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The Spring Persistent Rains (SPR) and the Asian Summer Monsoon (ASM) are the two dominant rainfall systems
in East Asia, providing together a majority of annual rainfall in southeastern China (SEC). Since observational
data in SEC were mostly unavailable until the 1950s, proxy records that are capable of capturing the SPR and
ASM variations are required to examine the long-term co-variability patterns between them. Tree-ring earlywood
and latewood 5'80 records in SEC were found to respond to relative humidity (RH) during the SPR and ASM
seasons, respectively, allowing us, for the first time, to reconstruct the RH changes of SPR and ASM back to 1801.
The two reconstructions can explain 44.9 % and 42.3 % of the instrumental variance. We observed a long-lasting
wet epoch in the 1920s-60s for both the SPR and ASM, caused by a peak in the land—ocean thermal contrast. The
El Nino-Southern Oscillation (ENSO) and the Intertropical Convergence Zone (ITCZ) were found to be the two
leading tropical systems that modulated the SPR and ASM co-variability. During a period with weakened ENSO
variance, the RH of SPR and ASM showed in-phase changes driven by the ITCZ. However, when the ENSO
variance became strengthened, the co-variability collapsed since the ENSO can offset the influence of the ITCZ
via teleconnections.
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1. Introduction Plateau, and the distribution of its rain belt is usually subject to the

landforms of Wuyi Mountains (25-29° N, 116-119° E) and Nanling

The Asian Summer Monsoon (ASM) (from June to September) is the
strongest regional monsoon system, providing the majority of summer
rainfall in East Asia (Tao & Chen, 1987; Mao et al., 2004). However,
eastern Asia is dominated by another critical rainy season, known as the
Spring Persistent Rains (SPR), a unique climate phenomenon over
eastern Asia (Tian & Yasunari, 1998; Wan & Wu, 2009). The SPR mainly
occurs from March to May before the onset of the ASM due to the zonal
land-sea thermal contrast and the mechanical forcing of the Tibetan
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Mountains (24-26.5° N, 110-116° E) in southeastern China (SEC) (Wan
& Wu, 2009). The ASM and SPR are two leading precipitation systems in
eastern Asia, and they overlap with each other in SEC. Rainfall during
the SPR and ASM accounts for about 75 % of the annual rainfall over
SEC, and their contribution to the total rainfall is approximately equal
(Yang & Lau, 2004). Due to a strong hydroclimate variability during the
two seasons, floods or droughts regularly hit SEC, frequently having
severe socio-economic impacts (Mao et al., 2004; Wu & Mao, 2016). A
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possible further increase in the frequency, duration, and severity of
floods and droughts under projected global warming may pose threats
for the stability of ecology and society alike (Piao et al., 2010; Amengual

et al., 2014).

On the one hand, the hydroclimatic conditions during the SPR and
ASM are modulated by the West Pacific Subtropical High (WPSH), the
land-ocean thermal contrast, the thermal conditions of the Tibetan
Plateau among other factors (Huang et al., 2004; Peng et al., 2005; Wan
et al., 2008; Wan & Wu, 2009). Thus, hydroclimatic changes during the
SPR and ASM seasons may be closely linked (Wan et al., 2008). On the
other hand, the response patterns of the SPR and ASM with the El
Nino-Southern Oscillation (ENSO) are distinct, i.e. a positive (negative)
ENSO consistent with an increase (decrease) of the SPR (ASM) (Xu et al.,
2013; Wu & Mao, 2016; Zhou et al., 2020). The correlations between the
SPR and ASM seem to be weak during the instrumental period (Fig. S1).
At present, considerable knowledge gaps remain with regard to the SPR
and ASM co-variability, especially concerning the time-varying patterns
of their co-variability. This is largely due to a lack of proxy data with
seasonal resolution, covering long time periods, that can capture
hydroclimate variations in the SPR and ASM seasons.
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Tree-ring data (e.g. ring-width, stable isotopes) can capture exactly-
dated, annually-resolved information about past hydroclimate (precip-
itation, drought, relative humidity, etc.) during the growth period or
even during an entire hydrological year (Fang et al., 2015; Zhou et al.,
2020; Ljungqvist et al., 2020). Tree rings are composed of earlywood
and latewood, distinguished by the difference of the density owing to
seasonal shifts (Fritts, 1976), and can potentially track different seasonal
climatic changes (Griffin et al., 2013; Dannenberg & Wise, 2016; Tabari
& Willems, 2018; Seftigen et al., 2020). Stable oxygen isotopes (6'%0)
preserved in tree-ring cellulose are modulated by atmospheric vapor
pressure deficit and source water isotope compositions during the for-
mation of the cellulose (Loader et al., 1997; McCarroll & Loader, 2004;
Bose et al., 2016; Managave et al., 2020). Tree-ring 5'80 records are a
suitable archive for high-resolution hydroclimate reconstructions over
the warm and humid SEC where tree-ring width data often has a weak
hydroclimatic signal (Xu et al., 2013, 2016; Liu et al., 2017). As inferred
from intra-annual observations (Zheng et al., 2022), the formation of
earlywood of Pinus massoniana growing in SEC normally occurs in the
SPR season, while latewood is produced in the ASM season. Thus, the
tree-ring earlywood and latewood &'%0 signatures in SEC may

28° N

27° N

7 o

.. d‘r'};

& i B
26° N b Lol St Y
l 4 W Sangpling site
e T
25°N 2 7t N
. Meteorological station
24° N igh : 3714 s » Kilometers
* 0 60 120 240
R 21 ——t
115° E 116° E 117° E 118° E 119° E 120° E
32 —— Earlywood
E b Latewood
31
30 —
& 294
OGO 7 y B
o 28 - -
on |
8 :
I
o 27
=
P -
26
25 -
1 t-test: P<0.01
24 —
1800 1830 1860 1890 1920 1950 1980 2010
Years

Fig. 1. A) map showing the locations of the tree-ring sampling site (tree) and the meteorological station (star) used in this study; b) the earlywood (red line) and
latewood (blue line) 8'®0 chronologies during the period 1801-2015. The dash lines symbolize the mean values of the two §'80 records. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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incorporate variations in local hydroclimate during the SPR and ASM,
respectively.

In this study, earlywood and latewood §'%0 chronologies from Pinus
massoniana trees in SEC are used to reconstruct hydroclimate changes
during the SPR and ASM seasons, respectively, over the 1801-2015
period. The two reconstruction will provide a long-term context to assess
the co-variability of the SPR and ASM variations, and investigate the
atmospheric and oceanic circulation patterns modulating these
variations.

2. Materials and methods
2.1. The 5'%0 chronology development

The tree-ring 5'80 time-series employed in the present article are
derived from cross-dated Pinus massoniana cores from the Makeng site
(25.27°N, 117.35°E, 1000 m a.s.l) in SEC (Fig. 1a). These cores have
been collected, cross-dated and measured for the development of a
robust ring-width chronology by Wang et al. (2018). We herein selected
six cores from six trees with no absent rings and homogeneous growth
patterns for isotopic analysis, covering the 1801-2015 period. The
boundary between the earlywood and latewood of Pinus massoniana is
distinct (Fig. S2). They were carefully separated by a razor blade under a
binocular microscope based on differences in their cell colors. We
pooled the whole earlywood and latewood fractions of all the sampled
trees for each year prior to a-cellulose extraction (Leavitt, 2010; Liu
et al., 2009).

A modified version of the method mentioned by Green (1963) and
Loader et al. (1997) was used for cellulose extraction. To homogenize
the cellulose, the cellulose fibres were broken down with an ultrasound
machine and then freeze-dried for 72 h with a vacuum freeze dryer prior
to isotopic analysis. Approximately 0.15 mg of a-cellulose was packed in
a silver capsule, and analyzed with an isotope ratio mass spectrometer
interfaced with a pyrolysis-type high-temperature conversion elemental
analyzer (TC/EA) to obtain cellulose. The 580 values were measured
using a High Temperature Conversion Elemental Analyzer (TC/EA)
coupled to a Finnigan MAT-253 mass spectrometer (Thermo Electron
Corporation, Bremen, Germany) at the isotopic laboratory of Fujian
Normal University, China. The Merck cellulose was used as the reference
standard, which was inserted every eight samples during the measure-
ments. Oxygen isotope results are presented in § notation as the per mil
(%o) deviation from Vienna Standard Mean Ocean Water (VSMOW):

5180 = ((Rsample/Rslandalﬂ) -1 )*1000

where Rgample and Rgandard are the 180,160 ratios of the sample and
standard, respectively. The analytical uncertainties for repeated mea-
surements of the Merck cellulose were approximately + 0.19 %eo.

2.2. Instrumental dataset

The meteorological station is located at Shanghang (25.05° N,
116.42° E, 198 m a.s.1), which is the closest one (~80 km) to the Makeng
site (Fig. 1a). It is characterized by a humid and warm subtropical
climate (Fig. S3). The instrumental monthly mean temperature, total
precipitation and relative humidity (RH) records are used to investigate
the relationships between tree-ring '80 and climate for the period from
1957 to 2015 (Fig. S4). Monthly sea surface temperatures (SSTs) and
850 hPa geopotential heights (GPHs) were employed to detect the im-
pacts of oceanic-atmospheric circulation patterns on the co-variability of
the hydroclimate in the SPR and ASM. The SSTs were derived from the
HadISST1 dataset presented on a 0.5°x0.5° grid for the period from
1870 to 2015 (Rayner et al., 2003). The GPHs were obtained from the
Twentieth Century Reanalysis (20CR) V3 (Compo et al., 2011; Slivinski
et al., 2019), which provided a comprehensive global atmospheric cir-
culation dataset spanning the 1836-2015 period with a resolution of
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1°x1°. In addition, the observed and reconstructed ENSO variations
(Wilson et al., 2010) were consulted to evaluate the modulations of
ENSO on the co-variability between the SPR and ASM. The Nino 3.4
index (Trenberth & Stepaniak, 2001), the average SST anomalies from
the HadISST1 dataset in the region bounded by 5° N to 5° S and 170° W
to 120° W, were used herein to represent the observed ENSO.

2.3. Methods

The hydroclimate reconstruction was conducted through a simple
linear regression model based on a split calibration and verification
procedure designed to test the model reliability (Meko & Graybill,
1995). A number of statistic metrics were used to evaluate model ability,
including simple Pearson’s correlation coefficient (R), R square (Rz),
reduction of error (RE) and coefficient of efficiency (CE). Values of RE
and CE greater than zero normally indicate model skill. Moving corre-
lations between the two reconstructions with a 50-yr sliding window are
used to investigate the dynamics of the SPR and ASM co-variability
through time. In additional, spatial correlation maps were produced
by the KNMI Climate Explorer (Trouet & Van Oldenborgh, 2013) to
identify the key oceanic and atmospheric modes.

3. Results
3.1. Earlywood and latewood §'0 tree-ring series

We developed earlywood and latewood §'%0 chronologies of Pinus
massoniana trees at the Makeng site during the 1801-2015 period
(Fig. 1b). The earlywood 8'80 values ranged from 25.6 %o to 31.3 %o
with an average of 28.7 %o (Table S1). The values for latewood 5180
were lower, varying from 24.9 %o to 30.8 %o, with a mean of 27.9 %o. The
annual standard deviations for the earlywood and latewood 580 were
0.9 %o and 1.1 %o, respectively. A significant (P < 0.01) disparity was
found between the earlywood and latewood time series by a student’s t-
test (Fig. 1b). The correlation between the two 5'80 time-series are
significantly positive (r = 0.41, p < 0.001). The first-order autocorre-
lations for the earlywood and latewood %0 are 0.27 and 0.19,
respectively, and the correlation of the latewood §'%0 in current years
with the earlywood 880 in previous years is r = 0.23. The low corre-
lation coefficients are indicative of a slight impact of physiological
processes from prior years on the 5!80 values in current years.

3.2. Reconstructed relative humidity during the SPR and ASM

Correlation analysis was performed between the tree-ring 5'%0
chronologies and monthly instrumental climate records (Fig. 2). As
shown, both the earlywood and latewood 580 showed relatively weak
associations with temperature and precipitation (Fig. 2a, 2b). Signifi-
cant (p < 0.01) negative correlations were observed between the
earlywood 8'80 and RH in the months of February, March, April and
May, and the highest correlation with RH (r =-0.67, P < 0.001, N = 59)
was observed when combining the months from March to May (Fig. 2¢).
For latewood §'20, significant correlations with RH occurred from June
to October. The highest correlation (r = -0.65, P < 0.001, N = 59) was
found during the consecutive months from June to September. The
response pattern between tree-ring 5'80 and RH variations in SEC was
also reported by previous literature (Xu et al., 2013; Liu et al., 2017).

Spring (March-May) and summer (June-September) RH acted as the
strongest predictants of variance in earlywood and latewood §'%0 in the
study area and they were thus selected as the targets for the recon-
struction. The linear regression models account for 44.9 % and 42.3 % of
the actual variance of RH in the SPR and ASM, respectively (Fig. 3). As
shown in Table S2, the values of RE and CE for the split sub-periods (i.e.
1957-1986 and 1987-2015) are positive, indicative of a sufficient
model fit. Besides, the significant correlations between the interannual
variability of observed and reconstructed RH also indicated the
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Fig. 2. The correlations of the earlywood (red bar) and latewood (blue bar)
580 with monthly temperature (a), precipitation (b) and relative humidity (c)
over the common period of 1957-2015. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. The linear regression model of the earlywood (a) and latewood (b) 5'%0
chronologies with the observed March-May (a) and June-September (b) RH.

robustness of our model (Fig. S5).Based on the two models, we recon-
struct temporal changes of local RH of SPR and ASM since 1801 (Fig. 4a,
4b). To test the validity of the two reconstructions, we also correlated
them with a tree-ring chronology known to be negatively associated
with spring hydroclimate changes for the period 1801-2014 (Zhou et al.,
2020) and a summer monsoonal rainfall reconstruction from tree-ring
580 for the period 1870-2014, nearby (Xu et al., 2013), respectively
(Fig. S6). In addition, the spatial correlation patterns with gridded
surface RH dataset revealed that the reconstructions can well indicate
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Fig. 4. The RH reconstructions (red line) back to 1801 during a) SPR and b)
ASM, with the interdecadal variations (bold green line) isolated by using a 30-
year fast-Fourier transform filter, the target time series (cyan line) for the
1951-2015 period of overlap and the long-term average value (dash line); c)
The 31-year running correlations (assigned to center year of the window) be-
tween the SPR-ASM hydroclimate reconstructions; d) The 31-year running
variance of the observed (red line) and reconstructed (blue line; Wilson et al.,
(2010)) ENSO indices (assigned to center year of the window). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

large-scale hydroclimate changes in SPR and ASM (Fig. S7). These
findings indicated that our reconstructions were capable of capturing
hydroclimate features back across time and space for the SPR and ASM
seasons across SEC.

3.3. The SPR and ASM co-variability

The sliding correlations between the two RH reconstructions were
calculated with a 50-year window (Fig. 4c). The finding highlights that
the connection between the RH of the SPR and ASM was characterized
by an unstable and nonstationary process through time. The coherence
between them became weakened (enhanced) during the 1870s-1910s
and 1960s-2010s (1800s-1860s and 1920s-1960s), when ENSO vari-
ance was high (low) (Fig. 4d).

Spatial correlations of the reconstructions with gridded global SSTs
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and 850hpa GPHs in the SPR and ASM were calculated for the three
intervals 1871-1919, 1920-1960, and 1961-2015 (Fig. 5; Fig. S8).
During the SPR (ASM) season, significant positive (negative) correla-
tions with SSTs were found over the eastern equatorial tropical Pacific
during the periods 1871-1919 and 1961-2015 (Fig. 5a, 5¢, 5d, 5f). This
ENSO (La Nina) related SST anomalies coheres with anomalous positive
low-troposphere pressure variations around the western North Pacific
(WNP) (the Japan Sea) (Figs. S8a, S8¢c, S8d, S8f), indicative of the
seasonal movement of WPSH. The connection between the two re-
constructions and SSTs during the 1920-1960 period is weak (Fig. 5b,
5e). Nevertheless, this period witnessed a band of significant negative
pressure variations along the tropical zone (Figs. S8b, S8e), indicative
of the Intertropical Convergence Zone (ITCZ).

90N
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4. Discussion
4.1. Wet and dry periods

Long-term variations of the two reconstructions derived from tree-
ring earlywood and latewood 8'%0 reveals a notable phase shift of
hydroclimate during both the SPR and ASM over SEC in the 1920s
(Fig. 4a, 4b). The hydroclimate variations of both seasons were gener-
ally low and fluctuated moderately prior to that. The 1920s-1960s
period experienced the most pronounced and long-lasting wet condi-
tions over the past two centuries. This wet interval was also expressed in
an April-September precipitation reconstruction nearby based on
Fokienia hodginsii tree-ring 880 (Xu et al., 2013) and other recorded
evidence of flooding from local historical documentary data and sta-
lagmite data (Zeng, 1992; Jiang et al., 2012). After a megadrought in the
1920 s (Liang et al., 2006; Fang et al., 2017), hydroclimate in northern
China maintained remarkably wet conditions until the 1960s compared
to the past four centuries (Li et al., 2009). Similarly, anomalously wet
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Fig. 5. Spatial correlations of the reconstructed hydroclimate variance with contemporaneous global SSTs for the periods 1871-1919 (a, d), 1920-1960 (b, ), and
1961-2015 (c, f) during SPR (a-c) and ASM (d-f), respectively. Correlations not significant at the 95% level have been masked out.
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conditions are also observed in the middle-lower Yangtze River Basin
during the 1920s-1960s (Xu et al., 2016, 2018; Wang et al., 2011). The
monopole mode of hydroclimatic changes over East China coheres with
an increase in thermal gradient between the Northern Hemisphere (NH)
temperature and tropical ocean SSTs (Fig. S9), which coincides with a
significant intensification of water vapor convergence from tropical
oceans to East China (Li et al., 2009; Shi et al., 2019).

Analysis of instrumental data reveals a slight increase in rainfall
variations of the SPR and ASM since the late 20th century in SEC
(Fig. S4). However, an exceptional and sustained wetting trend occurred
during the SPR over the 1970s-1990s, which may be related to weak-
ened evaporation due to a dramatic decrease in spring temperature over
SEC (Duan et al., 2011; Cai et al., 2018). Association of the southward
movement of the cold center in China (Ma et al., 2012) is presumed to be
teleconnected with a decrease in Arctic sea-ice area from a warming
climate, which has changed the atmospheric circulations in the NH and
caused broader meridional meanders at the mid-latitudes (Liu et al.,
2012; Duan et al., 2013). Considering an expected increase of cold
waves over SEC in the context of global warming (Ma et al., 2012; Duan
et al., 2013), fluctuations of the SPR can be perhaps be expected to
enhance in the future. Conversely, only a slight decline tendency was
observed in effective rainfall changes during the ASM since the 1970s,
due to an offset between increased rainfall and temperature.

4.2. ENSO weakens the co-variability between SPR and ASM

Our study revealed linkages between the hydroclimate of the SPR
and ASM and the two leading tropical systems: the ITCZ and ENSO
(Fig. 6). ENSO operates in the tropical Pacific Ocean and can modulate
climate in remote extratropical areas via various teleconnections
(Kumar et al., 1999; Li et al., 2013). However, the teleconnections
become weakened when variance of ENSO was low (Webster & Yang,
1992; Xu et al., 2013; Zhou et al., 2020), and other atmosphere-ocean
patterns may take the place of ENSO as the main driving factors for
climate dynamics. Herein, when the ENSO variability was weakened,
the ITCZ dominates the SPR and ASM co-variability.

The seasonal movement of ITCZ is modulated by the migration of the
Sun’s overhead position. When ITCZ is positioned near to the Equator
during the SPR, the rising hot air from ITCZ moves poleward and de-
scends over WNP through the Hadley Circulation, suggestive of a strong
WPSH (Fig. 6a). This synoptic pattern is in favor of anomalous south-
westlies over SEC, driving the SPR (Wu & Mao, 2016). During the ASM

Journal of Hydrology 634 (2024) 131080

season, the location of ITCZ moves northward to the subtropics and its
band becomes wider (Waliser & Gautier, 1993), causing the develop-
ment of WPSH stretching from the Japan Sea to the coastal areas of
Northeast China (Fig. 6b). The circulation pattern coheres with an in-
crease in the strength of ASM, bringing water vapor into SEC (Liu & Li,
2011). Therefore, the hydroclimate in SPR and ASM reveals a good co-
herency without the disturbances of ENSO.

When ENSO variance is strong, both ENSO and ITCZ dominate the
SPR and ASM co-variability. Unlike ITCZ with seasonal migration across
latitudes, ENSO is coupled oceanic and atmospheric processes that are
generally locked to the tropical Pacific Ocean. The atmospheric
component of ENSO is the Walker Circulation, a west—east circulation
system coupled with the SST anomalies (Wang et al., 1999; Wang &
Weisberg, 2000). The anomalously sinking motion of the Walker Cir-
culation during the warm phase of the ENSO occurs over western Pacific
Ocean and induces a distinct anticyclone in the low troposphere, which
is the key system that teleconnects East Asian hydroclimate and ENSO
(Wang et al., 2000; Wu & Mao, 2016). In the SPR, the descending air
from ITCZ also arrives at WNP at the same time, leading to a progressive
enhancement of WPSH and westerly humidity convection into SEC
(Fig. 6¢). However, due to the northward migration of ITCZ during the
ASM season, the ENSO-related downward motion leads to a reduction in
northerly movement of the rising motion along ITCZ, and a relative
weak WPSH around the south of the Japan Sea and the coastal area of
northern China (Fig. 6d). This mode is similar to the Pacific-Japan/East
Asia-Pacific (PJ/EAP) pattern of teleconnection (Nitta, 1987; Huang &
Sun, 1992; Qian & Zhou, 2014), which leads to the weakening of the
ASM. In addition, ENSO strongly favors WNP tropical cyclone activities
that also impact hydroclimate of SEC dramatically in ASM season (Chan,
2000; Wu et al., 2004; Patricola et al., 2018). During episodes with high
ENSO variance, it appears that the hydroclimate of SPR and ASM in SEC
are modulated by different circulation patterns, and the co-variability
between them tends to decrease.

5. Conclusion

Earlywood and latewood &80 records from Pinus massoniana trees in
SEC were found to be sensitive to hydroclimatic changes during the SPR
and ASM seasons, respectively, and were used to reconstruct long-term
SPR and ASM changes from 1801 to 2015. The two reconstructions
revealed a long-lasting pluvial conditions from the 1920s to the 1960s,
which were associated with a particularly large land-ocean thermal

Fig. 6. Schematic diagram of the impact of circulation patterns on the hydroclimate conditions over SEC when the ENSO variance is low (a, b) and high (c, d) during
SPR (a, ¢) and ASM (b, d) seasons, respectively. The red ellipse and blue band denote the anticyclone and ITCZ. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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contrast. When the ENSO variance is low, both of the SPR and ASM are
modulated by the co-varying ITCZ in both of the SPR and ASM seasons,
causing in-phase SPR-ASM co-variability. When ENSO variance is high,
the SPR and ASM co-variability is influenced by both the ENSO and
ITCZ. This results in a weakening of the SPR-ASM co-variability as ENSO
can offset the influence of ITCZ on rainfall changes in SEC.
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