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The western equatorial Pacific (WEP) plays an important role on global climate.
Many studies have reported the classical orbital cycles in the WEP temperature
variations, but the half-precession (-10-kyr) cycle, despite its uniqueness in the
equatorial insolation, is paid less attention. Here, a systematic study on the
half-precession cycle in the WEP temperature is performed based on the
analysis of transient climate simulations covering the past 800,000 years,
combined with high-resolution temperature reconstructions. The results show
that the half-precession cycle is a significant signal in the WEP temperature.
The model simulations show that in response to astronomical forcing, the half-
precession cycle in the WEP surface and upper subsurface temperatures is
driven by maximum equatorial insolation, while it is driven by bi-hemisphere
maximum insolation in the lower subsurface temperature. The different for-
cing mechanisms at different depths are related to distinct local ocean circu-
lation patterns. The astronomically-induced half-precession cycles are
modulated by eccentricity, CO, and ice sheets. Given the importance of WEP

on global climate, the half-precession cycle in the WEP temperature may
contribute to the half-precession signal recorded in other regions.

The equatorial Pacific plays a critical role in regional and global climate
changes. As part of the largest reservoir of warm water on our planet,
the western equatorial Pacific (WEP) has a direct effect on the redis-
tribution of heat and moisture over the globe', and thus on global
climate system, ecosystems, biodiversity, agriculture and the society.
The temperature changes in the WEP are often related to large-scale
atmospheric circulations (e.g., Hadley and Walker circulations), the
Intertropical Convergence Zone (ITCZ), the El Nifio-Southern Oscilla-
tion (ENSO) and the regional precipitation distribution in the tropics,
as well as the climate changes in the mid and high latitudes through
atmospheric and oceanic teleconnections® . However, the tempera-
ture variability in the WEP and its underlying forcing mechanisms are
not fully explored largely due to the lack of long-term observations.
The long-term evolution of the WEP temperature in the past could
provide insight into a better understanding of the WEP climate

variability and dynamics. Based on proxy reconstructions, striking
variations of the WEP temperature on millennial-, orbital- and longer-
timescales have been identified’°. On orbital timescale (tens to hun-
dreds of thousands of years), the reconstructed variations of both the
sea surface temperature (SST) and subsurface sea temperature (subT)
in the WEP during the Quaternary show clear ~-100-kyr glacial-
interglacial cycles as well as -20-kyr and ~40-kyr cycles that could be
related to precession and obliquity, respectively®'°%,

In addition to the slower variations that are characterized by the
~100-kyr, ~40-kyr and ~20-kyr cycles, higher-frequency oscillations that
are characterized by the half-precession cycle (-10-kyr) have also been
reported in a recent temperature record from the WEP". This is quite
intriguing. The half-precession cycle is a unique feature in the equa-
torial insolation, and it could play an important role in the high-low
latitude climate interactions and in linking the climate variations on
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longer orbital timescale and those on millennial timescale. It has been
found to be closely linked with known climate events and transitions in
the Quaternary, like the Dansgaard-Oeschger events®® and the mid-
Pleistocene transition”*,

Near the Equator, the Sun is in zenith twice a year at each latitude
so that the equatorial latitudes receive maximum insolation twice dur-
ing one precession cycle. This leads to a half-precession cycle in the
long-term variations of the maximum equatorial insolation”?*. As a
result, it would be expected to observe half-precession cycles in the
equatorial temperature variations as a direct response to maximum
equatorial insolation”?, However, among many published WEP tem-
perature reconstructions, the study of ref. 19 is so far the only that
explicitly reported the existence of the half-precession cycle in the long-
term variations of the WEP temperature reconstruction. Moreover,
based on the comparison of their results with the maximum of
November meridional insolation gradient between 0° and 30°N and
May meridional insolation gradient between 0° and 30°S, the authors
suggested that the half-precession signal in the thermocline tempera-
ture in the WEP resulted from the interplay of antiphased meridional
insolation gradient in the two hemispheres. Indeed, in addition to the
maximum equatorial insolation, the variations of the bi-hemisphere
maximum insolation and the bi-hemisphere maximum meridional
insolation gradient also contain the half-precession cycle'?.

Therefore, whether there is half-precession signal in the tem-
perature changes in the WEP and what is the forcing mechanism
remain uncertain. In addition to high-resolution proxy reconstruc-
tions, transient climate simulations are essential for answering these
questions. In this study, based on three transient climate simulations
covering the past 800 ka (Supplementary Figs. 1, 2) and analysis of
high-resolution WEP temperature reconstructions of five cores (KX21-
2, MD05-2925, MD06-3067, GeoB17426-3 and MD10-3340, Supple-
mentary Fig. 3), we aim to investigate whether there is half-precession
signal in the temperature changes in the WEP and what is its rela-
tionship with insolation and how the astronomically-induced half-
precession cycle would be modified by the effects of greenhouse gases
(GHG) and ice sheets.

Results and discussion

Half-precession cycles in the WEP temperature reconstructions
Figure 1 and Supplementary Fig. 4 show the variations of SST and subT
of five cores in the WEP and their power spectra (see Methods). In
addition to the -100-kyr, ~40-kyr and ~20-kyr cycles, these recon-
structions also contain significant half-precession (-10-kyr) cycle
which reaches at least the 90% significance level, although its power is
weaker than the three long cycles. The results of continuous wavelet
transform confirm the existence of the half-precession cycle in
these WEP temperature reconstructions although it varies in time
(Supplementary Fig. 5). To better investigate the half-precession sig-
nal, the lower-frequency orbital signals are removed using the high-
pass filtering (<15 kyr) (see “Methods”). The results show that the
half-precession cycle is strong and clear among the sub-orbital signals
(Supplementary Figs. 6, 7), which confirms the reliability of the half-
precession cycle in these WEP temperature records. Supplementary
Figs. 6, 7 also show that the amplitude of the half-precession cycle in
these records varies in time. For instance, in core KX21-2, it is larger
before ~200 ka BP than after (Supplementary Fig. 6a, b), while in core
MDO05-2925, it is larger after ~300 ka BP than before (Supplementary
Fig. 6¢, d). The change of the amplitude of the half-precession cycles in
time and in different locations could reflect the modulation of tem-
poral and local driving factors on the half-precession cycles. The half-
precession cycle is significant in both the SST and subT across these
five cores. However, it might not be the case for all available cores in
the WEP. For example, in core MD01-2386, the half-precession cycle is
found to be significant only in the subT but not in the SST*, which
could reflect local influence.

To investigate the relationship of the half-precession cycles in the
WEP temperature reconstructions with insolation, they are compared
with the three insolation indexes as mentioned above. It shows that the
half-precession cycles in both SST and subT in the five cores have no
stable phase relationship with any of the three insolation indexes
(Supplementary Figs. 8, 9). This is further confirmed by the cross-
wavelet spectra results (Supplementary Figs. 10, 11). Moreover, the
half-precession cycles in the SST and subT between the different cores
neither have stable phase relationship (Supplementary Figs. 8, 9). It is
unclear to which extent the unstable phase relationship between the
five cores and between them and insolation is affected by age uncer-
tainties of the cores and/or by local influence. As a result, it is also hard
to distinguish which insolation index is responsible for the half-
precession cycles in the WEP temperature only based on proxy
records. Climate model simulations are needed.

Half-precession cycles in the simulated WEP temperatures

In the analysis of the model results, to avoid possible local impact as
for example observed in the five selected cores, we choose the region
(10°S-10°N, 120°E-180°E, purple rectangle in Supplementary Fig. 3) to
represent the WEP region and the mean climate over this region is
analyzed. In addition to SST, ocean temperature at different depths
have been analyzed, and the results of three depths at 65 (subgsT), 122
(suby2,T) and 163 m (subye3T) are presented in this paper to represent
the upper, transitional and lower subsurface waters, respectively (see
Methods).

Figure 2a, b and Supplementary Fig. 12a, b show that under the
influence of astronomical forcing alone (Orb experiment), the varia-
tions of both SST and subgsT show strong ~100-kyr, ~40-kyr and ~20-
kyr cycles, which are related to the eccentricity, obliquity and pre-
cession cycles. Moreover, they also contain half-precession cycle (~10-
kyr) which has an equivalently strong power as the other long orbital
cycles. The strong half-precession cycle in the SST and subgsT also
leads to strong half-precession signal in the ocean heat content (OHC)
of the upper subsurface water (Supplementary Fig. 13). However, in
suby, T the half-precession and ~100-kyr cycles nearly vanish and their
spectra peaks are not statistically significant, leaving only the ~40-kyr
and -20-kyr cycles (Fig. 2c and Supplementary Fig. 12c). Con-
spicuously, the half-precession and ~100-kyr cycles reemerge in
subiesT, although they are weaker than the ~40-kyr and ~20-kyr cycles
(Fig. 2d and Supplementary Figs. 12d, 14). Therefore, under the inso-
lation forcing alone, not only are the major cycles related to eccen-
tricity (the ~400-kyr cycle of eccentricity is not considered here due to
the insufficient length of simulation), obliquity and precession able to
be reproduced in our model but also the shorter half-precession cycle
that has been identified as a unique feature in the tropical
insolation”**, Figure 2 also indicates that the ~100-kyr cycle is strongly
linked with the half-precession cycle. This relationship was also
observed in the tropical insolation?* and in proxy records®. Another
interesting feature emerging from our model results is that in response
to insolation alone, strong ~-100-kyr and -40-kyr cycles could be gen-
erated in the WEP temperatures although precession is often con-
sidered as the main forcing for low latitude climate.

It is also intriguing that the half-precession cycle is significant in
the SST, subgsT and sub,esT but not in the suby,,T. Figure 3d, e shows
that the half-precession cycles in both the SST and subgsT have a very
strong positive correlation with the maximum equatorial insolation. A
higher maximum equatorial insolation leads to higher SST and subgsT
in the half-precession band. Their positive correlation and in-phase
relationship are confirmed by cross-wavelet analysis (Fig. 3g, h). In
contrast, the half-precession cycle in the sub;¢;T has a strong positive
correlation and in-phase relationship with the bi-hemisphere max-
imum insolation (Fig. 3f, i). A higher bi-hemisphere maximum insola-
tion leads to higher suby43T in the half-precession band. These indicate
that the half-precession signals in the SST and subgsT result from the
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(b) subT in the core KX21-2, ¢ SST and (d) subT in the core MD05-2925. In the power
spectra, the pink and blue curves indicate the 90% and 95% significance levels.

maximum equatorial insolation, but it results from the bi-hemisphere
maximum insolation in the sub;¢3T. In both cases, the amplitude of the
half-precession cycle is modulated by eccentricity.

To understand why the half-precession cycle in the WEP SST/
subgsT and that in the sub;;T result from different insolation drivers
and why the half-precession cycle nearly disappears in the suby,,T, the
regional ocean circulation patterns at different depths are analyzed.
Figure 4a shows that at the 163-m depth, the WEP waters are trans-
ported from the subtropics of both northern (NH) and southern
hemispheres (SH) toward the Equator via the western boundary path
(WBP). Therefore, the temperature at 163 m is strongly linked with the
oceanic heat transported from the subtropics of both hemispheres
which is in turn linked with the insolation of each hemisphere. This
explains why the half-precession cycle in subyssT is driven by bi-
hemisphere maximum insolation. In contrast, at the surface and the 65-
m depth which share similar ocean circulation patterns (Fig. 4c, d), the
WEP waters are transported from the tropics to the subtropics of the
NH via the Kuroshio Current and to the subtropics of the SH via the
East Australian Current. Therefore, at the surface and 65-m depth, the
WEP temperature change would be more a driver than a follower of the
subtropical Pacific temperatures in both hemispheres, and it responds
more directly to equatorial insolation. This explains why the half-
precession cycles in the SST and subgsT are driven by maximum
equatorial insolation instead of by bi-hemisphere maximum insolation.

The 122-m depth is at the transition between the upper and lower
subsurface waters and has therefore different ocean circulation pat-
tern (Fig. 4b). At this depth, the WBP in the SH is hardly seen, leading to
a much weaker influence of the SH subtropical waters on the WEP as
compared to the 163-m depth and therefore a much weaker impact of
the SH insolation. This explains the insignificant half-precession cycle
in the sub;2,T.

Although the half-precession cycle in both SST and subgsT is dri-
ven by maximum equatorial insolation, we can also notice that the
amplitude of the half-precession cycle is slightly smaller in SST than in
subesT (Fig. 2a, b). This could be attributed to precipitation feedback.
While higher maximum equatorial insolation increases WEP SST and
subesT, it also leads to more precipitation in the WEP (Supplementary
Fig. 15), which in turn dampens SST variability. The weaker half-
precession cycle in sub;e;T as compared to the ~20 kyr and ~-40 kyr
cycles, could be explained by that the WBP in the NH subtropics is
stronger than that of the SH, leading to a dominant effect from the NH
(Fig. 4a) and therefore a weaker half-precession signal.

Effects of GHG and ice sheets on the half-precession cycle

When the effect of GHG is added on the effect of insolation (OrbGHG
experiment), the ~100-kyr cycle in the SST and subgsT is strongly
enhanced and becomes the dominant cycle, showing the strong effect
of CO, on the SST and subgsT (Fig. 5a, b). The dominant role of CO, in
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Fig. 2 | Simulated variations of the western equatorial Pacific (WEP) tempera-
ture over the past 800 ka in the Orb experiment (left) and their power spectra
using the multi-taper method (mid) and periodogram (right). a sea surface

temperature (SST), subsurface sea temperature at (b) 65 (subgsT), ¢ 122 (suby,,T)

and (d) 163 m (subye3T). A100-year mean is performed on the curves of SST, subgsT,
suby2,T and subyesT variations to reduce the high-frequency fluctuations. In the
power spectra, the pink and blue curves indicate the 90% and 95% significance
levels. Source data are provided as a Source Data file.

the SST aligns with the results of proxy records and an ice-sheet cli-
mate coupled model*™°. In contrast, the effect of CO, on the suby,,T
and suby3T is relatively minor, leaving them primarily influenced by
the ~20-kyr cycle and followed by the ~40-kyr cycle, as observed in the
Orb experiment (Fig. 5¢, d). The dominant ~20-kyr cycle in the sub;», T
and subye;T is consistent with the subsurface temperature records®.
The half-precession cycle is still clearly present in the SST and
subesT (Fig. 5a, b), although its strength is reduced as compared to the
Orb simulation and it is weaker than the other three longer cycles due
to the influence of these long cycles in the GHG concentration. The
half-precession signal in the SST and subgsT in the OrbGHG simulation
still has a positive and in-phase relationship with the maximum equa-
torial insolation (Fig. 6¢, f and Supplementary Fig. 16c, f), although the
relationship is not as perfect as in the Orb simulation. This shows that
the effect of GHG does not principally alter the phase of the insolation-
induced half-precession cycles in the SST and subgsT. However, it can
also be noted that GHG can modulate this phase relationship especially
during the time periods when eccentricity is small, such as ~-800-700
ka BP and the last 100 ka. During these periods, the half-precession
cycles are relatively weak due to weak variation of precession caused
by small eccentricity®, and are therefore subject to the influence of
GHG which can shift the timing of the peaks of the half-precession
cycle in the SST and subgsT. The effect of GHG also modulates the

amplitude of variations of the half-precession cycles in the SST and
subgsT (Fig. 6¢ and Supplementary Fig. 16c¢), but the effect of eccen-
tricity on the amplitude modulation can still be clearly seen. Given the
weak effect of GHG on the subi3T, the half-precession cycle remains
clearly evident in the subyT in the OrbGHG experiment, with a
strength comparable to that in the Orb experiment (Fig. 5d). It still has
an in-phase relationship with the bi-hemisphere maximum insolation
(Supplementary Fig. 17c, f).

From the OrbGHG to the OrbGHGlIce simulations, there is no fun-
damental change in the variations of the SST, subgsT, sub;,,T and subyg3T
nor in their spectra (Fig. 5). This is because the NH ice sheets have amuch
weaker effect on the SST and subgsT than GHG, and have a much weaker
effect on the sub;,,T and suby;T than insolation. Due to the additional
influence of the ~100-kyr cycle in the NH ice volume, the ~100-kyr cycle in
the SST, subgsT, suby,T and subyesT variations is slightly stronger in the
OrbGHGlIce than in the OrbGHG simulation (Fig. 5).

In the OrbGHGlIce simulation, the half-precession cycle remains
evident in the SST and subgsT (Fig. 5a, b), and the effect of NH ice
sheets on the half-precession cycle is weaker as compared to GHG
(Fig. 6d and Supplementary Fig. 16d). The phase of the half-precession
cycle in the SST/subgsT with maximum equatorial insolation is further
altered, leading to less stable phase relationship than in the Orb
simulation (Fig. 6g and Supplementary Fig. 16g). The half-precession

Nature Communications | (2025)16:1841


www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-025-57076-2

O

Time (ka BP)

500 400 300 200 100
Time (ka BP)

600

700

500 400 300 200 100
Time (ka BP)

600

700

Time (ka BP)

.8 0.9

0

0.7

0.6

0.5

0.4

0.3

0.2

eccentricity. ¢ Insolation at the Equator: the purple (blue) line is March (Septem-

, the yellow dashed line is the maximum of them*. The gray line is

eccentricity. d-f The filtered half-precession cycle (8-12 kyr) of SST, subgsT and
subye3T, respectively. The vertical dashed lines indicate the peaks of the half-

ber) insolation,

subsurface sea temperature at 65

precession cycle of SST. g Cross wavelet spectra between the SST and the max-

but for subgsT. i Cross wavelet spectra

between the subye;T and the bi-hemisphere maximum insolation.

’

imum equatorial insolation. h Same as (g)

40

The gray line is

Article

WEP sub1e3T & Bi-hemisphere maximum insolation

WEP subesT & Maximum equatorial insolation

WEP SST & Maximum equatorial insolation

|

32
4
8
6
32

< © ©
§ 87 e o) | (oo . (463) poue (W03 pow o0
< 3 1Y) pouad 1AY) pouad 1Y) pouad
pazipJepue;s, pazIpJEPUE)S; pazipiepue)s
(;w/A\) Jusipelb (zWw/AN) uonejosul (zw/M) Jorenb ( 1SS dam ) ( 159Gns nm_>>v A._.Qﬁzm nm_\sv
uolje|osul [euolplaWw alaydsiway-ig ay) je uonejosu|
—~ aleydsiwey-lg  ~ — — — — — —~
s 5 < = O = C = =

and the yellow dashed line is the maximum of them

b Bi-hemisphere insolation: the purple (blue) line is June (December) insolation at

(blue) line is November (May) meridional insolation gradients between 0° and
30°N (30°S), and the yellow dashed line is the maximum of them*.

Fig. 3 | Comparison of the half-precession cycles in the western equatorial
(subgsT) and 163 m (suby4;T) variations in the Orb simulation with the three
insolation indexes. a Bi-hemisphere meridional insolation gradient: the purple
30°N (between 0° and 30°S),

Pacific (WEP) sea surface temperature (SST),
Nature Communications | (2025)16:1841


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57076-2

(a) J 1 1 1

0.05 m/s

T — T
180° 150°W 120°W 90°W
Fig. 4 | Simulated mean annual ocean circulation over the past 800 ka in the
Orb simulation. Ocean circulation at the depths of (a) 163, (b) 122, (c) 65 m and (d)
the surface. The major currents are indicated: KC Kuroshio Current, NEC North

Equatorial Current, NECC North Equatorial Counter Current, SEC South Equatorial

0.05 m/s

40°S T

— — T
180° 150°W 120°W 90°W
Current, SECC South Equatorial Counter Current, EAC East Australian Current, WBP
Western Boundary Path, EUC Equatorial Undercurrent. Source data are provided as

a Source Data file.

cycle is also clearly present in the suby3T, showing a power similar to
that in the Orb experiment (Fig. 5d). This is because the effect of NH ice
sheets on the subyesT is weaker as compared to insolation. Further-
more, it maintains a relatively stable phase relationship with the bi-
hemisphere maximum insolation, and its amplitude is still modulated
by eccentricity (Supplementary Fig. 17d, g).

In summary, our study reveals that the half-precession cycle
emerges as a significant signal in many WEP temperature reconstruc-
tions and in our simulated WEP temperature. Our model simulations
show that under the astronomical forcing alone, strong half-
precession cycle can be simulated in the WEP surface and upper sub-
surface ocean temperature and it is driven by maximum equatorial
insolation. Weaker but significant half-precession cycle can also be
simulated in the lower subsurface ocean temperature, but it is driven
by bi-hemisphere maximum insolation. No significant half-precession
cycle is simulated in the ocean temperature in the transitional depth.
The different characteristics of the half-precession cycle in different
ocean depths and the forcing mechanisms are strongly linked to the
local ocean circulations. Our simulations also show that the amplitude
of the half-precession cycle and its phase relationship with insolation
could be modulated by GHG and ice sheets.

The strong half-precession cycle in the surface and upper sub-
surface ocean temperature in the WEP leads to strong half-precession
cycle in the OHC of the upper subsurface water. As both the present-
day observations and proxy records suggest that the temperature and
upper OHC in the WEP have a great effect on the ENSO variability and
the East Asian monsoon'*%, the half-precession cycles found in our
results could contribute to the explanation of the half-precession sig-
nals observed in proxy records of ENSO*° and East Asian monsoon®-*2,
Similarly, the dominant role of CO, on the WEP SST and upper sub-
surface temperature on orbital timescale found in our study could
contribute to the explanation of the ~100-kyr cycle observed in the East
Asian summer monsoon precipitation® >,

Methods

Selected WEP temperature reconstructions

In this study, previously published WEP temperature reconstructions
of five cores, KX21-2", MD05-2925'", MD06-3067"°¢, GeoB17426-3"
and MDI10-3340" (Supplementary Fig. 3), are used to test whether
there is a half-precession signal in the temperature changes in the WEP.
These reconstructions have a relatively high resolution (<1 ka) and
long duration (>150 kyr), and each of them contains both SST and subT
reconstructions. The age models of the five cores are established by
accelerator mass spectrometry radiocarbon (AMS **C) dates and the
correlation of their benthic foraminifera 80 with the global stacked
benthic foraminifera 60 (LR0O4 stack)”. The average temporal reso-
lution of cores KX21-2", MD05-2925'°, MD06-3067"**¢, GeoB17426-3"
and MD10-3340" are about -900, ~-570, -390, -850 and -360 years
respectively. The SST and subT of the five cores are reconstructed
based on the Mg/Ca ratios of the surface dweller Globigerinoides ruber
and the subsurface dweller Pulleniatina obliquiloculata respectively.
These SST and subT records were not used to discuss the half-
precession cycle in their original publications although some per-
formed spectral analysis. More information about the SST and subT
reconstructions of these five cores can be found in their original
publications'>163¢,

Climate model and simulations

The model used in this study is LOVECLIML.3, a three-dimension Earth
system Model of Intermediate Complexity (EMIC)*®. The model setup
is the same as the one used in the previous study®. In our study, the
atmosphere (ECBilt), the ocean and sea ice (CLIO) and the terrestrial
biosphere (VECODE) are interactively coupled. ECBilt is a spectral
atmospheric model with a horizontal T21 truncation, which corre-
sponds approximately to a horizontal resolution of 5.625° x 5.625°. It
has three vertical layers and its dynamics are governed by the quasi-
geostrophic potential vorticity. VECODE is a two-dimensional
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Fig. 5 | Simulated variations of the western equatorial Pacific (WEP) tem-
perature over the past 800 ka in the OrbGHG (blue curves) and OrbGHGIce
(pink curves) experiments (left), and their power spectra using the multi-taper
method (mid is for OrbGHG experiment and right is for OrbGHGlIce experi-
ment). a sea surface temperature (SST), subsurface sea temperature at (b) 65

(subgsT), € 122 (suby,,T) and (d) 163 m (suby3T). A 100-year mean is performed on
the curves of SST, subgsT, suby,,T and sub, 3T variations to reduce the high-
frequency fluctuations. In the power spectra, the pink and blue curves indicate the
90% and 95% significance levels. Source data are provided as a Source Data file.

dynamical terrestrial vegetation model including two plant functional
types: tree and grass, and its resolution is the same as ECBilt. CLIO is a
global free-surface ocean general circulation model coupled to a
thermodynamic-dynamic sea ice model. The horizontal resolution of
CLIO is 3° in longitude and latitude, and there are 20 unevenly spaced
vertical layers in the ocean. For example, layers 1-10 correspond to the
depth 0-10m, 10-22m, 22-36 m, 36-54m, 54-76 m, 76-104m,
104-139 m, 139-187 m, 187-253 m and 253-346 m. In addition to SST,
the ocean temperatures of layers 5, 7 and 8 are presented in this study
to represent the upper, transitional and lower subsurface waters,
respectively, which correspond to the subsurface waters of the depths
10-104 m, 104-139 m, and below 139 m. These depths are defined
according to their distinct local ocean circulation patterns and differ-
ent characteristics of the half-precession cycle, and also considering
the vertical resolution of our ocean model. Layer 1 is the surface, and
65,122 and 163 m are the mean depth of layers 5, 7 and 8 respectively.

To make a comprehensive and systematic investigation of the
half-precession cycle in the WEP temperature during glacial-
interglacial cycles, we have performed transient simulations covering
the past 800 ka driven by orbital forcing, GHG and NH ice sheets
(Supplementary Fig. 1). Although LOVECLIML.3 is classified as an EMIC
model, its complexity is high for this kind of models and its ocean

component is a full general circulation model. As a result, it is hard to
use LOVECLIML3 to directly perform one single transient simulation
going from 800 ka BP to the present. Therefore, we split the simulation
into nine segments and run them in parallel, with an overlap of 5 ka
between each segment (Supplementary Fig. 2).

Three transient simulations are performed for each segment. To
avoid any possible impact of acceleration on sub-orbital scale climate
variations and the oceanic climate, no acceleration is used in our
simulations. The first two simulations, Orb and OrbGHG, were per-
formed in the previous study”. In the Orb simulation, to investigate the
effect of insolation alone, only the astronomical parameters*° vary with
time, the GHG concentrations and ice sheets being fixed to their pre-
industrial conditions. The initial condition of each segment is provided
by a 2000-year equilibrium experiment with the pre-industrial GHG and
ice sheets, and astronomical parameters at the starting date of the
simulated period. In the OrbGHG simulation, both the GHG
concentrations*** and astronomical parameters vary with time, the ice
sheets being fixed to their pre-industrial conditions. The initial condi-
tion of each segment is provided by a 2000-year equilibrium experi-
ment with the pre-industrial ice sheets, and GHG and astronomical
parameters at the starting date of the simulated period. The effect of
GHG can be investigated by comparing the OrbGHG simulation with the
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Orb simulation. In the third simulation, OrbGHGlce, the NH ice sheets*,
GHG concentrations and astronomical parameters all vary with time,
and the Southern Hemisphere ice sheets are fixed to the pre-industrial
condition. The initial conditions were provided by a 2000-year equili-
brium experiment with the NH ice sheets, GHG concentrations and
astronomical parameters at the starting date of the simulated period. In
the presence of land ice, albedo, topography, vegetation and surface
soil types corresponding to ice-covered condition were prescribed at
corresponding model grids in LOVECLIML3*. The effect of NH ice
sheets can be investigated by comparing the OrbGHGIce simulation
with the OrbGHG simulation. We finally obtain three continuous tran-
sient simulations covering the entire past 800 ka by concatenating the
data from each segment and by applying a time-sliding linear inter-
polation for the overlap periods. This allows us to investigate the
respective impact of astronomical forcing, CO, and ice sheets on the
half-precession cycle in the WEP temperature.

Time series analysis

To investigate the half-precession cycles in the WEP temperature
reconstructions and in our transient climate simulations, time series
analysis is performed, including power spectra, continuous wavelet
transform and cross-wavelet spectra. The original temperature
reconstructions are linearly interpolated into an even time step of 500
years and a 100-year mean is applied on our simulated WEP tem-
peratures before performing the time series analysis.

Power spectra analysis is conducted on both the temperature
reconstructions and climate simulations using the Acycle v2.8 software
and follows typical procedures*®. Two different methods, multi-taper
method (MTM) and periodogram, are used to test and verify the half-
precession cycles in the temperature reconstructions and climate
simulations. The time-bandwidth product is set to 2, the zeropadding is
set to 5 times of the total length of data and the robust AR(1) red noise
is applied when the MTM is performed; the zeropadding is set to 5
times of the total length of data and the Power Law red noise is applied
when the periodogram is performed. The 90% and 95% significance
levels against red noise are indicated in the power spectra. The Acycle
software and its user’s guide can be obtained at: https://acycle.org/.

Continuous wavelet transform is also performed on the tem-
perature reconstructions and climate simulations to verify the half-
precession cycle. Given the strong orbital signals in the temperature
reconstructions, the orbital signals (periodicity: >15 kyr, frequency:
<0.067 cycles/kyr) are removed using the Matlab’s built-in “highpass”
function to better investigate the sub-orbital signals. In addition, the
half-precession cycles (periodicity: 8-12 kyr, frequency: 0.083-0.125
cycles/kyr) in the temperature reconstructions and climate simula-
tions are extracted using the Matlab’s built-in “bandpass” function. The
extracted half-precession signals are also compared with the results
obtained after the orbital signals are removed, to further test the
reliability of the half-precession signals. Moreover, in order to inves-
tigate the relationship of the half-precession cycles with insolation,
they are compared with three different insolation indexes as proposed
by previous studies: maximum equational insolation”?*, bi-
hemisphere maximum insolation’”’ and bi-hemisphere maximum
meridional insolation gradient”, and the cross-wavelet spectra
between them is performed. The code for continuous wavelet trans-
form and cross-wavelet spectra is available for download at https://
grinsted.github.io/wavelet-coherence/, the related calculation and
description can be found in the previous publications*”*%. In the cross-
wavelet spectra, arrows pointing to the right indicate that the half-
precession cycle is in-phase with the insolation index, suggesting a
positive correlation. Arrows pointing to the left represent an anti-
phase relationship, indicating a negative correlation. When the arrows
point upward, it indicates that the half-precession cycle lags the
insolation index by 2.5 ka (a quarter of the half-precession cycle).
Conversely, downward-pointing arrows indicate a lag of 7.5 ka (three-

quarters of the half-precession cycle). The solution of ref. 40 is used to
calculate the insolation data.

Data availability

Source data are provided with this paper. The data generated in this
study have been deposited in the Figshare repository (https://doi.org/
10.6084/m9.figshare.27613614)*.

Code availability

The code for LOVECLIMLS3 is available at www.climate.be/loveclim. The
Acycle v2.8 software can be obtained at: https://acycle.org/. The code for
continuous wavelet transform and cross-wavelet spectra is available for
download at https://grinsted.github.io/wavelet-coherence/.
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