cy-
cle is intensified under high-eccentricity conditions, similarly
to the impact observed on SST.
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Figure 11. Monthly evolution of primary production at low lat-
itudes (30°N-30°S) during a precession cycle simulated at high
eccentricity (solid line) from January (top) to December (bottom).
The values simulated by the low-eccentricity experiments are rep-
resented by the dotted (w = 77°) and dashed (@ = 310°) lines to ex-
press the range of variation during a precession cycle at low eccen-
tricity. Colored circles correspond to the position of the perihelion
(red) and aphelion (blue) when they occur in the same month.
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4 Discussion

4.1 Increased seasonality at high eccentricity
4.1.1  Comparison with previous studies

Our simulations exhibit an amplification of temperature sea-
sonal cycle in tropical oceans during periods of high eccen-
tricity in Earth’s orbit. This effect is particularly evident for
the SSTs, especially in the open ocean (Fig. 3d and e), for
which the seasonal cycle is almost muted in the present-day
observations and low-eccentricity simulations, with an an-
nual temperature amplitude of less than 0.5 °C on average.
In contrast, the high-eccentricity simulations exhibit an an-
nual thermal amplitude of 2.2°C on average, highlighting
the significant increase in seasonal variability. This result
is in agreement with Ashkenazy et al. (2010), who simu-
lated equatorial (4° N—4°S) oceans at high eccentricity with
the autumn and spring equinoctial precessions (201 000 and
213000 years ago) and found large SST seasonal cycles of
about 2 °C in the three oceanic basins with limited change
in mean annual temperature. Our results also align with the
simulations of Erb et al. (2015), exhibiting an increase in SST
seasonality by 2 °C on average in the equatorial Pacific in the
idealized high-eccentricity cases (e = 0.049) compared to
the preindustrial one (e = 0.0167, w = 103°), while changes
in annual mean SST remain relatively small. More impor-
tantly, our simulations results are coherent with Chiang et al.
(2022) and Chiang and Broccoli (2023), who recently high-
lighted that eccentricity does affect seasonality of SST in the
tropics, even if its role has remained underestimated. Their
physical analysis indeed shows that, while at present day the
distance effect (ie. the change in Earth—Sun distance during
the year that depends on the eccentricity of Earth’s orbit)
might only be responsible for up to 20 % of the temperature
seasonal amplitude at present day, its contribution increases
with increasing eccentricity, fostering an amplification of the
seasonal cycle.

Averaging over different precession simulations at high ec-
centricity, as we did in this study, prevents us from discussing
regional peculiarities, as done in Erb et al. (2015), Chiang
et al. (2022), and Braconnot et al. (2008), and therefore from
providing robust physical analysis. While we opt for this
method to render the discussion of our results and their im-
plication for transient paleoceanographic record interpreta-
tion easier, we acknowledge that additional in-depth investi-
gations are required at a more regional scale to better under-
stand the dynamic of seasonality. Previous studies, however,
show that the distance effect on seasonal amplitude combines
a thermodynamics response to direct insolation with a dy-
namical response (Erb et al., 2015; Chiang et al., 2022; Chi-
ang and Broccoli, 2023). Chiang and Broccoli (2023) further
suggest that the dynamical response is driven by the thermal
contrast between the Pacific basin (marine hemisphere) and
it continental counterpart centered on the African continent
(continental hemisphere), resulting in zonal displacement of
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the Walker circulation. In the cold tongue region, this shift in
the Walker uplift region generates anomalous easterly winds
that drive the dynamical response, similar to the ENSO dy-
namics, albeit at a different timescale (Chiang et al., 2022).

The seasonality of primary productivity is also increased
during periods of high eccentricity (Beaufort et al., 2022).
This is related to the fact that primary productivity in the
tropical band is strongly influenced by wind dynamics,
which are commonly assumed to be linked to the inter-
hemispheric seasonal contrast in SSTs. For example, in the
northern Indian Ocean, present-day productivity is stronger
during boreal summer when the strong southwesterlies asso-
ciated with southern Asian summer monsoons drive clock-
wise surface circulation that is responsible for the upwelling
of cold and nutrient-enriched water to the surface, boost-
ing PP (e.g., Koné et al., 2009). Anomalous wind circulation
under high eccentricity generates either stronger upwelling
(w = 315°) or strong convective mixing (v = 87°) (Beaufort
et al., 2022). Similar dynamical responses with anomalous
wind circulation impacting thermocline depth in the eastern
equatorial Pacific that could likely be related to PP signal are
also described in the eastern equatorial Pacific (Erb et al.,
2015; Chiang et al., 2022). In addition to the wind-driven re-
sponse of surface ocean circulation, Beaufort et al. (2022)
also highlight that the seasonal enhancement of PP under
high eccentricity also responds to changes in the hydrologi-
cal cycle that modify local salinity or solar radiation received
in the surface ocean, creating more or less favorable condi-
tion for PP. This suggests overall that a deeper understanding
of mechanisms at play in the response of PP to the increase
in eccentricity requires more regional analysis.

4.1.2 Transient climate signal for data—model
comparisons

To visually represent how eccentricity and precession affect
SST and PP over time, we computed an approximation of
a transient signal spanning a 900 000-year period (Fig. 12).
This is achieved by applying a linear scaling of eccentric-
ity to the outputs of six precession simulations, which are
arranged chronologically based on known precession and ec-
centricity values (Laskar et al., 2004). The series are based on
the difference between the six simulations that describe a pre-
cession cycle with a temporal resolution of about 3800 years
(one-sixth of a precession cycle) at an eccentricity of 0.054
and the values of the low-eccentricity simulation. By em-
ploying proportional reasoning, we can then scale the values
of that difference to account for other eccentricities at times
given by the longitude of the perihelion. In other words, the
six values are being repeated, changing only according to the
eccentricity at time 7. The resulting time series is expressed
in the following equation:

Y; =MHE, — LE)-e;/(0.053 —0.005). (1)
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Figure 12. Transient signal of PP and SST over 900000 years. The signal represents the response to precession and eccentricity forcing
only (see text). The figure depicts SST (blue — bottom) and PP (red — top) annual mean (dotted lines) and annual amplitude (solid lines
with circles). To obtain this signal, average values (30° N-30° S) for each of the six high-eccentricity simulations are adjusted by subtracting
the low-eccentricity simulation (@ = 310°) value. Obtained values are then arranged chronologically on a time frame based on precession
(Laskar et al., 2004) for the last 900 000 years. These values are further scaled by the eccentricity for each time point (see Sect. 4.1.2 for

details).

Here, Y; represents annual average or amplitude at time ¢ for
SST or PP; HE,, denotes the simulated value for a given peri-
helion longitude (w) under high eccentricity; LE signifies the
simulated value under low eccentricity (w = 310°); ¢; repre-
sents the eccentricity at time #; and 0.053 and 0.005 corre-
spond to the eccentricity values used for the high- and low-
eccentricity simulations, respectively. This equation gener-
ates time series representing the estimated sea surface tem-
perature (SST) or primary productivity (PP) across tropical
regions as illustrated in Fig. 12. These series offer a tem-
poral resolution of approximately 3800 years. The equation
assumes a linear correlation between seasonality and eccen-
tricity, although this relationship has yet to be empirically
validated. It is important to note that these time series do not
aim to mirror real-world conditions but rather provide scaled
values influenced by the dynamics of eccentricity and pre-
cession, while other parameters like greenhouse gases, ice
volume, and sea level are held constant.

Figure 12 illustrates that, while the mean annual SST sig-
nal in the tropics remains unaffected by eccentricity, the sea-
sonal amplitude experiences a significant increase at eccen-
tricity frequencies (ca. 100 and 400ka), while precession
cycles are hardly visible. On the other hand, annual mean
PP displays a higher sensitivity to precession than SST, while
its response to eccentricity seems to be dampened. Eccentric-
ity does, however, significantly affect PP seasonality, except
when the perihelion aligns closely with the vernal equinox.
Unlike SST, PP exhibits inherent seasonality in the modern
low-latitude ocean. For instance, in the Indian monsoon re-
gion, PP reaches its peak during summer and declines at the
solstices (e.g., Longhurst, 1995). This is because the seasonal
dynamics of productivity in those regions are strongly tied to
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the oceanic circulation associated with the ITCZ that crosses
the Equator twice a year during solstices (e.g., Longhurst,
1995; Pennington et al., 2006). This occurs because wind-
driven open-ocean upwelling (e.g., Mann and Lazier, 1996)
reaches a maximum when the ITCZ has seasonally migrated
farthest from the Equator, aligning with the peak of the
summer seasons in both hemispheres (Longhurst, 1995): the
winds are minimal at the atmospheric convergence zones, in-
cluding the ITCZ (Pennington et al., 2006). When eccentric-
ity is high, this phenomenon is enhanced, preserving its sea-
sonality. In other words, the PP phenology remains stable and
tied to the calendar. Consequently, when the perihelion aligns
with the equinox, the PP annual mean also reaches its lowest
values regardless of eccentricity levels. This explains why, in
Fig. 12, PP seasonality exhibits significant precession vari-
ability, in contrast to SST.

4.2 Gradual drift of seasons within the calendar year

Figure 2 shows that the seasonal cycle of SSTs is influ-
enced by the annual positioning of the perihelion and aphe-
lion, with a lag of a few months. This result is in line with
previous studies investigating the seasonality response to
eccentricity-modulated precession in the Equatorial Pacific.
Clement et al. (1999), for example, used a simplified ocean—
atmosphere model to investigate the influence of precession
cycles spanning 150 000 years on the El Nifio—Southern Os-
cillation (ENSO). They noted shifts in seasonal energy dis-
tribution across the tropical Pacific Ocean, with the strength
and frequency of El Nifio events impacted by the interplay of
precession and eccentricity-driven changes in energy excess
timing and location. This is coherent with previous observa-
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Figure 13. Annual variations in SST (a) and PP (b) averaged over
low latitudes (30° N-=30°S) along a precession cycle when eccen-
tricity is high.

tions of a gradual shift in the warm SST period over a pre-
cession revolution at high eccentricity simulated in the east-
ern equatorial Pacific (cold tongue) (Erb et al., 2015; Chiang
et al., 2022).

In our study, the six simulations we performed at high ec-
centricity allowed us to observe a complete revolution of pre-
cession at a 2-month resolution in all tropical oceans (Figs. 6
and 11), highlighting a gradual shift in seasons (Fig. 13a).
This gradual shift in seasons, which forms the basis of the
precession description, has already been used to describe past
dynamics of important low-latitude phenomena such as mon-
soons (Braconnot et al., 2008) and ENSO (Clement et al.,
1999; Erb et al., 2015; Chiang et al., 2022). Our study ex-
pands the scope, demonstrating that this phenomenon has a
strong impact on the oceans in the entire tropical band. Ad-
ditionally, we want to stress that the seasonality pattern de-
scribed here differs from the familiar seasons experienced
at mid-latitudes, where summers and winters are defined as
starting at the solstices. Our results rather suggest that, at low
latitudes and at high eccentricity, the warm season does not
begin at the same calendar date each year and rather pro-
gresses along the Earth’s orbit and calendar at a rate of ap-
proximately ~ 0.017° per year (~ 25 min), equivalent to a
cycle of approximately 21 000 years. This advancement oc-
curs due to the shifting moment when the Earth approaches
its closest point to the Sun (perihelion), attributed to the pre-
cession of the equinoxes.

We investigated whether the “tropical seasons”, as de-
scribed earlier, exert an influence on PP, which typically also
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follows a “classical” seasonal cycle and the migration of the
ITCZ, dictated by the tilt of the Earth’s axis. Figure 13b
illustrates the difference in the monthly average PP values
over 30°N-30°S between the low-eccentricity simulation
and each precession configuration at high eccentricity for
the corresponding month. The plotted results mirror those in
Fig. 13a, demonstrating a shift in PP similar to SST but with
a reduced delay from the perihelion. These findings empha-
size the significance of the tropical seasons in PP dynamics.
The seasonal variation in radiative energy at high eccentricity
leads to a direct forcing on PP, as evidenced by its observed
seasonality.

4.3 Eccentriseasons

Due to the distinct origin of the seasonal variations that we
have illustrated in this study, arising from the Earth’s orbital
eccentricity rather than the tilt of its rotation axis, we suggest
that a distinct and appropriate nomenclature is needed. This
would help to decipher between the described phenomenon
and the “classical” view of the seasons, thereby “putting back
eccentricity in seasons” as called for by Chiang and Broc-
coli (2023). In addition, a distinct nomenclature would ben-
efit future work as it would create a more distinct way to
identify and discuss the effect of eccentricity on seasons. We
propose the term “eccentriseason”, derived from a clipped
compound of “eccentricity” and “season”. Eccentriseasons
are defined as seasons occurring at low latitude in response
to the cycles of the Earth—Sun distance: their annual ampli-
tude increases with eccentricity, and their timing gradually
shifts about 25 minyr~! on the calendar in accordance with
the precession of the equinoxes (see Fig. 1). Eccentriseasons
are therefore distinct from the familiar extra-tropical seasons
which remain stable in the calendar and are less dependent
on eccentricity.

4.4 Implications of eccentriseasons for paleoclimatology

The increase in seasonality within the tropical ocean would
significantly affect low-latitude climate phenomena: the rise
in tropical SST during key seasons has a notable impact on
energy transfer, influencing monsoons, migration of the In-
tertropical Convergence Zone, and ENSO dynamics. The re-
lationships between these phenomena and the amplified sea-
sonality are intricate and have already been explored in dedi-
cated studies (Clement et al., 1999; Timmermann et al., 2007,
Braconnot et al., 2008; Ashkenazy et al., 2010; Erb et al.,
2015; Chiang et al., 2022). Our study does not focus on ex-
ploring these mechanisms but rather generalizes their impact
on the tropical oceans, aiming to make them more accessible
to the paleoceanographic community.

The effect of high eccentricity on seasonality would also
affect the ocean’s ecology, and in particular that of phyto-
plankton, which represents the cumulative outcome of local-
ized climatic mechanisms. A study exploring the biological
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Figure 14. Relationship between annual mean and annual ampli-
tude (month maximum-month minimum) of primary production
in the low latitudes (30° N-30°S) from MODIS satellite imagery
(Kulk et al., 2020). Black circles represent data for all ocean basins,
and red circles are values for the Indian Ocean. Lines represent
the intercept-free regressions (All oceans: N = 16981, RZ=0.82,
slope = 0.57. Indian Ocean: N = 3532, R? = 0.85, slope =0.59).

evolution of phytoplankton has delineated the ecological im-
pacts of eccentriseasons on marine phytoplankton (Beaufort
et al., 2022): over the past 2.8 million years, the evolution
of coccolithophores has been observed to directly align with
the eccentricity cycles, displaying minimal influence from
global climates. This pattern has been interpreted as a re-
sult of cyclic diversification in low-latitude ecological niches
during periods of heightened tropical seasonality in high-
eccentricity times. The present work highlights a significant
shift in SST seasonality, which likely plays a crucial role in
the mechanisms (e.g., wind patterns, ocean circulation inten-
sity, biologic productivity, biologic evolution) described in
Beaufort et al. (2022).

The lack of a significant precession effect on low-latitude
mean annual primary production in our simulations is sur-
prising, given that many paleoproductivity records show a
strong response to precession (e.g., Molfino and Mclntyre,
1990; Beaufort et al., 1997; Villanueva et al., 2001; Moreno
et al., 2002; Su et al., 2015; Deik et al., 2017; Tangunan
et al., 2017). Past PP reconstructions for coccolithophores
rely on annual reconstructions of primary production (Beau-
fort et al., 1997; Hernandez-Almeida et al., 2019). Modern
data for primary production (Kulk et al., 2020) suggest that
a linear relationship exists between mean annual PP and the
annual amplitude of PP, with the latter being approximately
half of annual PP (Fig. 14).
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To further explore this, we compared our simulation re-
sults with a published record from the Indian Ocean (MD90-
0963 core) (Beaufort et al., 1997) for which the mean annual
PP was reconstructed using coccolithophore assemblages.
We converted this annual PP record into seasonal amplitude
of PP using a scaling factor of 0.59 that we calculated from
the present-day relationship between annual mean and an-
nual amplitude of PP in the Indian Ocean basin (Fig. 14).
The comparison (Fig. 15) reveals strong similarities: the tim-
ing closely aligns, particularly between 720 and 570ka, as
expected due to the continued validity of the climatic expla-
nation of PP dynamics provided in that paper (Beaufort et al.,
1997). Furthermore, both the signal from the core and the one
obtained from the simulations exhibit peak amplitudes of the
same order of magnitude. This suggests that the significance
of seasonality might have been overlooked when studying
paleoproductivity at low latitudes.

Potential effect is also expected for SST proxies that are
commonly used in paleoceanography because they are car-
ried out by organisms that may therefore also have a pre-
ferred season of production. Alkenones and Mg to Ca are
two proxies for SST that are commonly used (e.g., Bras-
sell et al., 1986; Prahl et al., 1988; Rosell-Melé€ et al., 1995;
Sonzogni et al., 1997; Rosenthal et al., 2000). The alkenone
production presents a seasonality dependent on the phenol-
ogy of the Emiliania huxleyi coccolithophores (Rosell-Melé
etal., 1995; Sikes et al., 1997; Ternois et al., 1998). Similarly,
planktonic foraminifera produce tests from which Mg/Ca
SSTs are estimated at specific seasons (e.g., Fairbanks et al.,
1982; Mohtadi et al., 2009; Chaabane et al., 2023). The pro-
duction seasons of these organisms have been used to ex-
plain differences in Holocene SST reconstructions from the
same site using different proxies which have different phe-
nologies (Leduc et al., 2010; Lohmann et al., 2013; Bova
et al., 2021). Our results suggest regular phenological phase
shifts between eccentriseasons of primary production and sea
surface temperature. For example, a plankton population al-
ways displaying peak production during the September high-
productivity season would experience, throughout a preces-
sion cycle, a larger SST signal (typically with an amplitude
of ~2.5°C) than an organism that prospers year-round and
is thus insensitive to the shift in the month of maximum SST
related to eccentriseasons (Fig. 6). It is therefore imperative
to account for the alignment between the phenology and tem-
perature fluctuations of proxy producers across the calendar
year driven by eccentriseasons, ensuring accurate interpreta-
tions of SST records and mitigating seasonal biases. In line
with our proposition, proxies accurately estimating mean an-
nual SST (i.e., growing throughout the year) are expected to
exhibit less precession-band variance that those with a sea-
sonal growth pattern, which should record a precession com-
ponent (Fig. 12).

An additional illustration of the impact of changes in an-
nual SST amplitude can be observed in the evolution of phy-
toplankton in tropical regions, which responds notably to
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Figure 15. 900 000-year time series of annual mean (a) and annual amplitude (b) primary production in the Indian Ocean at 75° E-5°N
(£2°). Methods to construct the transient signal from the simulations (blue) are the same as in Fig. 13 and are described in Sect. 4.1.2. The
estimated annual mean PP data (red) are from Core MD90-963 (Beaufort et al., 1997). In panel (b), the annual mean PP for the data have
been scaled by 0.59 (see Fig. 15 and Sect. 4.4) to represent the seasonal PP.

heightened seasonality during periods of high eccentricity, as
discussed in Beaufort et al. (2022). The morphologic evolu-
tion records presented in this work appeared to respond more
to eccentricity than to precession. This suggests that tem-
perature plays a pivotal role in delineating distinct seasonal
niches, thereby promoting diversification into new species
among isolated phytoplankton populations.

5 Conclusions

In this study, we investigated the response of low-latitude sur-
face ocean to variations in Earth’s orbital eccentricity using
the Earth system model IPSL-CMS5A?2 and its marine bio-
geochemistry module PISCES-v2. Our climate simulations
reveal that high eccentricity leads to increased seasonality
in SST in low-latitude ocean surface waters, with an annual
thermal amplitude of 2.2 °C on average, in line with previous
studies. In contrast, PP that already exhibits inherent sea-
sonality under low-eccentricity conditions sees its seasonal
cycle significantly enhanced under high-eccentricity condi-
tions. The consequences of this amplification of seasonal-
ity under high-eccentricity configuration are significant: on
long timescales, this would result in SST seasonality follow-
ing only eccentricity frequencies, while PP seasonality fol-
lows both eccentricity and precession frequencies. The posi-
tioning of the perihelion during the year directly affects the
SST and PP seasonalities under high eccentricity, leading to
a gradual shift in seasons within the calendar year. To ac-
count for this phenomenon, we introduce the term “eccen-
triseasons” that describes these distinct annual thermal dif-
ferences observed in tropical oceans under high-eccentricity
conditions, which shift gradually throughout the calendar
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year. This study contributes to the growing body of knowl-
edge about the role of orbital parameters in shaping Earth’s
climate over long timescales and highlights the significance
of eccentricity-induced seasonality in low-latitude regions.
Our results may hold significant implications for the under-
standing of low-latitude climatic phenomena with a strongly
seasonal nature, such as ENSO and monsoons. We anticipate
that this study will contribute to previous efforts by demon-
strating the direct influence of Earth’s orbital eccentricity on
tropical seasonality both in paleoclimate modeling and data
communities. The increased seasonality in tropical oceans
under high-eccentricity conditions can, for example, influ-
ence energy transfer and ocean dynamics, which in turn af-
fect those climate phenomena in the past. Our results also
have potential implications for paleoclimatology studies: we
highlight here the significance of seasonality as a parameter
that may have been overlooked when studying paleoproduc-
tivity at low latitudes. This insight can inform the interpre-
tation of paleoproductivity records and proxies commonly
used in tropical paleoceanography because our study sug-
gests that the interactions between seasonal production and
shifting temperature seasonality likely imprint the signal that
is recorded.

Code availability. LMDZ, XIOS, NEMO, and ORCHIDEE are
released under the terms of the CeCILL license. OASIS-
MCT is released under the terms of the GNU Lesser General
Public License (LGPL). We recommend following instructions
available at http://forge.ipsl.jussieu.fr/igemg_doc/wiki/Doc/Config/
IPSLCMS5A2 (Nguyen and Sepulchre, 2024). An open-source ver-
sion of the IPSL-CMA2-VLR code is also available publicly at
https://doi.org/10.5281/zenodo.6772699 (Pillot, 2022).
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Data availability. The model outputs are archived at the SEA-
NOE data repository, https://doi.org/10.17882/84031 (Beaufort
et al., 2021), for the outputs published in Beaufort et al. (2022)
and in a Zenodo repository for simulations specific to this
study (https://doi.org/10.5281/zenodo.10951600; Sarr and Beau-
fort, 2024).
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