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Figure S1. Normalized strength of climatic extrema across the Quaternary from various proxy compilations for (a) 5 benthic δ18O stacks, (b)
9 SST stacks, (c) 15 terrestrial records, and (d) all 29 records. The coloured lines represent the individual records. For each proxy group, the
normalized strength of interglacial extrema, glacial extrema, and termination extrema is shown as a function of MIS or termination number
(left-hand side). The occurrence of the strongest and weakest interglacial, glacial and termination extrema is marked for each record with a
dot and a square, respectively. The vertical dashed line indicates MIS 25. Percentages denote the proportion of extrema above or below the
average strength in the respective periods before and after MIS 25. The bar plots highlight the occurrence of the strongest (left bars) and
weakest (right bars) extrema across the entire Quaternary within each category, separated into events after MIS 25 (excl.) and before MIS 25
(incl.).

1



S2 Box plot of SST records
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Figure S2. Box plots of SST extrema during glacial (blue) and interglacial (red) stages for each record. Boxes span the first to third quartile,
with the vertical black line marking the median. Whiskers (horizontal black lines) extend to the most extreme data points within 1.5 times
the interquartile range from the box edges. Outliers beyond this range are shown as circles.
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S3 Average strength index for all records
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Figure S3. Average strength indices of all 29 records for (a) interglacials, (b) glacials, and (c) terminations over the last 1.5 Myr. All 29
records were first normalized and then averaged over the individual MIS stages to obtain an average strength index (blue lines). The shaded
areas denote ±1 standard deviation (σ).
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S4 Morphology of MIS 5e/11c/31/38
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Figure S4. Morphology of two selected marine records and all terrestrial records for (a) MIS 5e, (b) MIS 11c, (c) MIS 31, and (d) MIS 38.
Boundaries for glacial terminations (vertical black dotted lines) are given in Table 2 of the main manuscript. Interglacial (red dots) and glacial
strength (blue dots) are defined as absolute extrema during each stage. Each record has been normalized between 0 and 1, such that a larger
value refers to a stronger (weaker) interglacial (glacial) and vice versa.
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S5 Data availability5

Table S1. Overview of records used in this study with link to data repositories.

Record/Site Proxy/Variable Location Paper/Reference Data/Repository

Benthic δ18O records
LR04 stack Benthic δ18O Global stack Lisiecki and Raymo (2005) https://lorraine-lisiecki.com/stack.html
Prob-stack Benthic δ18O Global stack Ahn et al. (2017) https://github.com/seonminahn/HMM-Stack
BIGSTACKmixed Benthic δ18O Global stack Zhou et al. (2026) https://doi.org/10.5281/zenodo.15728047
BIGSTACKmixedA Benthic δ18O Atlantic stack Zhou et al. (2026) https://doi.org/10.5281/zenodo.15728047
BIGSTACKmixedP Benthic δ18O Pacific stack Zhou et al. (2026) https://doi.org/10.5281/zenodo.15728047

SST records
Global ∆SST stack ∆SST Global stack Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST North Atlantic Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST Tropical Atlantic Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST South Atlantic Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST North Pacific Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST Tropical Pacific Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST South Pacific Clark et al. (2024) In SI of Clark et al. (2024)
Regional ∆SST stack ∆SST Tropics Clark et al. (2024) In SI of Clark et al. (2024)
Regional SST stack SST Tropics Herbert et al. (2010) https://doi.org/10.1594/PANGAEA.874752

Terrestrial records
Chiloparts stack Loess size Chinese Loess Plateau (CLP) Ding et al. (2002) Data provided by authors
Gulang Loess Loess size Gulang Loess (NW CLP) Sun et al. (2021) In SI of Sun et al. (2021)
Jingyuan Loess Loess size Jingyuan Loess (NW CLP) Sun et al. (2019) Data provided by authors
Jingyuan Loess δ13CIC Jingyuan Loess (NW CLP) Sun et al. (2019) Data provided by authors
Jingyuan Loess MAP Jingyuan Loess (NW CLP) Sun et al. (2019) Data provided by authors
Jingyuan Loess MAT Jingyuan Loess (NW CLP) Sun et al. (2019) Data provided by authors
Zoige Basin MAT Paleolake at Zoige Basin Zhao et al. (2021) In SI of Zhao et al. (2021)
(Core ZB13-C2) (Eastern Tibetan Plateau)
Heqing Basin MAT Paleolake at Heqing Basin Wang et al. (2025) https://doi.org/10.6084/m9.figshare.29877254.v1

(SE Tibetan Plateau)
Tenaghi Philippon AP % NE Greece Tzedakis et al. (2006) Data provided by authors
Lake Ohrid AP % Lake Ohrid (Balkan Peninsula) Donders et al. (2021) In SI of Donders et al. (2021)
(DEEP core 5045-1)
Zoige Basin AP % Paleolake at Zoige Basin Zhao et al. (2020) In SI of Zhao et al. (2020)
(Core ZB13-C2) (Eastern Tibetan Plateau)
Bogota Basin AP % Paleolake at Basin of Bogota Torres et al. (2013) Data provided by authors
(Funza09) (Colombia)
Lake El’gygytgyn Si/Ti Lake El’gygytgyn Melles et al. (2012) https://doi.org/10.1594/PANGAEA.783305
(ICDP 5011-1) (Siberia, NE Russia)
Lake Baikal BioSi % Lake Baikal Prokopenko et al. (2006) https://doi.org/10.25921/23kk-bz56
(Composite BDP-96) (Siberia, Russia)
Lake Ohrid Log Ca/K Lake Ohrid Sun et al. (2021) In SI of Sun et al. (2021)
(DEEP core 5045-1) (Balkan Peninsula)

5
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https://github.com/seonminahn/HMM-Stack
https://doi.org/10.5281/zenodo.15728047
https://doi.org/10.5281/zenodo.15728047
https://doi.org/10.5281/zenodo.15728047
https://doi.org/10.1594/PANGAEA.874752
https://doi.org/10.6084/m9.figshare.29877254.v1
https://doi.org/10.1594/PANGAEA.783305
https://doi.org/10.25921/23kk-bz56


References

Ahn, S., Khider, D., Lisiecki, L. E., and Lawrence, C. E.: A probabilistic Pliocene–Pleistocene stack of benthic δ18O using a profile hidden
Markov model, Dynamics and Statistics of the Climate System, 2, dzx002, https://doi.org/10.1093/climsys/dzx002, 2017.

Clark, P. U., Shakun, J. D., Rosenthal, Y., Köhler, P., and Bartlein, P. J.: Global and regional temperature change over the past 4.5 million
years, Science, 383, 884–890, https://doi.org/10.1126/science.adi1908, publisher: American Association for the Advancement of Science,10
2024.

Ding, Z. L., Derbyshire, E., Yang, S. L., Yu, Z. W., Xiong, S. F., and Liu, T. S.: Stacked 2.6-Ma grain size record from the Chinese loess based
on five sections and correlation with the deep-sea δ18O record, Paleoceanography, 17, 5–1–5–21, https://doi.org/10.1029/2001PA000725,
2002.

Donders, T., Panagiotopoulos, K., Koutsodendris, A., Bertini, A., Mercuri, A. M., Masi, A., Combourieu-Nebout, N., Joannin, S., Kouli,15
K., Kousis, I., Peyron, O., Torri, P., Florenzano, A., Francke, A., Wagner, B., and Sadori, L.: 1.36 million years of Mediterranean
forest refugium dynamics in response to glacial–interglacial cycle strength, Proceedings of the National Academy of Sciences, 118,
https://doi.org/10.1073/pnas.2026111118, publisher: Proceedings of the National Academy of Sciences, 2021.

Herbert, T. D., Peterson, L. C., Lawrence, K. T., and Liu, Z.: Tropical Ocean Temperatures Over the Past 3.5 Million Years, Science, 328,
1530–1534, https://doi.org/10.1126/science.1185435, 2010.20

Lisiecki, L. E. and Raymo, M. E.: A Pliocene-Pleistocene stack of 57 globally distributed benthic δ18O records, Paleoceanography, 20,
https://doi.org/10.1029/2004PA001071, 2005.

Melles, M., Brigham-Grette, J., Minyuk, P. S., Nowaczyk, N. R., Wennrich, V., DeConto, R. M., Anderson, P. M., Andreev, A. A., Coletti,
A., Cook, T. L., Haltia-Hovi, E., Kukkonen, M., Lozhkin, A. V., Rosén, P., Tarasov, P., Vogel, H., and Wagner, B.: 2.8 Million Years of
Arctic Climate Change from Lake El’gygytgyn, NE Russia, Science, 337, 315–320, https://doi.org/10.1126/science.1222135, publisher:25
American Association for the Advancement of Science, 2012.

Prokopenko, A. A., Hinnov, L. A., Williams, D. F., and Kuzmin, M. I.: Orbital forcing of continental climate during the Pleis-
tocene: a complete astronomically tuned climatic record from Lake Baikal, SE Siberia, Quaternary Science Reviews, 25, 3431–3457,
https://doi.org/10.1016/j.quascirev.2006.10.002, 2006.

Sun, Y., Yin, Q., Crucifix, M., Clemens, S. C., Araya-Melo, P., Liu, W., Qiang, X., Liu, Q., Zhao, H., Liang, L., Chen, H., Li, Y., Zhang, L.,30
Dong, G., Li, M., Zhou, W., Berger, A., and An, Z.: Diverse manifestations of the mid-Pleistocene climate transition, Nature Communi-
cations, 10, 352, https://doi.org/10.1038/s41467-018-08257-9, number: 1 Publisher: Nature Publishing Group, 2019.

Sun, Y., McManus, J. F., Clemens, S. C., Zhang, X., Vogel, H., Hodell, D. A., Guo, F., Wang, T., Liu, X., and An, Z.: Persistent orbital
influence on millennial climate variability through the Pleistocene, Nature Geoscience, 14, 812–818, https://doi.org/10.1038/s41561-021-
00794-1, number: 11 Publisher: Nature Publishing Group, 2021.35

Torres, V., Hooghiemstra, H., Lourens, L., and Tzedakis, P. C.: Astronomical tuning of long pollen records reveals the dynamic his-
tory of montane biomes and lake levels in the tropical high Andes during the Quaternary, Quaternary Science Reviews, 63, 59–72,
https://doi.org/10.1016/j.quascirev.2012.11.004, 2013.

Tzedakis, P. C., Hooghiemstra, H., and Pälike, H.: The last 1.35 million years at Tenaghi Philippon: revised chronostratigraphy and long-term
vegetation trends, Quaternary Science Reviews, 25, 3416–3430, https://doi.org/10.1016/j.quascirev.2006.09.002, 2006.40

Wang, H., Liu, W., Liu, Z., Qiang, X., Xu, X., Lei, J., Shi, Z., Cao, Y., Hu, J., Lu, F., Lu, H., Ma, X., Sun, Y., Jin, Z., Ao, H., Zhang, Z., Liu,
H., Hu, Y., Yan, H., Zhou, W., and An, Z.: Pleistocene terrestrial warming trend in East Asia linked to Antarctic ice sheets growth, Nature
Communications, 16, 8258, https://doi.org/10.1038/s41467-025-63331-3, publisher: Nature Publishing Group, 2025.

Zhao, Y., Tzedakis, P. C., Li, Q., Qin, F., Cui, Q., Liang, C., Birks, H. J. B., Liu, Y., Zhang, Z., Ge, J., Zhao, H., Felde, V. A., Deng, C.,
Cai, M., Li, H., Ren, W., Wei, H., Yang, H., Zhang, J., Yu, Z., and Guo, Z.: Evolution of vegetation and climate variability on the Tibetan45
Plateau over the past 1.74 million years, Science Advances, 6, eaay6193, https://doi.org/10.1126/sciadv.aay6193, publisher: American
Association for the Advancement of Science, 2020.

Zhao, Y., Liang, C., Cui, Q., Qin, F., Zheng, Z., Xiao, X., Ma, C., Felde, V. A., Liu, Y., Li, Q., Zhang, Z., Herzschuh, U., Xu, Q., Wei, H.,
Cai, M., Cao, X., Guo, Z., and Birks, H. J. B.: Temperature reconstructions for the last 1.74-Ma on the eastern Tibetan Plateau based on
a novel pollen-based quantitative method, Global and Planetary Change, 199, 103 433, https://doi.org/10.1016/j.gloplacha.2021.103433,50
2021.

Zhou, Y., Lisiecki, L. E., Meyers, S. R., Lee, T., and Lawrence, C.: Global and regional Pleistocene benthic δ18O stacks with a comparison
of different age modeling strategies, Geochronology, 8, 85–107, https://doi.org/10.5194/gchron-8-85-2026, 2026.

6

https://doi.org/10.1093/climsys/dzx002
https://doi.org/10.1126/science.adi1908
https://doi.org/10.1029/2001PA000725
https://doi.org/10.1073/pnas.2026111118
https://doi.org/10.1126/science.1185435
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1126/science.1222135
https://doi.org/10.1016/j.quascirev.2006.10.002
https://doi.org/10.1038/s41467-018-08257-9
https://doi.org/10.1038/s41561-021-00794-1
https://doi.org/10.1038/s41561-021-00794-1
https://doi.org/10.1038/s41561-021-00794-1
https://doi.org/10.1016/j.quascirev.2012.11.004
https://doi.org/10.1016/j.quascirev.2006.09.002
https://doi.org/10.1038/s41467-025-63331-3
https://doi.org/10.1126/sciadv.aay6193
https://doi.org/10.1016/j.gloplacha.2021.103433
https://doi.org/10.5194/gchron-8-85-2026

