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An Zhisheng™2*#*, Weijian Zhou'?3° Zeke Zhang'?*, Xu Zhang®”*, Zhonghui Liu®",
Youbin Sunt?3, Steven C. Clemens®, Lixin Wu>*°, Jiaju Zhao®?, Zhengguo Shi*2°, Xiaolin
Mal®, Hong Yan'2°, Gaojun Li* Yanjun Cai?, Jimin Yu>!, Yuchen Sun'?, Sigi Li®, Yu’ao
Zhang®, Christian Stepanek'?, Gerrit Lohmann®?, Guocheng Dong!, Hai Cheng? Yu Liu?,
Zhangdong Jin*?, Tao Li3, Yifei Hao?, Jing Lei'*, Wenju Cai>1%%

Affiliations:

IState Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment,
Chinese Academy of Sciences, Xi’an 710061, China.

?Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an 710049, China.

3Interdisciplinary Research Center of Earth Science Frontier, Beijing Normal University,
Beijing 100875, China.

“Department of Earth and Planetary Sciences, Nanjing University, Nanjing 210023, China.
°Laoshan Laboratory, Qingdao, 266000, China

°State Key Laboratory of Tibetan Plateau Earth System, Resources and Environment
(TPESRE), Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing
100101, China.

"British Antarctic Survey, Cambridge CB3 OET, UK
8Department of Earth Sciences, The University of Hong Kong, Hong Kong, China.

Department of Earth, Environmental and Planetary Sciences, Brown University, Providence,
R1 02912, USA.

9Key Laboratory of Physical Oceanography/Institute for Advanced Ocean Studies, Ocean
University of China, Qingdao 266100, China.

1Research School of Earth Sciences, Australian National University, Canberra, ACT 2601,
Australia.

2Alfred Wegener Institute Helmholtz Center for Polar and Marine Research, Bremerhaven
27570, Germany.

13Key Laboratory of Palaeobiology and Petroleum Stratigraphy, Nanjing Institute of Geology
and Palaeontology, Chinese Academy of Sciences, Nanjing 210008, China

14X i'an Institute for Innovative Earth Environment Research, Xi’an 710061, China.

°Centre for Southern Hemisphere Oceans Research (CSHOR), CSIRO Oceans and
Atmosphere, Hobart 7004, Australia.

*Corresponding author. Email: anzs@loess.llgg.ac.cn (A. Z. S.); xu.zhang@itpcas.ac.cn (X. Z.);

zhliu@hku.hk (Z. L.)


mailto:xu.zhang@itpcas.ac.cn

10

15

Submitted Manuscript: Confidential
Template revised February 2021

Abstract:

Despite extensive investigation, the nature and causes of the Mid-Pleistocene Transition remain
enigmatic. Here we assess its linkage to asynchronous development of bi-polar ice sheets by
synthesizing Pleistocene mid- to high-latitude proxy records linked to hemispheric ice sheet
evolution. Our results indicate substantial growth of the Antarctic Ice Sheets at 2.0-1.25 Ma,
preceding the rapid expansion of Northern Hemisphere ice sheets after ~1.25 Ma. Proxy-model
comparisons suggest that Antarctic ice sheet and associated Southern Ocean sea-ice expansion can
induce northern high-latitude cooling and enhanced moisture transport to the Northern
Hemisphere, thus triggering the mid-Pleistocene climate transition. The dynamical processes
involved are crucial for assessing modern global warming that is already inducing asynchronous

bi-polar melting of ice sheets.

One-Sentence Summary: Early Antarctic ice sheet and associated Southern Ocean sea-ice

expansion triggered the mid-Pleistocene climate transition.
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Main Text:

The formation and evolution of bi-polar ice sheets not only played critical roles in driving
global climatic changes during the Cenozoic but are also important for projecting future climate
change. Cenozoic global climate has been characterized by asynchronous development of ice
sheets, from the unipolar glaciation of Antarctica to bi-polar glaciation (1). The Antarctic Ice
Sheets (AIS) predominated during the early Oligocene to late Pliocene, after which the Northern
Hemisphere Ice Sheets (NHIS) evolved, ultimately driving large-amplitude glacial-interglacial
fluctuations of the Pleistocene (1, 2). The Mid-Pleistocene Transition (MPT) is characterized by a
shift from symmetrical 41-kyr climatic cycles before ~1.25 Ma to asymmetrical ~100-kyr cycles
afterwards (2, 3). In the absence of any appreciable trends in astronomical forcing over this period,
the origin of the ~100-kyr ice age cycles is largely attributed to feedbacks and internal changes in
the Earth’s climate system. Proposed mechanisms include Northern Hemisphere (NH) bedrock
and regolith erosion beneath the ice sheets (3), gradual atmospheric CO. decline (4), AIS
expansion from terrestrial to marine margin-based ice sheets (5), and deep ocean circulation
reorganization (6). These hypotheses cover most of the possible internal and external factors and
have significantly improved our understanding of the MPT. However, asynchronous development
of bi-polar ice sheets has not yet been explored as a potential driver as there is currently no direct
evidence to differentiate hemispheric contributions to ice-sheet growth from the geologic record.
Here we integrate Pleistocene climate records closely associated with hemispheric ice-sheet
evolution, and reconstruct hemispheric ice volume changes using mid-latitude sea surface
temperature (SST) records. Supported by model simulations, we propose that from ~2 to 1.25 Ma
AIS growth and associated climate feedbacks altered cross-equatorial meridional transport of heat
and moisture to the NH, promoting the MPT.

Synthesized Pleistocene climate records

We use mid-latitude SSTs to perform a semi-quantitative reconstruction of hemispheric ice
volume changes (Materials and Methods). Ice rafted debris (IRD), dust iron flux, cosmogenic-
nuclide exposure ages, and grain size-based reconstructions of the westerlies are also integrated to
reflect Pleistocene hemispheric ice-sheet development and its impacts (fig. S1, Fig. 1). Southern
Ocean SST, Antarctic air temperature, and modeled AIS changes are strongly coupled (7, 8).
Expansion of the terrestrial cryosphere, increasing surface albedo, sea-ice expansion and
increasing dust flux, drive ~65% of global SST decline and substantial high-latitude SST cooling
(by >8°C) during glacial stages (9). Hence, mid- to high-latitude (>40°N/S) SST sensitively
responds to ice-sheet changes (10) and thus can be used to reconstruct hemispheric ice sheet
evolution.

We utilize alkenone-based SST records from mid-latitude oceans to generate Pleistocene
SST reconstructions separately for each hemisphere. These are verified by shorter stacks over the
last 500 kyr that are based on more available SST records (Materials and Methods, Supplementary
Text, fig. S2, table S1). The two Pleistocene stacks are interpreted as reliable indicators of
hemispheric ice-sheet development (Fig. 1B, 1H). The Southern Hemisphere (SH) SST stack
indicates a long-term cooling from ~2.0 to 1.25 Ma (Fig. 1B), indicative of AIS growth. This is
substantiated by decreased IRD from ~2.0-1.6 Ma to 1.6-1.25 Ma at ODP 1101 in the Antarctic
polar region (11) (Fig. 1C, fig. S3), reflecting reduced presence of “dirty” icebergs and thus
increased marine-based AIS and extended sea ice from ~2.0 Ma onwards (12-14). In the subpolar
region, IRD showed amplification from the beginning of the record (~1.65 Ma) and increased
substantially at ~1.25 Ma (15) (Fig. 1C, fig. S3), indicating further sea-ice expansion from high-
to mid-latitude ocean around the MPT. Dust iron flux to the South Atlantic also increased greatly
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during glacial stages at 1.6-1.25 Ma (16) (Fig. 1D, fig. S3E). Off west Australia, the trend of
precipitation (as evidenced by a Ti/Ca record) indicates enhanced continental aridification at 2.0—
1.25 Ma (17) (Fig. 1E). Finally, at Roberts Massif, East AlIS, cosmogenic-nuclide exposure-ages
show high frequency of occurrences at 1.7-1.0 Ma (18) (Fig. 1F), corroborated by thick ice sheets
and enhanced glacial activity found in other Antarctic regions (Supplementary Text). These
multiple, independent lines of evidence indicate substantial AIS growth, sea-ice expansion, and
associated impacts from 2.0 to 1.25 Ma, which is at a time well before the MPT.

By contrast, the NH SST stack shows remarkable glacial cooling during ~1.25-0.7 Ma
(Fig. 1H), indicative of the delayed NHIS growth compared to the AlS. In the North Atlantic, IRD
events deduced from a bulk carbonate 520 record from IODP U1308 started to increase at ~ 1.3
Ma (19) (Fig. 1I). Dust deposition (20) amplified substantially after ~1.3 Ma (Fig. 1J, fig. S4).
Inorganic carbon isotopes (5'3C) from inland Asia (Lop Nur; Fig. 1L) and loess grain size from
the Kunlun Mountains show continued continental aridification and enhanced westerlies
circulation at 1.25-0.7 Ma (21, 22), both linked to the NHIS growth during the MPT. As winter
monsoon intensity is strongly associated with the NHIS through the Siberian High (23), the thick,
coarse loess layer (LisLL1) at the classic Luochuan profile on the Chinese Loess Plateau is
regarded as a marker layer for the MPT initiation on land (Supplementary Text, fig. S5, C-G).
Coarsened mean grain size in loess layers (Fig. 1K) suggests an expanded glacial NHIS since
~1.25 Ma (24). Combined, these multiple NH and SH proxies reveal substantial AIS growth at
2.0-1.25 Ma, preceding the rapid growth of the NHIS after ~1.25 Ma (Fig. 1). At ~1.25 Ma,
wavelet spectra of the benthic marine 5'80 stack, of NH and SH SST stacks, of loess grain size,
and of Southern Ocean iron flux all indicate the shift of dominant periodicity from 41 kyr to ~100
kyr (fig. S5A).

Reconstructed bi-polar ice sheets

Utilizing our SST stacks and existing ice-sheet records, we established a transfer function
between SST and ice volume separately for each hemisphere (Materials and Methods, fig. S6, table
S2). A recent stack of extratropical SST for the two hemispheres (25) shares great similarity with
our hemispheric SST stacks. Both extratropical and our hemispheric SST stacks indicate that
cooling of the SH prior to the MPT preceded that of the NH (fig. S7), thus substantiating the critical
feature of asynchronous hemispheric cooling reported here. The sum of reconstructed hemispheric
ice volume shows strong consistency with both the global ice volume derived from the benthic
5180 stack (2) and model simulations (26) (R2 = 0.62, 0.60) (Fig. 2C). In general, our estimated
global ice volume is slightly lower before ~1.25 Ma than the latter two (Fig. 2C). The transformed
SST stacks are thus interpreted as reflecting independent evolution of the NH and SH ice sheets
(Fig. 2, fig. S8B, S8D). Consideration of chronology uncertainty (+ 0.5 kyr and + 2.5 kyr) in the
SST stacks (Materials and Methods) does not impact the overall structure of estimated global and
hemispheric ice volume (fig. S8, S9). However, applying a larger age uncertainty (£ 2.5 kyr) could
reduce the estimates of glacial ice volume before ~1.25 Ma unproportionally (fig. S9), also noted
in the recent SST stacking (25).

Our reconstruction of hemispheric ice volume, strongly supported by the multiple lines of
independent evidence presented above (Fig. 1), indicates that SH glacial ice volume started to
increase from ~2.0 Ma. The estimated AlS increase at 2.0-1.25 Ma is ~9 m in equivalent sea level
(ESL) (Fig. 2A). By contrast, NH glacial ice volume did not change appreciably before the MPT
and started to increase around 1.25 Ma. At 1.25-0.7 Ma, the NH glacial ice volume increased by
~43 m ESL, and afterwards remained at a high level (95 £27 m) (Fig. 2A). Reconstructed SH
glacial ice volume was predominant before ~1.25 Ma, while NH glacial ice volume gradually
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became dominant thereafter (Fig. 2B). Furthermore, from ~1.25 Ma onwards, both NHIS and AIS
varied in concert for most glacial periods (fig. S8E), perhaps related to the transformation from
terrestrial to marine margin-based AIS at the time (5). Although marine-based AIS was proposed
to have developed during 3-2 Ma, inferred from a recent reconstruction with greater ice volume
change at the time (27) (Materials and Methods), the dynamical AIS prior to the MPT, as indicated
by presence of “dirty” icebergs (12-14), would suggest a limited extent of marine ice-shelves.

Mechanism for MPT initiation

Since orbital parameters (Fig. 3A, 3B) are unlikely to be the direct driver for the MPT
initiation (3), long-term atmospheric CO> decline has been considered as one of the main drivers
(4). However, a compilation of Pleistocene CO: records reveals a decrease in CO2 concentration
at ~2.3-2.0 Ma, followed by a relatively stable level at ~2.0-0.9 Ma and a decline thereafter (Fig.
3C, Supplementary Text). Hence, although low CO> could have promoted ice-sheet growth (4),
available CO; data, limited by data resolution and proxy uncertainty, do not provide sufficient
evidence for this direct dynamical link to the MPT initiation.

Here we hypothesize that long-term AIS growth and its associated feedbacks are a
potentially important precursor to, or even a direct trigger of, the MPT. That is, AIS growth before
the MPT (Fig. 3D) and the associated sea-ice expansion from southern high latitudes toward mid-
latitudes (Figs. 1C, 3E, 3F, fig. S10B) might have reduced global temperature and altered
atmosphere/ocean circulation, inducing temperature and moisture conditions favorable for the
NHIS growth (Fig. 3J) and hence the MPT initiation. AIS growth during the early to mid-
Pleistocene can be decomposed in contributions of area expansion and elevation increase (e.g., (5,
28)). To evaluate their individual and synergistic impacts on global climate, we apply the fully
coupled ocean — atmosphere — land-surface and vegetation model COSMOS (Materials and
Methods, Fig. 4, figs. S11, S12, table S3). In our sensitivity experiments we consider AlS area,
AIS height and a superposition of AIS area and height under both interglacial and glacial
atmospheric COz levels (280 ppm and 220 ppm from “Blue Ice” (29), Fig. 3C). Intercomparison
amongst all the AIS experiments shows that those including AIS area expansion are more
consistent with multiple proxy records (Fig. 3E, 3F, 3l, fig. S10), which are characterized by sea-
ice expansion in both Southern Ocean and northern high latitudes (Fig. 4A, 4E, fig. S12) and
weakened Atlantic Meridional Overturning Circulation (AMOC) (Fig. 4D, 4H). Furthermore, the
substantial temperature decrease in NHIS nucleation regions is in line with the ice-albedo feedback
on the global energy balance and the weakened AMOC (Fig. 4B, 4F). Of particular importance is
that these responses were strengthened substantially as atmospheric CO2 decreased from 280 to
220 ppm (Fig. 4), indicating the existence of internal feedbacks amplifying the impacts of AIS
growth on NHIS development.

Southern Ocean sea-ice variability on sub-orbital, orbital, and longer timescales is coupled
with AIS growth (15, 30, 31). Sea-ice cover is, per se, sensitive to changes in regional temperature
and wind fields that are themselves controlled by the AIS (15, 32) and by atmospheric CO; levels
(33). Formation and export of Southern Ocean sea ice are of crucial importance for dense Antarctic
Bottom Water formation and hence for the development of stratified glacial deep oceans and
associated carbon sequestration during glaciations (34-37). Together with findings from proxy
records, we suggest that the AlS-induced equatorward expansion of sea-ice cover in the Southern
Ocean (Figs. 1C, 3E, 3F) is the key to linking long-term AIS growth to NHIS development. To
confirm this, we further conducted three Southern Ocean sea-ice sensitivity experiments by
expanding the Southern Ocean sea-ice margin equatorward by ~3° under the mid-Pliocene (38),
pre-industrial and Last Glacial Maximum (36) boundary conditions, respectively (Materials and
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Methods, table S3). The results are consistent with the climatic impacts caused by the AIS
expansion (Fig. 4), and also show amplified cooling amplitudes under the relatively cold climate
of the Last Glacial Maximum (fig. S13). Overall, our model results suggest that long-term AIS
growth and associated climate feedbacks (e.g., sea-ice expansion, fig. S13) from ~2.0 to 1.25 Ma
would induce global cooling, creating the colder preconditions favorable for NHIS growth during
glacial stages (Fig. 4), and setting the stage for amplified NHIS ice volume thereafter.

Sea-ice expansion surrounding Antarctica would cool the Southern Ocean with an effect
to increase meridional pressure gradients in the SH. This would result in an equatorward shift of
austral westerlies and Hadley circulation, and enhanced cross-equatorial flow (39-43). At 2.0-1.25
Ma, substantial strengthening of the Asian summer monsoon, indicated by our new loess
microcodium §*80 record (Fig. 3H, fig. S14, Materials and Methods, Supplementary Text), is
likely linked to the cross-equatorial pressure gradient changes that are caused by the NH-SH SST
gradient (Fig. 3G) and supported by modeling results (Fig. 4C, 4G, fig. S13). Hence, southern
high-latitude cooling can drive a northward migration of the Intertropical Convergence Zone (39),
leading to a relative increase in moisture content in the NH as compared to the SH (fig. S13). This
effect, aided by the enhanced storm activity caused by the strengthened low- to high-latitude
temperature gradient (44) (Fig. 4), might have promoted northward moisture transport from the
North Pacific and the North Atlantic to NHIS nucleation regions. As cold conditions tend to
suppress atmospheric moisture content (fig. S13), the impacts of moisture transport may have been
more effective during glacial inceptions but diminished towards the coldest glacial maxima.

In summary, our reconstructions show the asynchronous evolution of Pleistocene
hemispheric ice sheets characterized by substantial AIS growth from ~2.0 to 1.25 Ma, while rapid
NHIS growth only commenced thereafter. We postulate that the MPT initiation was triggered by
AIS expansion, when its cumulative effects reached a critical threshold at ~1.25 Ma. Our results
suggest that AIS and associated sea-ice expansion changed atmospheric and oceanic circulation,
inducing global cooling and increased moisture transport to northern high latitudes, which likely
promoted NHIS growth at ~1.25 Ma, an important time marker for the MPT onset; the relatively
low eccentricity at ~1.25 Ma also provided a favorable condition for the accumulation of
continental ice sheets. Together with the transformation from terrestrial to marine margin-based
AIS, substantial ice-sheet growth in the two hemispheres would have been sustained at the
relatively low summer insolation maximum and provided a prerequisite for the occurrence of
~100-kyr ice age cycles (5). Our proxy-model comparison suggests that asynchronous
development of hemispheric ice sheets is indispensable for understanding global climate change.
Accordingly, with the accelerated, asynchronous melting of modern bi-polar ice sheets, enhanced
perturbations within the climate system could be anticipated in the near future. These effects
warrant consideration towards improving climate projections and our understanding of regional to
global impacts of anthropogenic climate change.
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Figure legends
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Fig. 1. Geological evidence for asynchronous development of hemispheric ice sheets. (A, G)
Global 50 stack (2). (B, H) Southern Hemisphere (SH) and Northern Hemisphere (NH) mid-
latitude SST stacks with consideration of £0.5 kyr age error. (C) Ice rafted debris (IRD) records
from Agulhas Plateau (AP) and ODP 1101 (11, 14), inferred increased Antarcitc Ice Sheet (AIS)
and sea ice plotted downward. (D) Fe mass accumulation rate (MAR) from ODP 1090 (15). (E)
Ti/Ca record off Australia (16). (F) Histogram of exposure ages at Roberts Massif (17). (1) Bulk
carbonate 820 record from IODP U1308 (18). (J) Dust record from IODP 1313 (19). (K) Loess
grain size at Luochuan (23). (L) Carbonate $*3C at Lop Nur (20). Thick lines show 100-kyr running
averages (600-kyr average in F). Purple shading indicates the period of rapid ice sheet growth in
each hemisphere. Gray shadings show the SST stack uncertainty (2c) in B and H. More extensive
IRD and dust records from the Southern Ocean and the North Atlantic Ocean shown in fig. S3 and
fig. S4 respectively. Site location information in fig. S1.
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Fig. 2. SST-derived Pleistocene hemispheric ice-sheet development. (A) Southern Hemisphere
(SH) (light blue) and Northern Hemisphere (NH) (dark blue) ice-sheet development (in units of
ESL). (B) The ratios of NH and SH glacial ice volume. (C) Reconstructed global ice volume as
inferred from SST stacks (blue), the global benthic 5180 stack (2) (black), and model simulations
(24) (yellow). Our estimate of hemispheric and global ice volume with an age error of + 0.5 kyr in
SST records is presented here (estimates with other age errors in fig. S9). Thick lines in A denote
100-kyr running averages. Shadings in A and C denote uncertainty (1o).
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Fig. 3. Asynchronous development of hemispheric ice sheets/sea ice triggering the MPT. (A)
Obliquity. (B) Eccentricity. (C) Atmospheric CO> (red dots: interglacials; blue dots: glacials;
purple lines and open squares: ice core CO2, Supplementary Text). (D) Reconstructed Southern
Hemisphere (SH) ice volume; (E, F) Southern Ocean ice rafted debris (IRD) (11) and %Cs7:4 (Sea-
ice proxy) (26) records. (G) Difference between the Northern Hemisphere (NH) and SH SST
stacks after 100-kyr smoothing. (H) Loess microcodium 8*0 record. (1) North Pacific %Cs7.4
record (26). (J) Reconstructed NH ice volume. Grey shadings denote uncertainty (1c) in D and J.
Thick lines are 100-kyr running average in D-J (600-kyr average in C). Purple and blue shadings
indicate periods of substantial ice-sheet growth in the SH and NH, respectively.
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Fig. 4 | Global climatic responses to Antarctic Ice Sheet expansion under interglacial and
glacial CO; levels. (A) Annual mean sea ice cover (shading; %) and transport (vector; m?/s), (B)
surface air temperature (°C), (C) precipitation (mm/month) and (D) Atlantic meridional
overturning circulation (AMOC, Sv), all under interglacial CO; level (280 ppm). E, F, G and H
are the same as A, B, C, and D, respectively, but under glacial CO: level (220 ppm).
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