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The East Asian monsoon is one of Earth’s most significant climatic
phenomena, and numerous paleoclimate archives have revealed
that it exhibits variations on orbital and suborbital time scales.
Quantitative constraints on the climate changes associated with
these past variations are limited, yet are needed to constrain sensi-
tivity of the region to changes in greenhouse gas levels. Here, we
show central China is a region that experienced a much larger tem-
perature change since the Last Glacial Maximum than typically sim-
ulated by climate models. We applied clumped isotope thermometry
to carbonates from the central Chinese Loess Plateau to reconstruct
temperature and water isotope shifts from the Last Glacial Maxi-
mum to present. We find a summertime temperature change of
6-7 °C that is reproduced by climate model simulations presented
here. Proxy data reveal evidence for a shift to lighter isotopic com-
position of meteoric waters in glacial times, which is also captured
by our model. Analysis of model outputs suggests that glacial cool-
ing over continental China is significantly amplified by the influence
of stationary waves, which, in turn, are enhanced by continental ice
sheets. These results not only support high regional climate sensi-
tivity in Central China but highlight the fundamental role of plane-
tary-scale atmospheric dynamics in the sensitivity of regional
climates to continental glaciation, changing greenhouse gas levels,
and insolation.

wide range of archives, including speleothem, marine, lake,

Himalayan glacier ice core, and loess sediment records, have
shown that monsoons exhibit significant variations on orbital and
suborbital time scales (e.g., refs. 1-11). Perhaps most compelling
are precisely dated speleothem records that show glacial-interglacial
fluctuations in carbonate '*0/*°O ratios (8'%0) of up to 6%o and
can also resolve abrupt responses that are coherent with those
recorded in Greenland ice cores, indicating a close coupling of
changes in the East Asian Monsoon and the climate of the North
Atlantic (1-3). Although speleothem and other monsoonal proxy
records show a striking concordance, it is not precisely clear to what
extent these archives quantitatively reflect changes in temperature
or other processes. In carbonate 5'%0 records, for example, there
are possible contributions of temperature, precipitation at the site
or along air mass trajectories, an altered balance between winter
and summer monsoon intensity, changing frontal systems and water
vapor sources, humidity effects, and kinetic isotope fractionations
(1, 12-15). Therefore, quantitative constraints on terrestrial climate
changes from thermodynamically based proxies are limited, yet are
crucial for constraining the sensitivity of this region and others to
future climate forcing (16, 17).

Here, we provide direct quantitative determinations of changes
in temperature and water 5'%0 from the Last Glacial Maximum
(LGM) to the present using a recently developed proxy and ex-
amine the mechanisms that may be responsible for these changes
with a series of general circulation models (GCMs) with both
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standard and high resolution. We utilize clumped isotope ther-
mometry to estimate temperatures and precipitation 5'°0, an
approach that is based on the thermodynamic preference of >C
and '80 to bond to each other or “clump” in a carbonate mineral
(18, 19). *C-'80 bonding is related to temperature but not to the
bulk isotopic composition of the fluid from which a mineral pre-
cipitates (18, 19). In practice, the parameter that is measured is the
Ay7 value of CO, gas liberated on phosphoric acid digestion of
carbonate minerals, a measure of '>C-'"*0 bond excess in a sample
relative to what should be present if isotopes were stochastically
distributed (SI Appendix). Because carbonate §'%0 is also mea-
sured as part of the clumped isotope analysis, we are able to cal-
culate the 8'%0 of the water from which the carbonate grew and
deconvolve changes in meteoric water 8'°0.

Results and Discussion

We analyzed calcitic soil nodules and aragonitic shells of Cathaica sp.
(SI Appendix, Fig. S2) recovered from both modern and LGM
strata (L1.LL1) from the Chinese Loess Plateau at Puxian in Shanxi
Province (36.421° N, 111.147° E, 1,148-m elevation; SI Appendix).
We report clumped isotope measurements on 32 modern, and 37
LGM gastropod specimens and nine glacial soil nodules, as well as
a small number of analyses on modern/recent soil carbonate to
complement the study of modern soil carbonates by Passey et al.
(20). The large number of gastropod specimens we have analyzed is
important to establishing glacial-interglacial changes because
Cathaica sp. are short-lived; thus, each individual may present
a selectively biased sample of seasonally varying climate. There-
fore, these data must be averaged over many individuals to arrive
at a meaningful population average. On the other hand, because
individual gastropods sample climate over a much shorter time
scale than large nodular soil carbonates, variability in this dataset
may shed light on seasonal and other short-time-scale climatic
variations (SI Appendix, Figs. S6 and S7 and Tables S1-S3).
Pedogenic carbonates are generally thought to form pre-
dominantly in the warm summer months (SI Appendix), and both
a recent calibration study (20) and our own data show that soil
carbonate A47-temperatures correlate well with warm-month av-
erage temperatures (SI Appendix, Fig. S4). Average A4s-derived
temperatures from modern gastropod specimens from Puxian
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(Table 1 and SI Appendix, Figs. S6 and S7) correlate with warm-
month average daily high temperatures, which are also the wettest
and most humid months (S Appendix, Fig. S5) and presumably re-
flect the predominant season of growth for Cathaica sp. (SI Appen-
dix). In-depth calibration studies of *C-'*0 bonding in biologically
precipitated carbonates and carbonate-containing minerals, in-
cluding foraminifera, coccoliths, teeth, terrestrial gastropods, and
some corals, have shown that at least in some materials that show
nonequilibrium “vital” effects in 8'%0 of up to 4%o, measured A4,
values are indistinguishable from inorganic calcite (21-24). No sig-
nificant differences between calcite and aragonite formed at the
same temperature were observed (21, 23). In a calibration study of
terrestrial gastropod shells, Zaarur et al. (24) find that A4; values
from diverse taxa and localities do not conform to a universal re-
lationship with temperatures during presumed gastropod activity
seasons. However, in a subset of their data from localities with cli-
mates most similar to monsoonal regions (i.e., warm, wet summers),
their data do show correlation with summertime temperatures, with
gastropod Ay;-derived calcification temperatures most similar to
average summertime high temperatures (SI Appendix, Fig. S6),
a similar observation to our data from Puxian and indicating an af-
finity of warm temperature for optimum growth (a description of
proxy systematics is provided in SI Appendix).

We find that average temperatures from glacial soil nodules and
gastropods were ~6—7 °C cooler than modern temperatures (Table 1
and SI Appendix, Table S1); therefore, the amplitude of winter-
time temperature change (and mean annual temperature change)
is likely to be even greater. It seems reasonable to suppose that in
the case of gastropods, the temperature difference is a contrast
between summer highs. It is possible that a change in timing of

precipitation could have contributed to a shift in the seasonality of
gastropod growth; however, we consider this unlikely due to the
apparent affinity to warm temperatures for optimum growth of
Cathaica sp. Ultimately, the broad agreement between the temper-
ature change indicated by soil carbonates (taken to indicate warm-
month mean temperatures) and that indicated by gastropods, which
are within 1 SE of each other, lends confidence to our conclusions.

We note that the summertime temperature changes we re-
construct are consistent with constraints on the elevation of the July
freezing line in central and north China from snowline depressions,
which exhibit large shifts from the LGM to the present, although
these indicators are also influenced by changes in atmospheric
processes (25, 26). Empirical proxies, including pollen and phyto-
lith assemblages, permafrost extents, and lipid distributions, have
suggested that temperature changes from the LGM to the present
in central China yield variable results ranging from as little as 4 °C
to as much as 13 °C (25, 27-30), and often have an uncertain sea-
sonal bias. The importance of the clumped isotope data we present
is that it provides a direct thermodynamically based estimate that
can be relatively confidently assigned to a change in summertime
temperatures. Our measurements are also important in that they
permit us to deconvolve temperature and changes in the 5'0 of
meteoric water with confidence using stable isotopic equilibria and
based on measurements of a single material. The large degree of
midlatitude continental cooling we reconstruct is consistent with
evidence for significant cooling in the tropics from snowline
reconstructions and foraminiferal Mg/Ca ratios at the LGM (31,
32) associated with reduced greenhouse gases and increased snow
and ice cover, in light of evidence that cooling may have been

Table 1. Modern climatological data and proxy based reconstructions of past climate

Climate parameter Value
Modern warm month (JJA) climatological data
Monthly average* 23.3°C
Monthly average daily high* 28.8 °C
GNIP station® water isotopes in precipitation (V-SMOW) —7.1%0
Pedogenic carbonate-derived temperature and §'0
LGM temperature (soil carbonate A;-derived)? 17.8 + 2.0 °C
LGM soil carbonate formation water §'20 (ice-vol. corr.)$ —9.1 + 0.5%0
AT (LGM-GNIP station)? -5.5+2.0°C
A8'80 (soil carbonate-GNIP station water §'20; V-SMoOw)/l —2.0 + 0.5%0
Terrestrial gastropod calcification temperature and 50
Modern temperature (A4;-derived) 31.2 +1.5°C
LGM temperature (A47-derived) 24.2 + 1.9 °C
Modern body water 5'%0 (V-SMOW) —0.5%0

Glacial body water §'80 (ice-vol. corr.; V-SMOW) —5.5%0
AT (LGM-modern) —7.0+2.4°C
A8'80 meteoric water (LGM-modern; V-SMOW)** —5.2 + 0.5%0

Values with a + symbol indicate two SE values derived from the error in stable isotope determinations or the
propagated uncertainty when comparing two values with errors. JJA, June, July, August; V-SMOW, Vienna
standard mean ocean water.

*Data compiled for the years 2007-2010 from the nearby climate station at Yan An, Shaanxi province (36.6° N,
109.5° E, 959-m elevation); details are provided in S/ Appendix.

"Data from the nearby Taiyuan Global Network for Isotope Precipitation (GNIP) station (37.8° N, 112.6° E, 778-m
elevation), which has the most similar altitude to Puxian of the GNIP sites in closest proximity to our study site (S/
Appendix, Table S8).

*A47-Derived temperatures are determined from the stable isotope data given in S/ Appendix, Tables $1-53.
SCalculated using the A,s-derived temperature and soil carbonate §'®0 and corrected by 1.2%. for LGM ice
volume change.

YError calculated using a 0.5 °C uncertainty in modern climatological data and the error in the LGM A,; tem-
perature determination.

IError is the propagated error of temperature and 5'20 determinations (S/ Appendix).

"*Calculated using an isotope flux model of gastropod body water and assuming constant humidity in gastropod
microenvironment; details are provided in S/ Appendix.
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Northern hemisphere climates simulated using the LMDZ4 model. Summer (June, July, August) surface temperatures (colors) and midlevel winds

(arrows; at 500 hPa) determined from LMDZ4 simulations of the LGM show not only general cooling of the high-latitude Northern Hemisphere (Upper Left)
but regional enhancements or reductions in cooling of midlatitudes due to the presence of stationary waves (Lower Right, schematic), as indicated in the
anomalies in these fields (Lower Left; white regions are simulated to have more than 20 °C cooling) relative to a present-day LMDZ4 simulation (Upper Right).
Northwesterly winds at Puxian (marked with a cross) associated with the stationary wave pattern in the LGM simulation enhance the simulated cooling by
~30% relative to a simulation with the stationary waves suppressed (by removing the continental ice sheets; S/ Appendix, Fig. S9). The winds associated with
the stationary wave pattern also are responsible for a simulated light water isotope signal at Puxian, as observed (Fig. 3). Color bars represent either tem-
perature (degrees Kelvin) or temperature change. (Lower Left) White boxes indicate ranges of averaging for our diagnostics in Fig. 2.

generally amplified on a global basis at higher latitudes in terrestrial
settings (33).

Most GCMs that were used in the Paleoclimate Modeling Inter-
comparison Project, Phase 2 (PMIP2) study typically show ~2-3 °C
of summer cooling at Puxian (Figs. 1 and 2 and SI Appendix, Table
S5) and similar or slightly larger changes in annual temperatures
(i.e., reflecting greater change in winter temperatures). We suggest
that a significant factor in the systematic underestimations of tem-
perature changes in the region by most climate models between
most of the GCMs and our proxy data stems from the inability of
some models to simulate the stationary wave response to conti-
nental ice sheets. Puxian is located in a region with a strong gradient
in the stationary wave temperature response (Fig. 1), and is thus is
well placed to distinguish among models. Only two PMIP2 models
simulated a temperature change that approached our proxy data
(Fig. 2), and these models both exhibit a much more pronounced
and southward-shifted cyclonic circulation at the LGM in northern
Asia that is responsible for the advection of cool air from the
north toward the Loess Plateau (SI Appendix, Fig. S3). We also
present a unique set of low- and high-resolution simulations (S
Appendix) with the Laboratoire de Météorologie Dynamique-
Zoom 4 (LMDZA4) model, which both show a strong stationary
wave response. These models simulate temperatures that were
8.8 °C and 6.7 °C cooler at the LGM, respectively (Figs. 1 and 2).

Stationary waves are forced by land-sea contrast, topography, and
ice sheets, although the response depends significantly on model
zonal-mean winds. To identify the contribution of ice sheets, we ran
a series of LGM simulations with and without continental ice sheets
(Fig. 2 and SI Appendix, Fig. S9). Fig. 1 demonstrates the influence
of the ice sheets at the LGM on stationary waves, which are tightly
correlated with strong surface temperature gradients as required by
thermal wind balance. Southward deflections in the jet stream bring

Eagle et al.

cold air toward the equator, and vice versa, creating an alternating
enhanced/reduced cooling pattern in the temperature change be-
tween the LGM and the present (Fig. 1). North of the study site,
a counterclockwise circulating stationary pattern advects cold air
from the northwest, resulting in greater cooling. In our simulation
with the ice sheets removed, the LGM stationary wave pattern is not
enhanced relative to the present; as a result, the simulated cooling at
the study site is reduced. In this particular model simulation, the
response to continental ice sheets accounts for an ~30% enhance-
ment in the cooling simulated by our model at Puxian.

We also investigated changes in the isotopic composition of
meteoric waters since the LGM. Both soil carbonates and gas-
tropods support a shift toward lower values of the §'*0 of water
during the LGM compared with the present at Puxian; soil car-
bonates indicate a change of 2%o, and gastropods indicate a
change of 5%o. Whereas soil carbonates are likely to be a more
passive tracer of meteoric water compositions (34), evaporative
enrichment of gastropod body water likely leads to increases in
8'%0 relative to meteoric water (35) over the short lifespan of the
organism, similar to that observed in plants (details are provided in
SI Appendix). For our purposes, the crucial result is that we are
able to deconvolve the influence of temperature to calculate me-
teoric water composition changes since the LGM from a single
thermodynamically based measurement and, despite uncertainties
in proxy systematics, place reasonable constraints on its magni-
tude, allowing us to validate our climate model simulations.

Both our low-resolution and high-resolution simulations are
isotope-enabled; thus, they also allow us both to validate our
model output with our proxy data and to interrogate the driving
force of the water isotope signal. We hypothesized higher resolu-
tion might be required to simulate isotope signals faithfully in
regions with strong humidity gradients, as is the case in monsoonal
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Met Office Hadley Centre.

climates, because specific humidity is a quasiconserved tracer of
the atmospheric flow (unlike temperature, which is smoothed at
the deformation scale by the influence of gravity wave radiation).
The standard-resolution model simulates a 8'*0 change of —2%o,
whereas the high-resolution simulations produce a §'%0 change of
—3.6%o (after correcting for seawater change). Although both
models simulate lighter precipitation of 8'%0 during the LGM in
the region, and similar magnitude changes to what is inferred from
the proxy data, the global simulation with enhanced resolution over
Asia further indicates that fine-scale dynamic phenomena may be
essential in setting the isotope signal in the region (Fig. 3 and S
Appendix), and thus will be an important consideration when
comparing our data with published results from speleothems and
other archives from different sites in Asia. If the temperature
changes we reconstruct at Puxian can be extrapolated to speleo-
them sites, as our model output suggests may be the case (SI Ap-
pendix, Table S9), our data would call for a greater temperature
component to the speleothem records than commonly assumed
(e.g., ref. 1). For example, a temperature change of 7 °C would
translate into an ~1.75%o change in speleothem carbonate §'%0
from the LGM to the late Holocene. However, there are substantial
uncertainties in doing this; for example, the Dongge and Hulu
speleothem sites are located 5-11° south of Puxian, and it is possible
the LMDZ4 model may not completely capture gradients in tem-
perature that could exist between our site and the cave sites. Ad-
ditionally, our proxy temperature determinations are recording
warm-month temperatures in surface and shallow soil environ-
ments. Therefore, if the caves in which speleothems formed were

8816 | www.pnas.org/cgi/doi/10.1073/pnas.1213366110

buffered from temperature changes at the surface, or if speleo-
thems formed at different times of the year, the temperature
component of the speleothem record could be different from our
reconstruction. Clearly, important follow-up work to our study will
be to reconstruct gradients of temperature and water 8'30 in the
region using the clumped isotope approach.

Conclusions

Our data represent a robust estimate of LGM-recent temperature
changes for central China that is well placed to discriminate among
model simulations of the regional sensitivity pattern. The large
temperature changes we reconstruct are reproduced in our simu-
lations, which indicate significant cooling and lighter rainfall iso-
tope compositions across most of central Asia, and changes in
surface relative humidity over the Chinese Loess Plateau. This work
allows us to provide a robust estimate of LGM-recent temperature
changes for central China that is well placed to discriminate among
model simulations of the regional sensitivity pattern. The changes
in temperature patterns from the LGM to the present reflect the
far-field influence of North American and European ice sheets on
the stationary wave pattern in midlatitudes. Our results imply that
the regional climate in East Asia is more sensitive to continental
glaciation, insolation, and greenhouse gas forcing at the LGM than
most global climate models indicate.

Methods

Samples. Thirty-two modern terrestrial gastropod snail shells were collected
from the Chinese Loess Plateau at Puxian in Shanxi Province (S/ Appendix,
Figs. S1 and S2; 36.421° N, 111.147° E, 1,148 m). Modern snails were collected

Eagle et al.
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June, July, August water vapor oxygen isotope signal [Vienna standard mean ocean water (V-SMOW)] simulated in East Asia by the LMDZ4 model

(colors; 8'80 in per mil) and surface winds (arrows) under LGM forcing (Upper Left) indicate the presence of an '®0-depleted region to the northwest of
Puxian (marked with a cross) and a strong cross-gradient northwesterly surface flow transporting the depleted air to Puxian. The anomalies of these fields
(Upper Right) relative to a present-day simulation (Lower Left) highlight the enhanced northwesterly winds at Puxian associated with the large-scale sta-
tionary wave pattern described in Fig. 1. Latitude-pressure cross-sections of §'0 and winds averaged in longitude over the Puxian region (105-115° E
longitude; Lower Right) show the coincidence between northerly winds and a light isotope signal near the surface at Puxian (36.4° N latitude). This dynamic
feature indicates that the stationary wave over East Asia halts the northward advance of the East Asian Monsoon, keeping the Puxian region relatively cold

and dry in the LGM.

on the surface of the Loess Plateau. Individuals that recently died can be
identified by the colorful organic coating (banding) on the shells. Specimens
were identified as Cathaica sp., as shown in SI Appendix, Fig. S2, and have an
aragonitic mineralogy. Field observations show that snails are active only
during the rainy season. Thirty-seven shells and pedogenic soil carbonate
nodules from the same site were selected from loess stratigraphic unit L1.
LL1, which has been extensively described and is known to correspond to the
LGM (36, 37). Individual gastropod shells were first cleaned with a course-
grained paintbrush to remove large fragments of soil and/or organic ma-
terial. Shells were gently crushed to produce large fragments and then were
sonicated and washed 6 to 10 times in deionized water, a procedure that
produced very clean shell material free from any macroscopic contaminants.
Shell material was then dried at 50 °C overnight and crushed into a fine
powder with a pestle and mortar. A more detailed description of the sam-
ples and geological setting is provided in S/ Appendix.

A47 Measurements of Carbonates. Approximately 8- to 12-mg samples of cal-
cium carbonate were reacted for 20 min at 90 °C on an online common
phosphoric acid bath system described previously (20). CO, gas was immedi-
ately frozen by means of liquid nitrogen, after passing through a dry ice/
ethanol trap. Cryogenic purification of CO, was achieved using an automated
online vacuum line, as described previously (38). 8'3C, §'80, A4, and A4gin CO,
derived from the phosphoric acid digestion of carbonates were determined
using a Thermo Scientific MAT 253 gas-source mass spectrometer utilizing
published configuration and methods (20, 38). Because sample reactions
were carried out at 90 °C, rather than 25 °C as in the study by Ghosh et al.
(18), we applied the empirically derived acid digestion fractionation cor-
rection of 0.08%0 for A4; values reported by Passey et al. (20). The vast
majority of data presented here were collected before the proposition of
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the analysis of CO, equilibrated with water of known temperatures to
define an absolute reference frame for A4; measurements; thus, we present
data in both the reference frame defined by Ghosh et al. (18) and in the
absolute reference frame proposed by Dennis et al. (39) by using a transfer
function based on accepted standard values (S/ Appendix, Tables S1-S3). For
converting Ag4; values into calcification temperatures, we continued to use
the equation defined by Ghosh et al. (18): A4; = 0.0592 (10%-T72) — 0.02. A
more detailed description of analytical methods and calculations is pro-
vided in S/ Appendix.

Model Output and Analysis. The primary numerical simulations presented here
were with the LMDZ4 GCM, the atmospheric component of the coupled
model of the Institut Pierre-Simon Laplace (40)*. The LMDZ4 GCM has the
capability for both standard-resolution and high-resolution isotope-enabled
simulations. In the high-resolution LMDZ4 model, the grid can be stretched
in such a way so as to increase the resolution in a region of interest down to
a few tens of kilometers and to decrease the resolution everywhere else. The
LMDZ4 GCM can thus be used as a regional model. The major difference
from a regional model is that the simulations remain global, such that the
benefits of the high resolution on the large-scale circulation and the vapor
isotopic composition can feed back on the global simulation. Proxy data and
model outputs were also compared with GCMs from the PMIP2 database
(41). More detailed information on models and analysis is provided in
SI Appendix.

*Marti O, et al. (2005) The new IPSL climate system model. Tech Rep, IPSLCM4, IPSL.
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