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The Qin and Western Han dynasties (221 BCE to 24 CE) represent an era of societal
prosperity in China. However, due to a lack of high-resolution paleoclimate records it
is still unclear whether the agricultural boost documented for this period was associated
with more favorable climatic conditions. Here, multiparameter analysis of annually
resolved tree-ring records and process-based physiological modeling provide evidence
of stable and consistently humid climatic conditions during 270 to 77 BCE in northern
China. Precipitation in the Asian summer monsoon region during the Qin—Western
Han Dynasties was ~18 to 34% higher compared to present-day conditions. In shifting
agricultural and pastoral boundaries ~60 to 100 km northwestward, possibility up to
200 km at times, persistently wetter conditions arguably increased food production,
contributing to the socioeconomic prosperity around 2,200 y ago. A gradual wetting
trend in the western part of arid northwestern China since the 1980s resembles the his-
torical climate analogue, suggesting that similar benefits for regional environmental and
agricultural systems may reoccur under current climate change, at least in the near term.

climate variability | ancient dynasties | climate reconstruction | climate impacts |
Asian summer monsoon

Under recent global warming, precipitation patterns have changed across most of the
world (1, 2), and more pronounced changes are projected in the coming decades (3).
However, the amplitude (and, in some regions, even the direction) of projected changes
remain uncertain (4). While most global climate models project increased precipitation
at the northern fringe of the Asian summer monsoon (NASM), there is weak confidence
in the magnitude of the change due to discrepancies among individual models and between
model ensembles (CMIP5 versus CMIP6) (5), and because of a persistent northward bias
in the position of the boundary of the NASM in most CMIP6 models (6). Other
approaches are therefore needed to complement climate model projections and provide
a more complete understanding of hydroclimate change in the NASM region. One such
approach is to reconstruct and assess past hydroclimate conditions during historical warm
climatic periods using high-resolution proxy data (7, 8).

The Qin (221 to 207 BCE) and the following Western Han (206 BCE to 24 CE)
dynasties (hereafter referred to as the Qin—Western Han dynasties, 221 BCE to 24 CE)
experienced a climate that, at least during certain intervals, was as warm as or even slightly
warmer than that of the 1981 to 2010 CE period (9, 10). These dynasties were charac-
terized by economic well-being and a generally prosperous society, providing a backdrop
of favorable conditions for the first great “reunification” of China (Fig. 1). In many ways
this period in Chinese history has parallels to the early expansion phase of the Roman
Empire in the Mediterranean region (11). However, a lack of high-resolution proxy records
has hitherto made it difficult to constrain the historic hydroclimate variability of northern
China, leaving our understanding of the link between climate and societal prosperity
during the Qin—Western Han dynasties largely incomplete.

Regions at the northern fringe of the ASM (highlighted in Fig. 14) are particularly
sensitive to climate change (14-16) (S Appendix, Fig. S1). Variations in regional water
availability have historically strongly affected human well-being and social development,
e.g., the famine of 1876 to 78 CE contributed to ~23 million deaths in northern China
(17). Currently available hydroclimate reconstructions derived from tree-rings disagree on
the overall wetness or dryness of conditions during the Qin—Western Han dynasties (18-21).
Furthermore, these existing records originate from the highlands of western China, and
there is a pressing need for a reliable record from central China, closer to the capital at that
time and more conducive to understanding the relationship between hydroclimate change

PNAS 2025 Vol.122 No.1 2415294121

https://doi.org/10.1073/pnas.2415294121

Significance

It has remained unclear whether
the socioeconomic prosperity of
the Qin-Western Han dynasties
(221 BCE to 24 CE) in China was
linked to climate conditions
favoring agricultural productivity.
We demonstrate, using an
annually resolved precipitation
reconstruction for northern
China, that stable and
consistently humid climatic
conditions prevailed in northern
China during this period. The
annual total precipitation during
the Qin-Western Han dynasties
was ~18 to 34% higher than
during 1951 to 2015 CE. By
comparing the locations of
ancient cities with the
northwestern boundary of
modern rain-fed agriculture, we
provide strong evidence that
climate change had a major
impact on human society during
the Qin-Western Han dynasties
by enabling a northwestward
extension of agricultural activity.
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Fig. 1. The study region and sample materials. Location of living pine (the red tree symbol) sampling site, the capitals of the Qin Dynasty (Xianyang) and Western
Han Dynasty (Xi'an, named Chang'an at that time) (A) Other proxy sites are numbered 1 to 9, with metadata provided in S/ Appendix, Table S5. The black dashed
line marks the modern Asian summer monsoon (ASM) limit (modified from ref. 12); the arrows indicate the 700 hPa mean summer wind velocity (1951 to 2018
CE mean of NCEP/NCAR reanalysis); the light green region shows the farming-pastoral transition area with 1951 to 2018 annual precipitation between 300 and
450 mm. The inset map shows the sampling site of living Chinese pine in Jingyuan county (EDG, red tree), the archeological wood (AW) sampling site-Huangwan
tomb (HW, yellow dot), the Jingyuan meteorological station (JY, black star), and the scPDSI data grid points (blue plus signs). Maps of the territorial (yellow) and
approximate farmland (green, modified from ref. 13) extents during the Qin (B) and Western Han (C) dynasties. The red dashed line in (B) outlines the territory of
the Qin state (roughly 441 to 389 BCE). Photo (D) shows living pine at EDG; the status of the AW collected in this study is illustrated by photos (£ and F) exposed
and weathered or photo (G) used as a country road; photo (H) shows the environment surrounding the ancient tomb and the adjacent human residences.

and social progress. However, the lower temporal resolution and
age uncertainties of existing central China records (22-24) make
it difficult to draw convincing conclusions.

In this study, we use multiple parameters from absolutely dated
tree-ring records (S7 Appendix, Table S1) from central China to
better assess the extent and duration of wet and dry conditions.
These provide a sounder basis for discussing potential climate
impacts on societal development and economic well-being during
the Qin—Western Han dynasties. Furthermore, we consider recon-
structed climate conditions from the past as analogues with which
to evaluate possible regional effects of future climate change.

Results

More Favorable Tree Growth Conditions During the Qin-Western
Han Dynasties. Compared with the recent 1951 to 2015 CE and
1677 to 2015 CE periods, the newly developed ring-width series
during the Qin—Western Han dynasties (270 to 77 BCE) exhibit
significantly wider mean tree-ring width (TRW), significantly
higher first-order autocorrelation (AC1), and significantly lower SD
(Fig. 2 A—Cand SI Appendix, Table S2). The higher AC1 and lower
SD combine to yield a much-reduced mean sensitivity (Fig. 2D),
indicating less extreme environmental conditions during the tree
growth (25). Further analysis reveals that wider ring widths during
the Qin—Western Han period (+22 to 30%) are independent of tree

https://doi.org/10.1073/pnas.2415294121

age (SI Appendix, Fig. S5 and Table $3). The mean tree-ring 8'°C
and 8'°0 values during the Qin—Western Han dynasties were lower
than the mean of 1751 to 2015 (by 0.72%o for 8'°C and 1.06%0
for 8'®0) and even lower than the mean of the 1951 to 2015
instrumental period (by 0.85%o for 8'°C and 1.57%o for 8'°0,
respectively) (Fig. 3 and ST Appendix, Table S4). Such depleted 8"°C
and 8'%0 values are the result of wetter-than-present conditions.

The TRW and 8"°C 30-y running SD (Fig. 3A4), as well as dis-
tributions of both metrics (Fig. 3B) show clearly reduced temporal
variability for 270 to 77 BCE period compared with the recent
tree-ring data, indicating that the climate during the Qin—Western
Han dynasties was more stable compared to modern times (Fig. 3).
Reduced variability is not apparent in the 8'O chronology, but
this proxy is less strongly linked to local hydroclimate variability.
Taken together, these statistics suggest that the climate during the
Qin—Western Han dynasties was consistently stable and humid,
with lower year-to-year hydroclimatic variability, and thus was
more favorable for tree growth compared to recent periods (1751
to 2015 or 1951 to 2015 CE).

Modern Observations Link Tree-Ring Proxies to Hydroclimate.
The TRW and 8"°C series are strongly influenced by drought,
relative humidity, and precipitation during the calibration period
1951 to 2015 CE (Materials and Methods, SI Appendix, Figs. S6—

S7), and demonstrate significant spatial correlation across the
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Fig. 2. Increased growth rate and reduced growth variability of AW compared with modern living pines. Box plots, distribution curves, and individual tree statistics
(overlapping data points) for mean ring width (A), first-order autocorrelation coefficient (AC1, B), SD (C), and mean sensitivity (D) of the AW and living Chinese
pine (LP) data calculated over the corresponding credible periods (270 to 77 BCE and 1751 to 2015 CE). Box plots show the median (center line), mean (hollow
red dot and labels), and upper and lower quartiles (box boundaries). The vertical lines extend 1.5 times the interquartile range beyond the box boundaries.

northern fringe of the ASM (SI Appendix, Fig. S9 and S10).
Correlations between tree-ring 8'®O and local hydroclimate
indicators are weaker, but there is good agreement during recent
centuries (57 Apgendix, Tables S6 and S9 and, Figs. S15 and S16)
between the 8O timeseries and other tree-ring 8"%0 records
from monsoonal Asia that have been interpreted to represent
monsoon intensity (Fig. 14 and ST Appendix, Table S5 for detailed
information on each proxy). This good agreement in both high-
and low-frequency domains suggests that our §'°O record is a
useful indicator of regional variations in ASM intensity (26).

Quantitative Precipitation Reconstruction and Verification.
We reconstructed precipitation during the Qin—Western Han
d?rnasties using a linear regression analysis between tree-ring
8'"°C and annual precipitation (previous August to current July,
P8-C7) calibrated for the 1951 to 2015 CE period. This annual
precipitation reconstruction explains 32% (F = 29.30 > F0.01 (1,
27), P <0.01) of the variance in the instrumental precipitation
record (81 Appendix, Tables S7 and S8 and Fig. S11), and the
regression residuals passed the tests for autocorrelation influences
(SI Appendix, Fig. S12 and Table $8). Our reconstruction
represents precipitation variations across the northern fringe of the
ASM as well as drought occurrence in northern China on annual
to decadal timescales (SI Appendix, Figs. S9, S10B, S15, and S16).

Another calibration was carried out based on the regional pre-
cipitation from 39 stations in the NASM region. The strong cor-
relation (r = 0.64, n = 64, P < 0.001, S/ Appendix, Fig. S13)

indicates that our reconstruction is more reliable on a broader

PNAS 2025 Vol.122 No.1 2415294121

spatial domain in northern China. The fact that our 8"°C chro-
nologies can represent the precipitation at NASM is also con-
firmed by other regional precipitation reconstructions (S Appendix,
Fig. S14) (28).

Applying the regression model derived from 8'°C data of mod-
ern, living trees to the archacological data yields a total annual
precipitation that is 16 + 6% (~38 mm/yr, ~10 to 22%, significant
at 95% confidence level) higher during the Qin—Western Han
dynasties compared to that of the post-1951 calibration period in
Jingyuan meteorological station at NASM. This 8"°C-based evi-
dence for increased precipitation in the early period is further
supported by the wider mean TRW and significantly depleted
8'°0 during the Qin—Western Han dynasties (Fig. 3).

More than one third of the extreme climate events derived from
our reconstruction (S/ Appendix, Table S11) were also recorded in
historical documents (S Appendix, Table S11), despite these doc-
uments being subjective and discrete in time. For example, the
severe drought in 158 BCE in Guanzhong area caused a series of
environmental and socioeconomic impacts, such as a summer
locust plague and a borer plague in August. This severe disaster
prompted the government to take a series of measures, including
tax reductions, lowering tributes, cutting expenditures, distribut-
ing grain for disaster relief, and buying/selling official positions
(29). The scale of this drought event is unprecedented and has
been recorded in many other places in China. Heavy rains, lasting
from July to October in 86 BCE, were also recorded and this
appears as a pluvial year in our reconstruction. This heavy rain
caused the river to surge, destroying Wei Bridge, and high soil
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Fig. 3. Tree-ring chronologies illustrate differences in mean isotope ratios and variability between the archeological and living pine measurements. (A) Ring-width
(TRW; standardized which removes differences in mean growth rate), cellulose 5'%0, and §'3*C chronologies shown together with sample depth (blue shading),
and running SD (SD, red lines) of each tree-ring variable. Timeseries are shown as solid lines during their credible periods (EPS > 0.85 and replication of =5 trees
or wood blocks) and as dashed lines when they are less reliable. Sample depth (blue shading, right-hand scale) shows the number of trees; running SD (right-
hand scale) is computed using a 30-y running window for each credible period; means over 270 to 77 BCE and 1751 to 2015 CE are shown as horizontal dashed
lines, and over 1951 to 2015 CE by a horizontal red line. (B) Statistical distribution of each record and their running SD. Split violin plots are marked with means

(red lines and labels), medians (blue dashed lines), and +1 SD (black dotted lines).

moisture for two subsequent years, though its impact on the local
population lasted even longer (it was reported that the refugees
had not returned by 83 BCE (29).

Tree-ring hydroclimatic reconstructions based on linear regres-
sion models (30) tend to underestimate the magnitude of climate
variability, suggesting that the reconstructed ~16% higher mean
precipitation during the Qin—Western Han dynasties relative to
present regional climate conditions is likely to be a minimum esti-
mate. The process-based Vaganov-Shashkin oscilloscope (VS) model
provides complementary, non-linear insights into the link between
TRW and past climate (31). VS simulations, using parameters
(81 Appendix, Table S$10) appropriate to this region and tree species
prescribed or determined by calibration (S/ Appendix, Fig. S17),
confirm that the radial growth of trees in this region is much more
sensitive to precipitation than to temperature (S/Appendix,
Fig. S18). Based on this model, the measured ~ 22 to 30% wider
mean TRW during the Qin—Western Han dynasties would have
required precipitation to have been ~17 to 34% (39 to 79 mm)
higher than during the post-1951 calibration period, provided that
mean temperature had remained within 0.5 °C of present-date
(81 Appendix, Fig. S18).

Moist conditions during1 the Qin—Western Han period are also
indicated by a tree-ring & 80 series from the Delingha (DLH)
region (600 km northwest of our study site, Fig. 4), where recon-
structed annual precipitation was 20% higher than during the
1951 to 2015 CE period (21). Generally moist conditions in
northwestern China are also seen in lower-resolution natural proxy
archives—e.g., ice cores, stalagmites, river, and lake sediments—as
well as in historical documentary evidence (22-24). Thus, multiple
lines of evidence are consistent with our conclusions that the Qin—
Western Han dynasties were ~18 to 34% wetter than the average
of the post-1951 period.

According to modern rainfall distribution, ~18 to 34% higher
precipitation during the Qin—Western Han period would imply
a~60 to 100 km northwestward migration of the ASM boundary
at that time (Fig. 4). The maximum fluctuation range of the tran-
sition zone even reaches 200 km on the Ordos Plateau (Fig. 4).

https://doi.org/10.1073/pnas.2415294121

Discussion

Impact of Climate on the Environment, Economy, and Society.
Based on our precipitation reconstruction, we conclude that
the stable and consistently warm and humid climate conditions
during the Qin—Western Han dynasties favored large-scale
agricultural food production and promoted regional economic
and demographic prosperity. Supporting evidence for a prevailing
humid climate in the northern ASM region during this period
comes from a large lake called “Zhuyeze” (34) in the Mingin area
(Fig. 4, considered to be the source area of current sandstorms,
located 300 km northwest of our study site), and from historical
documentary data showing that local forest coverage was higher
during the Qin—Western Han dynasties than that at present (9).
Our findings about the societal impacts of past climatic extremes
do not contradict the notion of a stable climate during the Qin—
Western Han dynasties. An extreme event should be assessed based
on a reference period that reflects society’s capacity for adaptation.
The synchronization between climatic extremes and recorded
societal impacts validates the accuracy of these two independent
sources of data. While historical records can often be subjective
and irregular over time, our reconstruction offers a consistent,
quantitative benchmark that provides much-needed context for
periods with limited data (35). This allows for a more objective
understanding of past climate—society interactions.

Agricultural subsistence strategies aimed to supply sufficient
local and regional food across NASM. Historical records reveal
that the rice planting area expanded northward to both the Hexi
region (36) and even the Yellow River Basin (37), where rice agri-
culture is not commonly practiced today due to the rare fulfillment
of necessary hydrothermal requirements. Historical documents also
report the abundance of bamboo in the Yellow River Basin, which
prefers a warm and humid environment (10, 37). “Solar terms”
were the farming time regulations formulated by the ancient
Chinese according to climatic conditions and crop phenology.
During the Qin—Western Han dynasties, the order of solar terms
was adopted as first “Guyu” (Grain Rain) and then “Qingmin”

pnas.org
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1980s. The sampling sites EDG (green tree) and DLH (our previously published

6,700-y tree-ring isotope record, black triangle) are also marked. The Inset indicates the general context of the sampling sites and the isohyets. S/ Appendix,

Fig. S19 gives further information.

(Pure Brightness) (10, 37), indicating that spring sowing occurred
15 d earlier than it does today. According to the ancient book
“Liji-Yue Ling”, this change in the order of solar terms is due to
changes in climate conditions, and earlier spring sowing indicates
warmer and humid climatic conditions (37). Importantly, the
“tuntian” policy that stipulated soldiers must plant crops where
they were stationed or recruit farmers to do so for them could
prevail in the region during the period (38). The success of these
measures in ensuring sufficient agricultural activity cannot be
explained solely by the fact that it was an administrative order; it
is more likely evidence of adaptation to the favorable regional
climate conditions of the time. A network analysis of more than
10,000 historical documentary records has revealed that precipi-
tation was the single-most important factor for harvest success or
crop failure during historical times in China (39). This emphasizes
the importance of more humid climatic conditions for rain-fed
agriculture at the northern fringe of the ASM region.

There was a persistent trend of human migration to the north-
west during the Qin—Western Han Dynasties. Archacological
evidence showed that ancient cities in the Hexi Corridor were
more numerous and more widely distributed during the Han
dynasty than any other historical period during the past 5,000 y
(40). Furthermore, a similar pattern of an increasing number of

PNAS 2025 Vol.122 No.1 2415294121

ancient cities extended to the Mu Us Desert (300 km northeast,
Fig. 4) and surrounding areas along NASM (32, 41). The ancient
cities on the Ordos Plateau were permanent settlements supported
by local rainfed agriculture. An increase of at least 20% of
present-day annual precipitation in the Mu Us Desert (250 to 350
mm/y, Fig. 4) would have provided favorable conditions (300 to
420 mm/y) for the development of agricultural production if it
remained stable and persistent. Insufficient precipitation in a
drought-limited growth environment will not meet the basic con-
ditions for premodern rainfed agriculture, regardless of the agri-
cultural policies in place. Therefore, the northwestern boundary
of ancient cities at NASM can also be regarded as the northwestern
boundary of rainfed agriculture. As shown in Fig. 4, ancient cities
(42) during the Ming dynasty (a colder and drier period compared
to the present) shifted ~75 km southeast of the boundary of pres-
ent rainfed agriculture, while ancient cities during Han Dynasty
extended ~40 to 100 km beyond the northwestern boundary of
present-day rainfed agriculture. Therefore, it is reasonable to infer
that the stable and humid favorable climatic conditions in the
rainfed agricultural area ensured abundant crop yields and the
expansion of farmland to the northwest (Fig. 1 B—C) during the
Qin—Western Han dynasties, providing food resources for the
growing population.
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Opverall favorable climatic conditions for agriculture doubled
the farming area and tripled the population of China during the
Qin—Western Han Dynasties (9). In addition, large-scale rice cul-
tivation began in northern China during the Qin—Western Han
dynasties (9). All these changes contributed to successful and
high-yielding harvests (43, 44) and a lack of famines, enabling
societal development and demographic growth of the Qin-
Western Han dynasties (43, 45). There is general agreement on
the impacts of climate change in the history of China, with neg-
ative impacts during cold periods and positive impacts during
warm periods on centennial time-scales (46, 47). Our study pro-
vides evidence that increased precipitation, and reduced precipi-
tation variation, under warm conditions had a major positive
impact on human society.

Implications for the Future. Favorable climatic conditions,
combined with effective environmental management policies, can
greatly improve the regional ecological environment. The prevailing
warm and humid climate during the Qin—Western Han dynasties
offers a possible analogue for the near-future climate in northern
China and is therefore of significance for climate stakeholders and
policy makers. Indeed, a trend toward wetter conditions since 1987
CE (which started in the western part of arid northwest China and
progressed eastward in subsequent decades: S/ Appendix, Fig. S20),
combined with multiple afforestation programs in China (e.g., the
Three-North Shelterbelt Development Program, the Nature Forest
Conservation Program, and the Grain to Green Program), has been
accompanied by increased river runoff and lake levels, and fewer
sandstorms (22). Recent research shows that this warming and
wetting trend in northwest China has continued (48), suggesting
that near-future prospects for this region may resemble the warm and
humid climate of the Qin—Western Han dynasties, with associated
benefits of increased vegetation cover in northern China as recorded
over 2,200 y ago. Although such climate conditions are favorable
for the ecological environment in northwest China, we emphasize
that a strengthening ASM is related to larger-scale atmospheric
circulation anomalies, such as reduced El Nifio variability (49, 50)
oran intensified North Atlantic Oscillation (51), which may increase
the risk of droughts in other areas (52).

Materials and Methods

Tree-Ring Sampling. Chinese pine (Pinus tabulaeformis Carr.) is the dominant
tree species in the semiarid mountainous regions of northern China. We col-
lected wood samples from LP at breast height in the Hasi Mountains, and AW
from the Huangwan tomb, which can be dated back to the Han dynasty (Fig. 1),
in Jingyuan County that is 26 km apart from the LP site. The AW samples were
identified as Chinese pine according to their wood anatomical characteristics
(SIAppendix, Fig. S2). Evidence from historical documents suggests that the tim-
ber for Huangwan tomb came from the Hasi Mountains (S/ Appendix; Fig. S21).
Atotal of 155 LP samples were collected from elevations ranging between 2,137
and 2,456 m a.s.I to compare with the AW samples.

Tree-Ring 5'°C and 5'20 Measurement. Cellulose 5'"°C in C3 tree species is
mainly controlled by fractionation associated with the ratio of intercellular (c) to
ambient (c,) air CO, concentrations (53). The c//c, ratio depends on the stoma-
tal conductance and the rate of photosynthesis (54), both of which are closely
related to relative humidity (rH) in semiarid and arid regions. Tree-ring cellulose
8'%0 is mainly controlled by the 80 of the source water (precipitation) and "*0
enrichment of leaf water by transpiration. The rate of transpiration depends on
stomatal conductance and vapor pressure deficit between leaf air and ambient
air, both of which are linked to rH (55, 56). Low rH leads to an enrichment in "0
due to evapotranspiration and higher 5'°0 values in tree-ring cellulose, and
vice versa. The dominant environmental signals in tree-ring §'30 are thus the
stable isotope content of the precipitation (and soil moisture) and summer rH.
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A more complete discussion of tree-ring stable isotope fractionation processes
is available elsewhere (55-58).

Tree-ring 8"°C and 8'°0 data used in this study were measured in three dif-
ferentlaboratories. We avoided measuring isotopes from the first 30y of growth
to prevent age-related trends (59). The first batch of samples were measured
with a pooled method in the Isotope Laboratory of the Institute of Geography at
University of Erlangen-Nimberg, Germany. Nine LP and ten AW samples from
high elevation (2,338 to 2,456 m a.s.l.) (S Appendix, Table S1) with clear ring
boundaries, no distortions, and few missing rings were selected for 5'%0 and
8"C measurements. The samples were divided into annual subsamples using
a razor blade, and wood from the same calendar year was pooled to minimize
individual tree differences and enhance common signals (60). a-cellulose was
then extracted from these pooled samples following the method of Wieloch etal.
(67). After freeze drying, a-cellulose (0.3 to 0.4 mg) was separately packed in
silver (for 5'0) and tin (for 8'°C) capsules and measured using an elemental
analyzer coupled with an isotope ratio mass spectrometer (Delta V Advantage,
Thermo Scientific, Bremen, Germany). Chronologies spanning 1677 to 2010 CE
for LP and 336 to 31 BCE for AW were produced and used separately to quanti-
tatively reconstruct past and recent precipitation variations.

Another nine independent cores from living trees were measured individu-
ally at Swansea University, United Kingdom (62). The samples, collected from
elevations between 2,188 and 2,415 m a.s.l., were cut into thin slivers for each
ring using a scalpel before a-cellulose extraction (63). Then, 0.30 to 0.35 mg of
dry a-cellulose was weighed, and placed into silver capsules for pyrolysis into
(0, and isotope ratios were measured using a Flash HT elemental analyzer cou-
pled with a Delta VIRMS. Both carbon and oxygen isotope ratios were measured
simultaneously (for details, see refs. 62, 64, and 65).

The §"C data from nine Chinese pines, covering 1750t0 2015 CE, were used
for altitude sensitivity analysis (see S/ Appendix for details). To maintain consistent
chronology length, we extended our pooled 8'°C record from 2010 to 2015 CE
by measuring pooled rings from six new tree cores in the State Key Laboratory of
Cryospheric Sciences, Chinese Academy of Sciences. All samples were collected
from high elevations (2,389 to 2,412 m a.s.l.), with measurements spanning
1993102015 CE.

Isotopic compositions are expressed as & [%o] = (Re;moie/Rangors — 1) %
1,000%0, where Rgoj and Ryzoa,g represent the 18070 or "*C/™C ratios of
the sample and standard, respectively. The standard for '*0/"0 was the Vienna
Standard Mean Oceanic Water (VSMOW), and for "*C/"2C was the Vienna Pee
Dee Belemnite (VPDB). The SD for repeated analysis was better than 0.09%. for
8" Cyppg and 0.25%q for 80,530y in the Isotope Laboratory of the Institute of
Geography (University of Erlangen-Niirnberg, Germany), 0.1%o and 0.28%o in
the State Key Laboratory of Cryospheric Sciences (Chinese Academy of Sciences,
China), and 0.1%o and 0.3%. in Swansea University (UK) laboratory, respectively.

Chronology Construction and Climate Sensitivity Analysis. TRW was
measured with a 0.07 mm resolution, and cross-dated using standard dendro-
chronological procedures (SI Appendix). Three independent lines of evidence
(the historical context, cross-dating with a distant reference chronology and radi-
ocarbon dating) were used to date the AW samples (see S/ Appendix for details).
The program ARSTAN was used to construct ring-width chronologies (27). Prior
to detrending, a data-adaptive power transformation, based on the local mean
and SD, was used to stabilize the variance of each series. Modified negative expo-
nential curves of any slope were used to remove age-related biological trends,
and ring-width chronologies were obtained by calculating residuals between raw
measurements and fitted values. Finally, two standard ring-width chronologies
(TRW) were established: 1677 to 2015 CE from 155 LP samples, and 336 to 31
BCE from 26 AW samples (S/ Appendix, Fig. $3). The 8"*C and &'°0 chronologies
were established for the two periods using the pooled method. The 8"C series
were corrected following the procedures described in ref. 66 to eliminate the
effects of changing CO, concentration during the most recent period. We grouped
the corrected individual 8'C series by tree altitude into low-altitude and high-
altitude groups. Then, we calculated the arithmetic mean of 8'C series for each
group, and compared them to each other.

Sample depth is determined by the number of analyzed trees. An expressed
population signal (67) (EPS) = 0.85 and a sample depth > 5 trees or wood blocks
were used as criteria to define credible periods for the standardized TRW, 5'°0,
and 8"°C chronologies.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415294121#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITY OF EAST ANGLIA on January 15, 2025 from IP address 139.222.123.33.

Correlation and response function analysis of the TRW, §"C, and 8"0
series with monthly climatic variables from Jingyuan meteorological station
were conducted over the period 1951 to 2015 (S/ Appendix, Figs. S6-S8, n =
65). Correlations with monthly climate data were analyzed using the software
DendroClim2002 (68) to quantify the climate sensitivity of the chronologies (see
Sl Appendix for details).

Precipitation Reconstruction. We used a univariate linear regression model
to establish the relationship between the 8'"C chronology and annual total pre-
cipitation (from previous August to current July, P8-C7) from Jingyuan meteoro-
logical station during 1951 to 2015 CE. This model was then used to reconstruct
past precipitation variability using the 8"°C chronology from the Qin-Western
Han Dynasties. The established regression model is

PREjg_; = —44.48 x §"°C — 7404 (R = 0.32). [1]

Detailed information is listed in S/ Appendix, Tables S7 and S8.

Inferring past climate and environmental conditions using discontinuous
proxy records based on the assumption of uniformitarianism was routinely
applied in paleoclimate domain (69-72).

Pointer Year and Extreme Climate Events. We identified pointer years using
the 8"*C-based precipitation reconstruction. A “pointer year" is when tree-ring
data shows a significant deviation from the mean growth of the analysis period
(73). We defined pointer years as those with unusually low or high annual precip-
itation exceeding =1.5 SD. Years were identified as extreme pluvials or extreme
droughts if the reconstructed precipitation was greater than the mean+1.5 SD
or less than the mean-1.5 SD, respectively.

The VS Model. We used the VS model to simulate the integral tree-ring growth
rate Gr(t), and to test the relative contributions of temperature and precipitation
to changes in radial growth of trees in the study region. The VS model assumes
that climaticinfluences are nonlinearly associated with tree-ring growth through
controls on cell formation processes in developing wood (74). TRW series were
simulated by comparing daily temperature and soil moisture budgets to growth
functions using the most limiting factor (75). Tree-ring growth is described by
the following equation:

Gr(t) = GrE(t) x min[GrT(t), GrW(t)]. [2]

where GrE(t), GrT(t), and GrW(t) represent the partial growth rates, calculated inde-
pendently based on solarirradiation, temperature, and soil moisture content(73).
The parameter values for the VS model were calibrated (S/ Appendix, Fig. S17)
and selected specifically for this region and tree species (S/ Appendix, Table S10).
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