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Abstract. Variations of precipitation, also called the Meiyu
rain, in the East Asian summer monsoon (EASM) domain
during the last millennium could help enlighten the hydro-
logical response to future global warming. Here we present a
precisely dated and highly resolved stalagmite δ18O record
from the Yongxing Cave, central China. Our new record,
combined with a previously published one from the same
cave, indicates that the Meiyu rain has changed dramatically
in association with the global temperature change. In particu-
lar, our record shows that the Meiyu rain was weakened dur-
ing the Medieval Climate Anomaly (MCA) but intensified
during the Little Ice Age (LIA). During the Current Warm
Period (CWP), our record indicates a similar weakening of
the Meiyu rain. Furthermore, during the MCA and CWP, our
records show that the atmospheric precipitation is similarly
wet in northern China and similarly dry in central China, but
relatively wet during the CWP in southern China. This spatial
discrepancy indicates a complicated localized response of
the regional precipitation to the anthropogenic forcing. The
weakened (intensified) Meiyu rain during the MCA (LIA)
matches well with the warm (cold) phases of Northern Hemi-
sphere surface air temperature. This Meiyu rain pattern also
corresponds well to the climatic conditions over the tropical
Indo-Pacific warm pool. On the other hand, our record shows
a strong association with the North Atlantic climate as well.
The reduced (increased) Meiyu rain correlates well with pos-
itive (negative) phases of the North Atlantic Oscillation. In

addition, our record links well to the strong (weak) Atlantic
meridional overturning circulation during the MCA (LIA)
period. All abovementioned localized correspondences and
remote teleconnections on decadal to centennial timescales
indicate that the Meiyu rain was coupled closely with oceanic
processes in the tropical Pacific and North Atlantic oceans
during the MCA and LIA.

1 Introduction

The last millennium was climatically characterized by the
Medieval Climate Anomaly (MCA; ∼ 800–1350 CE), the
Little Ice Age (LIA; ∼ 1350–1850 CE), and the Current
Warm Period (CWP; ∼ 1850 CE to present) (Lamb, 2002;
Mann et al., 2009). These three episodes attract broad at-
tention within the scientific and policy-making communities
because they contain critical information to distinguish be-
tween natural and anthropogenic climate variability. Origins
of the MCA and LIA are attributed to the radiative forcing
associated with solar activities and volcanic eruptions, yet
the CWP is considered to be a result of increasing anthro-
pogenic greenhouse gases (Bradley and Jonest, 1993; Hegerl
et al., 2007; Lamoureux et al., 2001; Sigl et al., 2014). In par-
ticular, the CWP is much warmer than the MCA (PAGES 2k
Consortium, 2013). In association with the global tempera-
ture change, East Asian summer monsoon (EASM) precipi-
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tation has changed significantly (Paulsen et al., 2003; Zhang
et al., 2008; Tan et al., 2009, 2011a, 2015). Many studies
have indicated that the monsoonal climate of China has gen-
erally recorded a wetter MCA and drier LIA in the north but
shows reverse conditions in the south (Tan et al., 2009, 2018;
Chen et al., 2015). However, it is unclear about the hydrolog-
ical variation during the MCA and LIA over central China.
Moreover, less is known about the relative intensity of pre-
cipitation between the CWP and MCA, two recent warm pe-
riods. An examination of the relative precipitation intensity
is the key to evaluating the hydrological responses under an-
thropogenic warming.

To better understand hydrological responses to anthro-
pogenic warming, it is necessary to appreciate the natural
forcing of the hydrological cycle during the MCA and LIA
periods before greenhouse gas emissions. The hydroclimate
in the EASM domain is strongly influenced by the tropical
Pacific and North Atlantic oceans (Wang et al., 2005; Zhang
et al., 2018a; Cheung et al., 2018). The tropical Pacific Ocean
feeds the warm and moist air directly into the EASM do-
main and therefore exerts a strong influence (Karami et al.,
2015). Several studies have indicated that the hydrological
condition in the EASM domain was affected by alternations
of La Niña-like and El Niño-like conditions in the tropical
Pacific during the last millennium (e.g., Chen et al., 2015;
Zhao et al., 2016; Zhang et al., 2018a). However, these stud-
ies did not reach an agreement on how the tropical Pacific
affects hydrological change in the EASM domain. To pre-
cisely understand the spatiotemporal evolution of the hydro-
logical cycle, we need to know exactly which changes in the
hydrological cycle are linked to which modes of the Pacific
atmosphere–ocean circulation during the MCA and LIA in
central China. On the other hand, the North Atlantic signal
can be transmitted to other parts of the world through the At-
lantic meridional overturning circulation (AMOC; Bond et
al., 2001). Marine sedimentary records have suggested that
a strong (weak) AMOC over the warm Greenland intersta-
dials (stadials) correlated tightly with intervals of enhanced
(reduced) EASM during the last glaciation (Wang et al.,
2001a; Jiang et al., 2016). Similarly, weak EASM episodes
occurred in association with ice-rafted events in the North
Atlantic, which is capable of weakening the AMOC during
the Holocene (Wang et al., 2005; Zhao et al., 2016; Zhang et
al., 2018b). This covariation implies a persistent influence of
the AMOC on EASM. However, available empirical data are
still too rare to explore the potential link between the AMOC
and regional precipitation (e.g., EASM) during the MCA and
LIA intervals.

Here we present a new precisely dated and highly resolved
stalagmite record from Yongxing Cave, central China. This
record, together with recently published records from the
same cave (W. Zhang et al., 2019), advances our understand-
ing of the hydrological cycle in East Asia during the last mil-
lennium.

2 Materials and methods

Two stalagmites (YX262 and YX275) are used in this study,
both from Yongxing Cave (31◦35′ N, 111◦14′ E; elevation
800 m a.m.s.l.; see Fig. 1), central China. The previously
published stalagmite YX275 has revealed detailed variability
in the EASM since the LIA (W. Zhang et al., 2019). The new
candle-like stalagmite YX262 is 159 mm long and 55 mm
wide. It is composed of white opaque to brown transparent
calcite (see Fig. 2). The Yongxing Cave is located between
the Chinese Loess Plateau and the Yangtze River. Average
annual rainfall is about 1000 mm at the site of the cave. At-
mospheric temperature is about 14.3 ◦C and relative humid-
ity is close to 100 % inside the cave. The cave site is climat-
ically influenced by the East Asian monsoon, featured by a
wet and warm summer and a dry and cold winter.

Stalagmite YX262 was first halved and then polished for
the purpose of the subsequent sampling. For stable iso-
tope analyses, powdered subsamples, weighing about 50–
100 µg, were drilled on the polished surface along the cen-
tral growth axis of the stalagmite. A total of 159 subsamples
were obtained at 1 mm increments. The δ18O measurements
were performed on a Finnigan MAT 253 mass spectrome-
ter at Nanjing Normal University. Results are reported as
per mil (‰) against the standard Vienna Pee Dee Belemnite
(VPDB). The precision of δ18O is 0.06 ‰ at the 1σ level.
For U–Th dates, six powdered subsamples, about 100 mg
each, were drilled along the central growth layer. Proce-
dures for the chemical separation and purification of ura-
nium and thorium were described in Shao et al. (2017). U
and Th isotope measurements were performed on a Neptune
multi-collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) at Nanjing Normal University. All the
dates are in stratigraphic order with an uncertainty of less
than 3 % of the actual dates (see Table 1).

3 Results

3.1 Chronology

The six U–Th dates and corresponding isotopic ratios are
shown in Table 1. Adequate uranium concentrations (0.5–
0.7 ppm) and low initial thorium contents (200–700 ppt, with
the exception of 1440 ppt) produced precise dates with small
age uncertainty (6–20 years). The chronology for the stalag-
mite was established by the StalAge algorithm (Scholz and
Hoffmann, 2011). The age model shows that the stalagmite
YX262 was deposited from 1027 to 1639 CE (see Fig. 2).
The age–depth plot indicates that the growth rate of the sta-
lagmite is stable, reaching 0.26 mm yr−1. The high and stable
growth rate suggests that the stalagmite grew continuously
without a significant hiatus. Visual inspections confirm the
continuity of the stalagmite growth. The temporal resolution
is 3.8 years, allowing for a detailed characterization of the

Clim. Past, 16, 475–485, 2020 www.clim-past.net/16/475/2020/



F. Duan et al.: Hydrological variations in central China 477

Figure 1. A schematic climate setup of East Asian monsoon systems and our study site. This figure was made with GeoMapApp (http:
//www.geomapapp.org, last access: 12 January 2020). The blue star and black triangles represent Yongxing Cave in central China and other
caves in the monsoonal region, respectively.

Table 1. U-series dating results of stalagmite YX262 from Yongxing Cave.

Sample 238U 232Th δ234U 230Th/238U 230Th Age (a) δ234Uinitial
230Th Age (a)

depth (mm) (ppb) (ppt) (measured) (activity) (uncorrected) (corrected) (corrected)

YX262-5 546.0± 0.5 307.9± 0.6 607.5± 1.0 0.006230157± 0.00014 423.5± 9.4 608.2± 1.0 413.1± 10.8
YX262-25 595.5± 0.3 280.5± 0.6 790.6± 1.9 0.00788248± 0.00008 481.0± 5.1 791.7± 1.9 473.1± 6.3
YX262-48 506.3± 0.3 281.6± 0.5 762.1± 1.9 0.009468079± 0.00010 587.3± 6.4 763.4± 1.9 577.9± 8.0
YX262-75 517.7± 0.3 724.3± 0.1 680.5± 2.1 0.010930422± 0.00010 711.3± 6.4 681.8± 2.1 686.3± 13.9
YX262-95 651.8± 0.3 1448.0± 0.3 806.5± 2.0 0.013146471± 0.00010 796.0± 6.3 808.3± 2.0 759.4± 19.1
YX262-116 583.4± 0.8 283.0± 0.4 956.6± 1.0 0.014987259± 0.00012 838.0± 6.6 958.9± 1.0 830.8± 7.5

Decay constant values are λ234 = 2.82206× 10−6 a−1, λ238 = 1.55125× 10−10 a−1, λ230 = 9.1705× 10−16 a−1, and δ234U = ([234U/238U]activity − 1)× 1000. The corrected
230Th age calculation, indicated in bold, is based on an assumed initial 230Th/232Th atomic ratio of (4± 2) ×10−6. All corrected dates are years before 2017 CE.

Asian hydroclimate for the first half of the second millen-
nium.

3.2 Stable isotope

The δ18O record of YX262 displays a pronounced fluctua-
tion during the whole period (see Fig. 3). The δ18O values
range from −9.31 ‰ to −7.88 ‰, averaging −8.60 ‰. The
δ18O values decrease gradually from 1027 to 1372 CE and
then increase gradually before rapidly increasing to the 18O-
enriched conditions from 1515 CE. The interval with high
δ18O values is ∼ 100 years long, which is terminated by a

pulse to more negative values at 1626 CE. In general, the
18O-depleted interval is coeval with the MCA and the 18O-
enriched interval corresponds to the early LIA (see Fig. 3).

4 Discussion

4.1 The interpretation of our δ18O

Stalagmite YX262 was deposited under the condition of iso-
tope equilibrium. Relative to the Hendy tests, replication
tests have been considered a more vigorous method to exam-
ine isotope equilibrium (Dorale and Liu, 2009). The YX262
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Figure 2. The age versus depth model, image, and δ18O record for
our stalagmite YX262. The small black dots and vertical error bars
indicate 230Th dates and the errors of these dates, respectively. The
big black dots represent the locations of 230Th dates. The middle
green line indicates the model age, and the upper and lower red
lines indicate the age at the 95 % confidence level.

δ18O record matches another Yongxing Cave record during
the overlapping interval (see Fig. 5; W. Zhang et al., 2019),
indicating an equilibrium condition for the isotope. A minor
difference exists between the two stalagmite δ18O records.
The YX262 record shows a larger shift toward more negative
values than the YX275 record in the early 1600s. Different
feeding systems for both the stalagmites probably produce
the δ18O discrepancy. Longer mixing of meteorological rain
within the overlying bedrock may dampen the overall rain
δ18O amplitude and therefore lead to the calcite δ18O off-
sets (Tan et al., 2019; Carolin et al., 2013). The more neg-
ative δ18O shift occurred at the beginning of the growth of
stalagmite YX262. At the beginning, the mixing of meteo-
rological rain within the overlying bedrock is low, resulting
in the lighter δ18O values. Overall, the good replication be-
tween the two records suggests that the YX262 δ18O signal
is less influenced by the kinetic fractionation and is primar-
ily of climatic origin. Nevertheless, the climatic significance
of the cave δ18O record in eastern China remains a long-
term scientific debate. For example, the δ18O records were
considered to reflect changes in moisture sources (the so-
called “circulation effect”; Tan, 2014, 2016), moisture path-
ways (Baker et al., 2015), and a combination of the EASM
and winter temperature (Clemens et al., 2010, 2018). Two
recent review articles have greatly enlightened our under-
standing of the stalagmite δ18O records in the EASM do-
main (H. Zhang et al., 2019; Cheng et al., 2019). They have
proposed that the cave δ18O records reflect large-scale and
integrated changes in the Asian summer monsoon intensity
on orbital and millennial scales. This interpretation is sup-
ported by strong correlations among the cave δ18O records

Figure 3. A comparison of the Yongxing δ18O time series with
other proxy records. (a) Northern Hemisphere reconstructed tem-
perature (Mann et al., 2009); (b) northern China reconstructed tem-
perature (Tan et al., 2003); (c) Huangye Cave δ18O composite (Tan
et al., 2011b); (d) Wanxiang Cave δ18O record (Zhang et al., 2008);
(e) Heshang Cave δ18O record (Hu et al., 2008); (f) Yongxing Cave
record (this study); (g) Dongge Cave record (Wang et al., 2005;
Zhao et al., 2015); (h) Cariaco Basin Ti content record (Haug et
al., 2001). Light yellow and blue bars indicate the MCA and LIA,
respectively. Arrows, constrained by linear fit methods, indicate
trends of the climatic variations.
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Figure 4. A comparison between the Yongxing δ18O record (blue
line) and reconstructed Meiyu rain (pink line; 7-year running aver-
age; Ge et al., 2008).

across China (e.g., Yuan et al., 2004; Zhao et al., 2010; Cheng
et al., 2009, 2016) and correlations with climate conditions
in major global climate systems, such as Antarctica, Green-
land, and the westerly climate (see Figs. 2 and 3 in Cheng
et al., 2019). The stalagmite δ18O values reflect changes in
the fraction of water vapor precipitated out between tropi-
cal oceans and cave locations (H. Zhang et al., 2019; Cheng
et al., 2019). A strengthened (weakened) EASM indicates in-
creased (decreased) rainout along the moisture trajectory and
therefore lighter (heavier) stalagmite δ18O values (H. Zhang
et al., 2019; Cheng et al., 2019). However, the interpretation
of the stalagmite δ18O records remains complex on annual to
centennial scales due to a wide range of potential influenc-
ing factors, such as summer rainfall, moisture sources, and
seasonality of precipitation (H. Zhang et al., 2019; Cheng
et al., 2019). At the Dongge Cave location, stalagmite δ18O
records were interpreted to be associated with monsoon pre-
cipitation on the decadal to centennial scale because of its
covariation with the local hydrological proxy, annual band
thickness (Zhao et al., 2015). Our Yongxing δ18O record in
central China correlates well with Meiyu rain fluctuations
in the middle and lower reaches of the Yangtze River on
the decadal to centennial scale (see Fig. 4; Ge et al., 2008).
When the stalagmite δ18O values are lighter (heavier), the
Meiyu rain is weaker (stronger). This relationship is further
supported by inverse correlations of stalagmite δ18O records
with local rainfall variation (trace element ratio and δ13C) in
the nearby Haozhu Cave (Zhang et al., 2018c). As suggested
in Zhang et al. (2018c) and Cheng et al. (2019), increased
(weakened) EASM would lead to a shorter (longer) Meiyu
rain stage and thus a decrease (increase) in precipitation in
the middle and lower reaches of the Yangtze River. Thus,
the Yongxing δ18O signal mainly reflects Meiyu rain condi-
tions on decadal to centennial scales, with lower and higher
δ18O values reflecting decreased and increased rainfall, re-
spectively.

4.2 The regional characters of the MCA and LIA

The climate condition during the MCA and LIA has been
extensively studied for monsoonal China (e.g., Chen et al.,
2015; Xu et al., 2016; Tan et al., 2018). In general, wetter
conditions in the north and drier in the south were inferred
during the MCA and the opposite during the LIA (e.g., Chen
et al., 2015; Tan et al., 2018). The boundary between the
north and south of China was estimated to be along the River
Huai at 34◦ N (Chen et al., 2015), the modern geographical
dividing line between northern and southern China. As an
interesting exception, the Dongge Cave records in Guizhou,
southwestern China (25◦17′ N, 108◦5′ E), showed a wetter
MCA and drier LIA (see Fig. 3; Wang et al., 2005; Zhao et
al., 2015). This is consistent with strong spatiotemporal vari-
ability of precipitation in the broad EASM region.

Our Yongxing record, slightly south of 34◦ N, is further
supported by the nearby Heshang δ18O record, despite larger
chronological offsets between them (see Fig. 3; Hu et al.,
2008). Both stalagmite δ18O records consistently show a
trend toward lighter values over the MCA period and a dou-
ble valley structure over the LIA period. An extra compari-
son shows that the Yongxing and Heshang (Hu et al., 2008)
δ18O records in central China vary broadly in phase with the
Dongge record in the south, as well as the Wanxiang (Zhang
et al., 2008) and Huangye (Tan et al., 2011b) records in the
north. These cave records indicate a drier MCA and wetter
LIA in central China, but the opposite in the north and south
(see Fig. 3). Again, a minor but important discrepancy ex-
ists between these cave records during the MCA. The cave
records in the south display an increasing precipitation trend,
but those in northern and central China reflect a decreasing
trend during the MCA (see Fig. 3 for the trends indicated
by the arrows). To explain this discrepancy, we compare all
the cave records to changes in temperatures in the Northern
Hemisphere (Mann et al., 2009) and northern China (Tan et
al., 2003), as well as the meridional displacement of the In-
tertropical Convergence Zone (ITCZ; Haug et al., 2001). The
result indicates that all the cave records collectively exhibit
a broad similarity to the variation in temperatures and the
displacement of the ITCZ (see Fig. 3). Detailed inspection
reveals that the weakening precipitation signal recorded in
the northern caves during the MCA is linked to the decreas-
ing temperatures in the Northern Hemisphere and northern
China. In contrast, the intensifying signal recorded in the
southern cave during the MCA corresponds to the northward
displacement of the ITCZ. The comparison indicates that the
different climate patterns between the south and north may
result from different controlling factors at lower and higher
latitudes, respectively. The “north drought” and “south flood”
could result from the meridional migration of the Meiyu rain
belt (Yu and Zhou, 2007; Zhou et al., 2009; Zhang et al.,
2018c). It seems that the cold temperature from the north re-
strains the northward migration of the Meiyu rain belt related
to the movement of the ITCZ during the MCA, leading to
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a hydrological seesaw between northern and central China.
It is noted that the enhanced precipitation condition docu-
mented in the Dongge records is contradictory to those re-
ported in many other paleoclimate records in the south. For
example, a drier MCA and wetter LIA were suggested in
an integrated stalagmite δ18O record from Sichuan Province
(Tan et al., 2018), a pollen-derived rainfall record near the
Yongxing Cave site (He et al., 2003), and a lake-based rain-
fall record in Guangdong Province (Chu et al., 2002). This
regional discrepancy can be checked by additional highly re-
solved and precisely dated records in southern China.

4.3 The hydrological condition during the MCA
compared to the CWP

A comparison of the relative intensity of precipitation be-
tween the MCA and CWP could be useful to evaluate the
hydrological response to the current global warming. Many
studies have found that the CWP is much warmer than the
MCA on global and hemispheric scales (Bradley et al., 2003;
Mann et al., 2008, 2009; PAGES 2k Consortium, 2013). With
regard to the hydrological response, northern China shows
an increased or comparable precipitation maximum during
the MCA compared to the CWP (e.g., the Wanxiang and
Huangye Cave records in Fig. 3). A similar precipitation min-
imum is documented in the Yongxing and Heshang records
in central China (see Fig. 3). However, two Dongge records
in southern China collectively show a slight decrease in pre-
cipitation maximum during the MCA compared to the CWP
(see Figs. 3, 5). This is indicated by a 0.39 ‰ higher δ18O
maximum during the MCA than the CWP (see Fig. 5). The
increased precipitation during the CWP relative to the MCA
is parallel to the global temperature evolution, in particu-
lar in the western Pacific Warm Pool region (Chen et al.,
2018). This correspondence supports the hypothesis that cur-
rent global warming intensifies the Asian summer monsoon
(Wang et al., 2013). The intensified Asian summer monsoon
was suggested due to strong coupling of the climate system
related to global warming. Wang et al. (2013) have stated
that a mega ENSO (El Niño–Southern Oscillation) condition
could trigger a stronger EASM in the CWP through the in-
tensified Hadley and Walker circulations. On the other hand,
southern China is partially influenced by the Indian Ocean,
which also brings moisture to the area of our study (An et
al., 2011). We suggest that the small discrepancy between
the Yongxing and Dongge records could be due to the dif-
ferent localized effects in southern China, as Dongge Cave is
much closer to the Indian Ocean than Yongxing Cave.

Different scenarios exist in the South China Sea regarding
the hydrologic variation between the MCA and CWP. The
South China Sea is climatically influenced by the EASM
and tropical Pacific climate. The lacustrine and coralline
records collectively indicate a comparative climate condition
between the MCA and CWP (e.g., Yan et al., 2011b; Deng
et al., 2017). The MCA and CWP are considered to be drier

Figure 5. The relative intensity of Meiyu rain during the MCA
compared to the CWP. (a) The Dongge Cave record (blue curve;
Wang et al., 2005); (b) the Yongxing Cave YX262 (red curve) and
YX275 (green curve; W. Zhang et al., 2019) records. On average,
the Dongge Cave record shows a 0.39 ‰ lower δ18O value during
the CWP than the MCA. However, the Yongxing record shows a
comparable value between the CWP and MCA.

than the LIA in the South China Sea. Yan et al. (2011b) high-
lighted the fact that a decrease and eastward shift of the Pa-
cific Walker circulation were primarily responsible for the
drier climate condition during the MCA and CWP. How-
ever, changes in the Walker circulation (Yan et al., 2011b)
are in contrast to other estimations (Wang et al., 2013; Cobb
et al., 2003), which suggested a strong and westward Pacific
Walker circulation during the warm periods. Due to the con-
tradiction regarding the Pacific Walker circulation changes,
the trigger for the intensified Asian monsoon during the CWP
needs further verification. Therefore, continued studies are
needed on the links between the EASM and the Pacific cli-
mate.

4.4 The link to the equatorial tropical Pacific Ocean

The ITCZ and El Niño–Southern Oscillation (ENSO) ex-
erted profound influences on the precipitation in East Asia
during the last millennium (Wang et al., 2013). As shown in
Fig. 6, our calcite record shows a great similarity to temper-
ature and hydrology reconstructions over the tropical Indo-
Pacific warm pool (IPWP). High-resolution sediment (Oppo
et al., 2009) and speleothem (Griffiths et al., 2016) records
over the IPWP collectively suggest warm sea surface tem-
peratures and increased rainfall during the MCA and CWP,
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Figure 6. A comparison between Meiyu rain and Pacific climate.
(a) Yongxing Cave record (this study); (b) tropical Pacific rainfall
record (Oppo et al., 2009); (c) tropical Pacific δ18O record (Oppo
et al., 2009); (d) tropical Pacific sea surface temperature (Oppo et
al., 2009); (e) red color intensity in southern Ecuador (Moy et al.,
2002); (f) hydrological reconstruction of ENSO from the tropical
Pacific (Yan et al., 2011a). Yellow, grey, and orange bands represent
the MCA, LIA, and CWP, respectively.

as well as reversed conditions during the LIA (Fig. 6). The
rainfall over the IPWP is linked to the Meiyu rain.

This correlation probably stems from modulations of the
ITCZ’s latitudinal migration on the EASM and thus Meiyu
during the last millennium (Zhao et al., 2015; Xu et al., 2016;
Griffiths et al., 2016). In addition, the temperature change
over the IPWP can indirectly influence the Meiyu rain via
the expansion and contraction of the ITCZ (Yan et al., 2015;
Chen et al., 2018). A northward migration or expansion of
the ITCZ over the Indo-Pacific warm pool would strengthen
the EASM and shorten the Meiyu stage. Conversely, a south-
ward migration or contraction of the ITCZ would weaken the
EASM and prolong the Meiyu stage (Zhang et al., 2018c).

The warm MCA and cold LIA conditions do not necessar-
ily signify a La Niña-like condition during the MCA and
an El Niño-like condition during the LIA over the IPWP.
Conversely, rainfall-based ENSO reconstructions showed El
Niño- and La Niña-like conditions during the MCA and LIA,
respectively (Moy et al., 2002; Yan et al., 2011a; Fig. 6e,
f). The sediment-derived ENSO variation in Ecuador (Moy
et al., 2002) and the composite ENSO reconstruction across
the tropical Pacific (Yan et al., 2011a) showed a great simi-
larity among the ENSO signals and the timing of switches
between the ENSO cold and warm phases. These ENSO
reconstructions resemble the Yongxing records (see Fig. 6;
RYX record composite ENSO = 0.18, P < 0.05, N = 186). For ex-
ample, the El Niño- and La Niña-like conditions during the
MCA and LIA are in parallel with the decreased and in-
creased Meiyu rain from the Yongxing Cave, respectively.
In particular, the switch of the ENSO phases from the MCA
to LIA coincides with the Meiyu rain minimum during the
MCA (see Fig. 6). These strong correlations indicate a dy-
namical link between the Meiyu rain and ENSO modes. In
the summer after the El Niño evolves to maturity, an abnor-
mally blocked anticyclone takes place in northeast Asia. At
the same time, the subtropical high in the western North Pa-
cific extends westward abnormally. This abnormal circula-
tion pattern strengthens the EASM in subtropical East Asia
(Wang et al., 2001b). The strengthened EASM leads to more
rain over northern China and less over central China (Zhang
et al., 2018c). Despite the potential Meiyu–ENSO link, the
ENSO reconstructions still need further verification due to
their different variations. A recent temperature record in
eastern equatorial Pacific (Rustic et al., 2015) supports the
rainfall-based ENSO reconstruction (Moy et al., 2002; Yan
et al., 2011a), with the El Niño- and La Niña-like mode dur-
ing the MCA and LIA, respectively. This record challenges
the paradigm of the La Niña-like pattern during the MCA
followed by the El Niño-like pattern during the LIA (Cobb et
al., 2003). However, the study of Rustic et al. (2015) showed
that the strongest El Niño-like situation occurred in the late
MCA to early LIA transition, instead of the peak MCA.

4.5 The link to the North Atlantic climate

Our Yongxing record shows a good correlation with the
North Atlantic climate. As illustrated in Fig. 7, the de-
creased (increased) Meiyu rain during the MCA (LIA) co-
incides with a persistent positive (neutral to slightly nega-
tive) North Atlantic Oscillation index (NAO; Trouet et al.,
2009; see Fig. 7c; R =−0.19; P < 0.05; N = 182). In ad-
dition, these Meiyu rain variations resemble changes in the
Atlantic meridional overturning circulation (AMOC), mea-
sured by the drift ice index (see Fig. 7d; Bond et al., 2001)
and mean grain size of sortable silt (see Fig. 7e; Thornalley
et al., 2018; R = 0.39; P < 0.01; N = 186) in the North At-
lantic. The decreased Meiyu rain corresponds to the strong
AMOC during the MCA and the increased Meiyu rain to the
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Figure 7. A comparison among Meiyu rain, solar activity, and
North Atlantic climate. (a) Total solar irradiance (Steinhilber et al.,
2009); (b) Yongxing Cave record (this study); (c) North Atlantic
Oscillation index (Trouet et al., 2009); (d) North Atlantic drift ice
index (Bond et al., 2001); (e) sortable silt grain size in the North
Atlantic (Thornalley et al., 2018). Yellow, grey, and orange bands
represent the MCA, LIA, and CWP, respectively.

weak AMOC during the LIA. These strong correlations in-
dicate an influence of the NAO and AMOC on the EASM.
During the MCA, positive NAO induces a warmer winter
in Europe, which reduces snow accumulation over Eurasia
and therefore allows for a farther penetration inland of the
EASM the following summer (Overpeck et al., 1996). An
analysis of instrumental data indicates that the winter NAO
signal can be transmitted to East Asia through a wave train
bridge and leads to a drier southern China but slightly wetter
central China (Sung et al., 2006). On the other hand, Wu et
al. (2009) have proposed that NAO-related spring sea surface
temperature (SST) anomalies in the North Atlantic can pro-
duce anomalous anticyclonic circulations over the Okhotsk
Sea, which help to enhance the subtropical monsoon front.
A robust AMOC can intensify the EASM through the north-
ward positioning of the ITCZ (Wang et al., 2017). During the
LIA, a weaker NAO and AMOC would produce decreased

EASM in the reversed fashion. It has been proposed that
conditions of the NAO are dynamically coupled to states of
the AMOC (Trouet et al., 2009; Wanamaker et al., 2012).
The strong (weak) NAO during the MCA (LIA) contributes
to enhanced (weakened) AMOC by enhancing (weakening)
the westerly (Trouet et al., 2009). A strong EASM, resulting
from the strong NAO and AMOC, would shorten the Meiyu
stage. Conversely, a weak EASM, resulting from the weak
NAO and AMOC, would extend the Meiyu stage (Zhang et
al., 2018c). On the other hand, solar activity is usually con-
sidered to be the root trigger of natural climate change. The
Yongxing record is broadly similar to changes in solar irra-
diance (Steinhilber et al., 2009; see Fig. 7a). The decreased
Meiyu rain is in parallel with greater solar activity during the
MCA and the increased Meiyu rain with the less solar activ-
ity during the LIA. The solar forcing of the Meiyu rain varia-
tion, dependent on the EASM strength (Zhang et al., 2018c),
can be determined by modulating the Asia–Pacific temper-
ature contrast (Kutzbach et al., 2008), the AMOC intensity
(Wang et al., 2005), and the ENSO condition (e.g., Asmerom
et al., 2007; Zhao et al., 2016). However, the relative impor-
tance of these forcing pathways is unknown and, most im-
portantly, the ENSO condition remains a matter of debate
during the last millennium (e.g., Cobb et al., 2003; Yan et al.,
2011a). As a counterpart to the MCA, the CWP is similarly
marked by decreased Meiyu rain, strong AMOC, and high
solar output (see Fig. 7). However, the relationship between
the Meiyu rain and NAO condition is not significant during
the CWP, with the decreased Meiyu rain failing to match the
expected more positive NAO. Longer-term data from instru-
mental observations and historical proxies are needed to as-
sess the linkage between the NAO condition and Meiyu rain
during the CWP.

5 Conclusions

Based on new and recently published stalagmite records from
the Yongxing Cave, central China, we reconstruct a contin-
uous evolutional history of the Meiyu rain during the past
millennium and link its variation to the Pacific and North
Atlantic climates. The climatic characters in our record are
generally antiphase with those in the Wanxiang and Huangye
Cave records in northern China. The decreased (increased)
Meiyu rain during the MCA (LIA) correlates with the warm
(cold) surface temperature and enhanced (reduced) rainfall
over the IPWP. Based on the strong correlation with the
ENSO reconstruction, our records support an El Niño-like
condition during the MCA and a La Niña-like condition dur-
ing the LIA. In addition, our records show a potential link
between the Meiyu rain and the North Atlantic climate. The
decreased Meiyu rain coincides with a substantially posi-
tive NAO and robust AMOC during the MCA, while the in-
creased Meiyu rain corresponds with a neutral to negative
NAO and weak AMOC during the LIA.
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