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Abstract We present a unique proxy for reconstructing the interannual variability of summer
precipitation associated with the quasi-stationary front (Baiu front) in central Japan. The rainfall from the
Baiu front has a relatively lower oxygen isotopic composition than other types of nonfrontal precipitation.
The variability in the oxygen isotopes in summer rainfall is closely related to the Baiu frontal activity. In
this study we used a mechanistic tree ring isotope model to reconstruct a 106 year long oxygen isotopic
composition of precipitation during the early rainy season (June) based on the oxygen isotopic compositions
of the annual rings of Chamaecyparis obtusa Endl trees from central Japan. The year-to-year variations of the
isotopes over the most recent 25 years are associated with several teleconnection patterns that often lead
to the Baiu precipitation anomalies in central Japan (such as the Pacific-Japan (PJ) pattern, Silk Road pattern,
and wave train pattern along the polar jet). Yet none of these external forcing mechanisms apply further
back in time. From the 1950s to 1980s, the interannual isotopic variability is predominantly related to local
factors such as anomalous intensification/weakening of the Bonin High. Before the 1950s, the variability of
the oxygen isotopic composition of precipitation is mainly associated with a wave train pattern along the
polar jet. The isotopic variability is predominantly linked to the PJ pattern, while the PJ index is correlated
with El Niño–Southern Oscillation. These findings suggest that the teleconnection patterns influencing
Baiu precipitation variability vary according to interdecadal time scales during the twentieth century.

1. Introduction

The East Asian summer monsoon (EASM) is characterized by a northward migrating rainband referred to as
“Meiyu” in China and “Baiu” in Japan [e.g., Yihui and Chan, 2005; Ninomiya et al., 1987]. This rainband appears
in mid-May in the South China Sea and then migrates northward to the Yangtze River Valley and Japan from
early June to mid-July. In mid-July, the rainband abruptly jumps to northern China and Korea, ending the rainy
season. Owing to the interannual variability of the EASM, the activity and migration speed of the rainband
vary widely year-by-year. Seasonality and changes in the rainfall amount affect the livelihoods of billions of
people in East Asia, a region encompassing China, Japan, and Korea. For example, severe droughts struck the
Yangtze River basin during years when the rainband arrived comparatively late or moved quickly northward
[Gemmer et al., 2012]. In other years when the region received more precipitation during the rainy season, the
basin was flooded. In Japan, where the rainy season lasts longer than usual, the record-cold summer of 1993
caused a serious failure of the rice harvest. A reliable interpretation of the impact of climate variability on the
EASM is important for the sustainable development of billions of people.

The seasonal transition of the rainband corresponds well to the seasonal evolution of the westerly jet imping-
ing on the Tibetan Plateau (TP) [Schiemann et al., 2009]. The Meiyu-Baiu rainband is formed along the
downstream of the westerly jet, where the advection of warm air by westerlies induces an ascending motion
that triggers convection to form the rainband [Sampe and Xie, 2010]. Changes in midtropospheric circulation
patterns cause the summer precipitation to vary over East Asia [Kosaka et al., 2011]. Knowing this, we can
reasonably deduce that the variability of the rainband on an interannual time scale is closely related to cir-
culation anomalies associated with teleconnection patterns such as the El Niño–Southern Oscillation (ENSO)
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[e.g., Tanaka, 1997], Silk Road pattern, wave train-like pattern along the summer Asian jet (40∘N) over the
Eurasian continent [e.g., Enomoto et al., 2003], and the Pacific-Japan (PJ) pattern (the meridional dipole of
anomalous circulation over the northwestern Pacific (NWP)) [e.g., Nitta, 1987]. Recent studies, however, raise
questions as to whether these external forcing mechanisms will persist through all future time. Xie et al. [2010],
for example, reported that El Niño exerts a more manifest influence on the EASM after wielding an insignif-
icant influence from the 1950s up to the climate regime shift of the mid-1970s. Variability in the Meiyu-Baiu
rainband has been examined using reanalysis data sets, but their data source limits the scope of their analysis
to the latter half of the twentieth century. The available data sets cover too short a period to exhibit inter-
decadal modulation in the frequency and intensity of teleconnection patterns. To detect anthropogenically
forced changes, our record must be extended back in time beyond the twentieth century [Stott et al., 2010].
These require alternative approaches to examine the long-term variations of the rainband activity, including
proxy data obtained from natural proxies.

This study reconstructs the past Baiu rainband activity in central Japan using annually resolved records of
oxygen isotopic compositions in tree rings from coniferous trees. Trees are widely distributed and provide
precisely dated records of climatic variables during the growing season (summer) beyond the period with
available data sets for reliable reanalysis: in effect, the number of meteorological stations becomes compa-
rable with that today (the latter half of the twentieth century). The oxygen isotopic composition of tree ring
cellulose reflects both the oxygen isotopic concentration of the soil water taken up by the trees (source water)
and the isotopic fractionations that occur within the trees, mainly through leaf water evaporative enrich-
ment during transpiration and the physiological processes of cellulose synthesis (see Barbour [2007] for a
detailed review). The process of isotopic exchange with source water during cellulose synthesis reduces the
effect of evaporative enrichment on the tree ring isotope signal [e.g., Roden et al., 2000]. Thus, the isotope
signal of source water is a dominant determinant of the oxygen isotopic composition of tree ring cellulose
[e.g., Edwards and Fritz, 1986; Saurer et al., 1997a; Danis et al., 2006; Brienen et al., 2013]. The isotope signal of
source water represents an integrated signal of soil water from multiple root zones. The soil water is recharged
by precipitation during the summer rainy season. For coniferous trees with shallow root systems, the oxygen
isotopic composition of source water may be more reflective of the oxygen isotopic composition of summer
precipitation than that of groundwater [e.g., Anderson et al., 2002; Miller et al., 2006; Brienen et al., 2012; Saurer
et al., 2015]. In central Japan, the isotopic variations in summer precipitation can be related to a meridional
position of the Baiu rainband [Kurita et al., 2013]. The Baiu rainband appears along the quasi-stationary front
(Baiu front) between the warm moist air with enriched isotopic values from the subtropics and the dry cool air
with depleted isotopic values to the north. The average isotopic value in summer will be lower (higher) than
that of a normal year if the rainy season lasts longer (shorter) than usual.

In this study we reconstruct a 106 year long record of Baiu rainband activity in central Japan by examining
the tree ring oxygen isotopes. We then apply the reconstructed record to examine whether the variability of
Baiu rainband activity in response to changes in atmospheric circulation associated with teleconnection pat-
terns persists through the twentieth century. The long-term record of Baiu rainband activity has the potential
not only to discern the long-term trend and its multidecadal variability but also to assess the influences of
anthropogenically forced changes. A mechanistic tree ring isotope model that can precisely predict variability
in the oxygen isotopic composition of tree rings has already been established [e.g., Roden et al., 2000; Barbour
et al., 2004; Barbour, 2007; Sternberg, 2008]. We therefore use this model to estimate a long-term record of the
isotopic composition of source water and summer precipitation as an indicator of Baiu rainband activity.

2. Materials and Methods
2.1. Study Site
The tree ring sampling for this study was carried out in a temperate coniferous forest at Agematsu, in central
Japan (33.75∘N, 137.58∘E, 1280 meters above sea level (masl)) (Figure 1). The mean annual temperature at the
study site is around 10.1∘C, with a minimum monthly mean of −2.2∘C in January and a maximum monthly
mean of 22.8∘C in August. The mean annual precipitation is about 1680 mm. The rainfall is seasonal, with
a pronounced dry winter season from December to February (<60 mm month−1) and a Baiu rainy season
delivering about 30% of the annual rainfall from early June to mid-July. The number of typhoons approaching
the Japanese archipelago is much higher in boreal summer and late summer than in the rainy period.
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Figure 1. Topographical map of central Japan showing the locations of the sampling site (Agematsu), meteorological
stations (Iida and Nagiso), and isotope monitoring stations (Tokyo and Nagoya).

2.2. Tree Ring Isotope Data
Four wood disks of Chamaecyparis obtusa Endl (Japanese cypress) were collected in 2005 from an evergreen
coniferous plantation on a northerly facing slope of the mountainous region at Agematsu. Coniferous trees
in temperate regions are well suited for reconstructing the oxygen isotopic compositions of summer precip-
itation because of their shallow root systems [e.g., Anderson et al., 2002; Miller et al., 2006; Brienen et al., 2012;
Saurer et al., 2015]. We therefore chose to reconstruct the oxygen isotopic compositions using Ch. obtusa, a
common coniferous tree species that has long been cultivated in Japan by confirmed silvicultural methods
[Tatman, 1989]. Ch. obtusa is a massive evergreen coniferous tree that can grow to a height up to 35 m and
a trunk diameter of up to 1 m. Ch. obtusa grows under moderate temperature and soil moisture conditions.
Ch. obtusa plantation forests are now widespread in central Japan, though native forests are nearly gone,
existing only in remnant stands. Given the climate conditions in the central Japan region where Ch. obtusa
is planted, we can expect somewhat homogeneous wood properties and a relative absence of physiological
stresses. Ch. obtusa forms distinct annual tree rings that closely match the ages of the tree. The annual nature
of the growth rings for our samples was proven by visually matching ring-width patterns against a master
chronology developed by Mitsutani [1987a] and Mitsutani [1987b]. This result is also supported by a significant
(p<0.001) intercorrelation between individual 𝛿18O time series from four samples (see below).

The oxygen isotope data used in this study were measured at two different laboratories: the Institute of Low
Temperature Science (ILTS) at Hokkaido University and the Research Institute for Humanity and Nature (RIHN).
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Figure 2. Time series of individual tree ring 𝛿18O obtained from the four samples of Ch. obtusa at the Agematus site
(color lines) and running EPS and Rbar computed over 30 year windows, lagged by 15 years.

The oxygen isotope analysis for two of the disks (245 and 276 years old) was performed at ITLS using a method
developed by, e.g., Loader et al. [1997]. All of the annual rings were cut out carefully with a utility knife and
sliced into thin slivers with a razor blade. Samples of 𝛼-cellulose were extracted from each sliver using a
method described by Harada et al. [2014]. The oxygen isotopic composition of the 𝛼-cellulose samples
extracted from the rings (120–200 ¯g) were determined by loading the samples into a silver capsule and trans-
ferring them into a High-Temperature Combustion Elemental Analyzer (TC/EA; Thermo Finnigan, Bremen,
Germany) linked to a mass spectrometer (Delta plus XL; Thermo Fisher Scientific). Each sample was analyzed
in duplicate to obtain more precise data. The oxygen isotopic composition of each tree ring was averaged
and converted into a 𝛿 value with respect to the international standard Vienna standard mean ocean water
(V-SMOW), an international standard: 𝛿18O= R

RVSMOW−1
, where RVSMOW is R for VSMOW. The analytical precision

of a laboratory working standard (Merck cellulose; Darmstadt, Germany) measurement was about 0.15‰
(1𝜎). The oxygen isotopic analyses for the other two wood disks (167 and 179 years old) were conducted at
RIHN, using a “cross-section” method for 𝛼-cellulose extraction [Kagawa et al., 2015]. This method extracts
𝛼-cellulose not from individual rings but directly from a 1 mm thick tree ring plate. The tree ring cellulose
samples were then cut from the 𝛼-cellulose plate, weighted, and wrapped into silver foil. Kagawa et al. [2015]
found no significant difference between the 𝛿18O values determined by the cross-section method and those
determined by the conventional method. This method has already been applied to several species [e.g., Xu
et al., 2011, 2013; Sano et al., 2013; Xu et al., 2016]. The oxygen isotope ratios were measured using a contin-
uous flow isotope ratio mass spectrometer (Delta V Advantage; Thermo Fisher Scientific) coupled with the
TC/EA. The analytical uncertainties associated with repeated measurements of the working standard were
±0.14‰. The 𝛿18O values measured at ITLS and RIHN did not significantly differ, as both laboratories con-
verted the oxygen isotope ratios to 𝛿 values with respect to the V-SMOW using the same working standard
(Merck cellulose).

The oxygen isotopic compositions obtained from the four trees show high synchronization over the 100 years
from 1885 to 2005, though distinct age-related biases (juvenile effects) [e.g., Treydte et al., 2006] appear dur-
ing their early growth stage before 1850 Common Era. As shown in Figure 2, a running correlation for the
𝛿18O chronology using a 30 year window with an overlap of 15 years exhibits a good intertree correlation
(Rbar) among the four trees throughout the entire period (Rbar >0.68). The running expressed population
signal (EPS), a parameter calculated using Rbar and the number of samples [Wigley et al., 1984], exceeded
the threshold value of 0.85 (EPS>0.90), testifying to the robustness of the 𝛿18O chronology based on the four
Ch. obtusa trees. We thus used the arithmetic mean oxygen isotopic ratios of the four trees in all of the analyses
(Figure 3a).
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Figure 3. Time series of (a) the mean tree ring 𝛿18O chronology based on the four Ch. obtusa trees (solid lines) and their
standard deviations (skyblue shading) and (b) the air temperature, (c) relative humidity, (d) sunshine duration, (e) vapor
pressure deficit, and (f ) precipitation in June (daytime means from 8:00 to 18:00) through the entire observation period
at the meteorological observatory (Iida station). The solid red curves in Figures 3a–3f represent the 5 year running mean.
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2.3. Isotope Data of Precipitation
Monthly records of the oxygen isotopic composition of rainfall at the Tokyo station (35.7∘N, 139.8∘E, 4 masl),
180 km to the east of the site, were obtained from the Global Network of Isotopes in Precipitation (GNIP). The
observation was launched in March 1961 and stopped in December 1979. Tree ring sampling site (Agematsu)
and GNIP Tokyo station are both located on the Pacific side of central Japan.

2.4. Meteorological Data
The nearest weather station using the Automated Meteorological Data Acquisition System (AMeDAS) is
located in Nagiso town, 15 km south of the site. The AMeDAS station, however, only measures the temperature,
precipitation, sunshine duration, and wind direction and speed. It also began collecting relatively recently, in
1979, far later than the manned stations, which began collecting data at the end of nineteenth century. In this
study we therefore use meteorological data measured at a manned station. The nearest manned observatory
is located in Iida city, 35 km southeast of the site (35.52∘N, 137.82∘E, 516 masl) across the north-south moun-
tain range. Many meteorological variables (pressure, temperature, relative humidity, precipitation amount,
sunshine duration, etc.) have been recorded since August of 1898. The year-to-year variations of the monthly
mean temperature, precipitation amount, and sunshine duration observed at Iida station closely match those
observed at Nagiso station over the period from 1979 to 2005. The Iida station archives hourly data at present
but kept only 6-hourly data before the 1950s. The 6-hourly data were interpolated into hourly values. For this
study we prepared hourly data from 1899 to 2005 and used it to calculate monthly daytime means from 8:00 to
18:00 as a boundary condition for the mechanistic model to backcalculate the oxygen isotopic composition of
source water used by tree. Figure 3 shows the time series of the monthly means of the meteorological variables
used in this study. To explore large-scale circulation and synoptic-scale weather conditions, we used 6-hourly
data of a Japanese 55 year reanalysis (JRA-55) of the global atmosphere for 1958–2005 [Ebita et al., 2011] and
monthly mean data from the International Comprehensive Ocean-atmosphere Data Set (ICOADS) on oceanic
cloudiness for 1979–2005 [Woodruff et al., 2010]. The JRA-55 data and ICOADS data are on 1.25∘×1.25∘ and
2∘×2∘ horizontal grids, respectively. The onset record of Baiu rainfall in central Japan was obtained from the
Japan Meteorological Agency website (www.jma.go.jp/jma/indexe.html). Several climate indices were used
to examine the variability of the Baiu activity associated with atmospheric circulation changes on global scale.
The Pacific-Japan (PJ) Index defined by Kubota et al. [2015], an index based on the difference in anomalies of
the sea level pressure (SLP) at Yokohama, Japan, and Hengchun, Taiwan, was used as a marker of circulation
anomalies on the tropical Pacific region. The Southern Oscillation Index (SOI) representing the standardized
difference in SLP anomalies of Tahiti and Darwin [Ropelewski and Jones, 1987] was used as an indicator of
the ENSO state. The North Atlantic Oscillation (NAO) index presenting the strength of the Icelandic low and
the Azores high [Hurrell, 1995] was used as a marker of circulation anomalies in the Northern Hemisphere. The
SOI and NAO data were obtained from the National Oceanic and Atmospheric Administration Earth System
Research Laboratory website (http://www.esrl.noaa.gov/psd).

2.5. Mechanistic Modeling
In order to calculate the oxygen isotopic composition of source water, a mechanistic model predicting the
oxygen isotopic composition of tree ring cellulose (𝛿18Ocell) was used in this study. This model consists of
two components: (1) the physiological process controlling the changes in the oxygen isotopic composition of
water as it moves through the plant and (2) the biogeochemical process governing the changes in the oxygen
isotopic composition as it is incorporated into cellulose [e.g., Roden et al., 2000; Barbour et al., 2004; Barbour,
2007; Sternberg, 2008]. Physiologically, the source water taken up by the roots moves to the leaf and becomes
enriched in the heavy 𝛿18O through evapotranspiration. Leaf water 𝛿18O enrichment above the source water
(Δes) can be theoretically estimated based on the isotopic steady state model of leaf water [Craig and Gordon,
1965; Dongmann et al., 1974; Farquhar et al., 1993]:

Δes = 𝜀eq + 𝜀k +
(
𝛿18Oatm − 𝛿18Osource − 𝜀k

)
ea∕ei (1)

where 𝜀eq is the equilibrium fractionation factor associated with the liquid to vapor phase change, 𝜀k is the
kinetic fractionation associated with the diffusion of vapor into unsaturated air, 𝛿18Oatm and 𝛿18Osource are
the isotopic compositions of the atmospheric vapor and source water (relative to V-SMOW), respectively, and
ea/ei is the ratio of ambient vapor pressure to that inside the leaf. 𝜀eq is calculated as a function of the leaf
temperature Tk (K) [Bottinga and Craig, 1969].

𝜀eq = 2.644 − 3.206(103∕Tk) + 1.534
(

106∕T2
k

)
(2)
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As shown in past study, the temperature can be assumed to be equal to the air temperature for needle-shaped
leaves, because needles are closely coupled with the environment [Jones, 1992]. In this study, ambient air
temperature (Tair (∘C)) was used as Tk –273.15, and thus, ea/ei was approximated with the relative humidity of
the ambient air (h). Using the fractionation factor determined by Cappa [2003], 𝜀k is given by Farquhar et al.
[1998]: 𝜀k = (32rs + 21rb)∕(rs + rb), where rs and rb are the stomatal and boundary layer resistance to water
vapor diffusion, respectively. Since rb for needle-shaped leaves is negligible, we assumed 𝜀k=32‰ for our
calculations.

Equation (1) predicts evaporative enrichment at the site of evaporation. Model predictions, however, often
overestimate the actual enrichment of bulk leaf water due to the Péclet effect: the backward diffusion of
enriched water into the leaf is opposed by the transpirational convection of unenriched water to the evaporat-
ing site [Farquhar and Lloyd, 1993]. Leaf water 𝛿18O enrichment above the source water (Δe) can be modeled
from the Δes and the Péclet effect as follows:

Δe = Δes(1 − e−℘)∕℘ (3)

where ℘ is the dimensionless Péclet number, which is the ratio of advection of unenriched water to the site
of evaporation, driven by transpiration, to back diffusion of the enriched water from the evaporation site:

℘ = LTrans∕CD (4)

where L is the effective path length for water transport from the veins to the site of evaporation (m), Trans is
the transpiration rate (mol m−2 s−1), C is the molar density of water (55.5 ×103 mol m−3), and D is the diffu-
sivity of H18

2 O in water (m2 s−1), which is temperature dependent [Cuntz et al., 2007]. L is a variable parameter
both within and between species. Song et al. [2013] recently found a significant negative power relationship
between L and Trans for white cedar (L = 4.03 ×10−4T−0.64

rans ; R2 = 0.370 ). In this study, we assumed that this
relationship can apply to the estimation of L for Japanese cypress.

Biochemically, the oxygen isotopic composition of photosynthetic products (sucrose) rises above that in leaf
water as a result of biochemical fractionation, whereupon some of the oxygen atoms in the sucrose exchange
with the source water to form cellulose, while the sucrose breaks down. Cellulose thus reflects both the
exchange with enriched leaf water during sucrose synthesis and the exchange with the local source water
during cellulose synthesis. The 𝛿18O enrichment of cellulose (Δcell) above the source water is given by [Barbour
and Farquhar, 2000]:

Δcell = 𝛿18Oe(1 − pexpx) + 𝜀wc (5)

where pex is the fraction of oxygen that has exchanged with the source water during cellulose synthesis and
px is the unenriched source (xylem) water in the cell forming the cellulose. Cernusak et al. [2005] showed that
pex varies in a range from 0.35 to 0.44, averaging about 0.40 under field conditions. Evidence suggests that
px is close to unity (px = 1) for the cells in the source of mature trees [e.g., Roden et al., 2000; Cernusak et al.,
2005]. The biochemical fractionation (𝜀wc) between carbonyl oxygen and water is widely assumed to be 27‰
[e.g., Sternberg et al., 1986; Yakir and DeNiro, 1990]. Using Δcell ≈ 𝛿18Ocell − 𝛿18Osource, equation (5) is converted
to the 𝛿 notation:

𝛿18Ocell = 𝛿18Osource + Δe(1 − pexpx) + 𝜀wc (6)

Equations (1), (3), and (6) are combined and solved for 𝛿source:

𝛿18Osource =
𝛿18Ocell − fd[𝜀eq + 𝜀k + (𝛿18Oatm − 𝜀k)h] − 𝜀wc

1 − fdh
(7)

where fd is a dampening factor, which is defined by the following:

fd = Δe∕Δes(1 − pexpx). (8)

Equation (7) is similar to an equation presented by Saurer et al. [1997b] (see their equation 3), though they did
not consider Péclet effect.
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In order to back-calculate the 𝛿18O in precipitation (𝛿18Opr) from the 𝛿18Osource, we explored the relationship
between the 𝛿18Opr and 𝛿18Osource. The 𝛿18Osource can be considered a mixture of the 𝛿18Opr from shallower
roots and 𝛿18O in deeper soil moisture from its deeper roots. The fraction of source water originating from the
precipitation must respond to the dry-wet summer condition. A drier (rainier) summer condition, for example,
may lead to a lower (higher) soil moisture content in the shallow root zone, indicating a lesser (greater)
contribution of precipitation to the source water. From this, the difference between 𝛿18Osource and 𝛿18Opr pre-
sumably depends on the total sunshine duration (SD) during the growing season as a proxy for drought. In
this study, we used the following polynomial function to describe this dependence:

𝛿18Osource − 𝛿18Opr = c1SD3 + c2SD2 + c3SD + c4 (9)

where the 𝛿18Opr represents the precipitation-amount-weighted mean 𝛿18Opr during the growing season and
c1, c2, c3, and c4 are empirically determined constants. These parameters were determined using observation
data from 1962 to 1979, a period when the GNIP Tokyo station provided a continuous record of the monthly
𝛿18O in precipitation (hereafter, the “calibration period”).

2.6. Model Parameters
2.6.1. Atmospheric Vapor Oxygen Isotopes
The mean 𝛿18O in atmospheric vapor (𝛿18Oatm) during the growing season is required to calculate the
𝛿18Osource (equation (7)). Our early investigations of 𝛿18Oatm in central Japan showed a weak seasonality but
a clear intraseasonal variability [Kurita et al., 2013, 2015]. The temporal variability in 𝛿18Oatm reflects changes
in weather conditions. When rain falls, a diffusive exchange takes place between raindrops and surrounding
air and 𝛿18Oatm tends to decrease toward the isotopic equilibrium with precipitation. After the rainfall ends,
𝛿18Oatm tends to gradually increase and to remain at relatively high values on sunny days. These patterns
suggest that the seasonal mean 𝛿18Oatm can be expressed as a time-weighted average function:

𝛿18Oatm = fH

(
𝛿18Opr− < 𝜀eq >rain

)
+ (1 − fH) < 𝛿18Oatm >sunny (10)

where fH is the fraction of rainy days during the growing period, < 𝜀eq >rain represents the average 𝜀eq on
rainy days, and < 𝛿18Oatm >sunny is the mean 𝛿18Oatm on sunny days. In this study the unknown parameter
< 𝛿18Oatm >sunny was determined referring to continuous observation data collected at Nagoya University
(96 km southwest of the sampling site) from June 2013 onward [Kurita et al., 2015]. The mean value on
nonprecipitating days in the growing season from 2013 to 2015 (−16.5 ± 2.0 ‰) was used for the calculation.

2.6.2. Transpiration Rate
The transpiration rate (Trans) was estimated from the canopy stomatal conductance (gs) and above-canopy
atmospheric humidity deficit (Do):

Trans = gsDo∕Ps (11)

where Ps is the atmospheric pressure at the sampling site (875 hPa). In this study we ignore the daily variability
of atmospheric pressure. The errors resulting from the use of a constant surface pressure value are negligi-
ble. As shown in past studies, gs decreases exponentially as Do increases [e.g., Jones, 1992]. We also know,
however, that gs varies linearly with Do unless conditions are extremely dry. For coniferous trees, Do can be
identical to the vapor pressure deficit in air (VPD) since the canopy temperature is almost equal to the ambient
temperature. Here gs is expressed as a linear function with the monthly mean VPD:

gs = c5VPD + c6 (12)

where c5 and c6 are the parameters of the experimentally determined linear relationship. These parameters
were determined using monthly averaged data of Trans and VPD observed in a coniferous forest (Japanese
cedar) in Japan [Kumagai et al., 2014]. A clear negative correlation can be found between gs and VPD (R2 = 0.79),
with a small slope value (−27 mmol m−2 s−1 kPa−1). This is consistent with the results shown in Kumagai et al.
[2008] based on rigorous calculations of canopy stomatal conductance. The relatively modest year-to-year
variation of the monthly mean VPD in central Japan allowed us to set gs as a constant (80± 8.0 mmol m−2 s−1).
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Table 1. List of Constant Variables for the Model Calculationa

Variable Description Value

𝜀k diffusive fractionation through stomata and air (‰) 32 (29–35)

𝜀wc fractionation between carbonyl oxygen and water (‰) 27 (24–30)

pex fraction of exchangeable oxygen during cellulose synthesis 0.40 (0.36–0.44)

px fraction of source water in xylem cell 1

< 𝛿18Oa >sunny mean 𝛿18Oatm on sunny days (‰) −16.5 ± 2.0

gs canopy stomatal conductance (mmol m−2 s−1) 80 ± 8.0

Ps atmospheric pressure at the site (hPa) 875
aThe values in parentheses indicate the range of uniform probability distribution for the Monte Carlo simulation.

2.7. Model Simulation
The constant parameters shown in Table 1 include unmeasured parameters that introduce potential error into
the calculations. Differences between the 𝛿18Ocell values of the four trees are another source of uncertainty.
Similar to Evans [2007], we use a Monte Carlo-based approach to assess these uncertainties. The 𝛿18Ocell and
parameters are treated as independent random variables and sampled from a randomly perturbed probability
density function of a uniform or Gaussian distribution over the plausible range of each value (see Table 1 for
the parameters). The model was run more than 10,000 times with these random parameters. The calculated
estimates were sorted, and then a mean and its 95% confidence interval for the output model were reported.

3. Results and Discussion
3.1. Growing Season
To determine the growing season of Ch. obtusa trees, we conducted a linear correlation analysis between
𝛿18Ocell and the monthly means of climate parameters. Based on equation (6), 𝛿18Ocell can be expressed as a
function of air temperature (Tair), relative humidity (h), and 𝛿18Osource. Table 2 shows the correlation coefficient
(r) for 𝛿18Ocell against h and 𝛿18Opr as a substitute for 𝛿18Osource for specified months during the calibration
period (1962–1979). Given the weak variability of summer temperature, we chose not to investigate the
dependence on Tair. The relative humidity is a main factor controlling the enrichment of heavy isotopes in leaf
water. The magnitude of the enrichment increases as humidity decreases. As such, we expect to find a nega-
tive correlation between 𝛿18Ocell and humidity. Meanwhile, we predict a positive correlation between 𝛿18Ocell

and 𝛿18Opr. The 𝛿18Ocell values in Table 2 show the highest positive correlation with 𝛿18Opr (r = 0.64) and high-
est negative correlation with h (r = −0.60) in June. Both correlations are remarkably higher in June than in the
other months, suggesting that the wood cellulose of a single year may largely reflect the environmental con-
ditions in early summer (June) rather than those throughout the entire summer. The rainy season in central
Japan usually starts from June and lasts to mid-July. The Ch. obtusa trees sampled for this study seemed to
mainly grow during the rainy season.

3.2. Comparison of the Isotopic Composition of the Source Water and Precipitation
We compared the year-to-year isotopic variations in precipitation and in source water to explore the degree
to which the 𝛿18O of the source water taken up from roots contained the precipitation isotope signal. Figure 4

Table 2. Correlation Coefficients (r) for the Oxygen Isotopic
Compositions of Cellulose Against Relative Humidity (h) and
Isotopic Compositions of Precipitation (𝛿18Opr) for Specific
Months During the Calibration Period

Month r (h) r (𝛿18Opr)

April 0.31a 0.01

May −0.41a 0.41a

June −0.60a 0.64a

July −0.02 0.44a

August 0.01 0.22a

ap value < 0.1.
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Figure 4. Comparison of the modeled 𝛿18O of source water (blue line) from the mechanistic model with the Monte
Carlo estimate of the 95% confidence interval (skyblue shading) and the observed 𝛿18O of precipitation in June at GNIP
Tokyo station (red dashed line). The green dotted line represents the 𝛿18Ogw values, which are recharged by rainfall at
mountain peaks (see the text for details).

shows 𝛿18Osource time series values determined by a source water model (equation (7)) with a Monte Carlo
estimate of the 95% confidence interval range, together with 𝛿18Opr in June and 𝛿18O in water in the saturated
zone (ground water) (𝛿18Ogw). The 𝛿18Ogw here corresponds to the most negative 𝛿18O of the soil water, which
is recharged by rainfall at mountain peaks (1500 m above sea level). The climatological mean 𝛿18O value of
rainfall at 1500 m height was estimated from the isotope map over central Japan [Yamanaka et al., 2015].
Lacking a clear picture of the seasonality of 𝛿18Opr in central Japan [Kurita et al., 2015], we assumed that the
interannual variability of 𝛿18Ogw was negligible. As Figure 4 shows, the 𝛿18Osource values move separately from
the year-to-year variability of 𝛿18Opr and lie between the values of 𝛿18Opr and 𝛿18Ogw, except for a few years.
This suggests that the source water consists of a mixture of precipitation and groundwater. The surface soils
during the rainy season are frequently supplied with precipitation, which may weaken the influence of the
evaporative enrichment of the surface soil water. In the month of June, trees can be expected to take up
precipitation relatively enriched in 𝛿18O via their shallow root system and to take up groundwater depleted
of 𝛿18O via their deep root system. The fraction of precipitation to the source water may vary year-by-year,
depending on environmental conditions such as the moisture content of the surface soil.

3.3. Relationship Between the Isotopic Composition of the Source Water and Precipitation
As mentioned above, the 𝛿18Osource can be considered as a mixture of the 𝛿18Opr from shallower roots and the
𝛿18O in deeper soil moisture from deeper roots. The surface soil moisture may have a bearing on the fraction
of source water originating from the precipitation. Lacking available data on the soil moisture at the site, we
examined this relationship using the total sunshine duration (SD) in June as a proxy for the variability of the
surface soil moisture during the growing season. As a rule of thumb, a longer (shorter) SD leads to increased
(decreased) evaporation and decreased (increased) surface soil moisture. As expected, the difference between
𝛿18Osource and 𝛿18Opr shows a clear negative correlation with SD (Figures 5 and 6). The maxima of difference
between the 𝛿18Osource and 𝛿18Opr values correspond to drought years when the sunshine duration far exceeds
the mean value (160 h). By contrast, the 𝛿18Osource values are close to the 𝛿18Opr values in years with shorter
sunshine duration (wet conditions). The polynomial function shown in Figure 6 is equivalent to equation (9).
Note that 𝛿18Osource-𝛿18Opr has a clear negative correlation with SD than with the precipitation in June.

3.4. Modeling Oxygen Isotopic Compositions in Source Water
We applied the source water model (equation (7)) to the records of 𝛿18Ocell over the entire period with avail-
able meteorological data for June (1899–2005). Figure 7a exhibits an apparent interdecadal variation in the
modeled 𝛿18Osource values, especially during the former half of the twentieth century. High 𝛿18Osource values
are observed from the late 1900s to the mid-1920s, from the early 1950s to the late 1960s, and from the
1990s to the present, and the highest values fall in the 1990s. In contrust, low 𝛿18Osource values appear from
the mid-1920 to the mid-1930 and from the late 1930s to the early 1950s, and the lowest values fall in the
1940s. These 𝛿18Osource fluctuations reflect the temporal variations in the precipitation [Endo, 2011] and SD in
June (Figure 3d). The 𝛿18Osource values are most strongly corrected with SD (r=0.75, p< 0.001). They are also
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Figure 5. Interannual variations of (a) the difference between the observed 𝛿18O precipitation and modeled 𝛿18O of
source water and (b) the sunshine duration, and (c) precipitation amount in June at the meteorological observatory
during the calibration period.

significantly correlated with the rainfall amount (r=0.41, p<0.01) and the total rainfall hours in June (r=0.62,
p < 0.001), but the correlations are weaker than that with SD. Given that SD can be regarded as an indicator
of the fraction of the source water originating from precipitation (Figure 6), the relative fraction of each water
source (shallow versus deep soil water) might be the primary driver of the temporal variations in 𝛿18Osource.
Evaporation enhanced by the longer SD in the drier summer condition depletes the surface soil moisture,
possibly inducing the trees to draw water preferentially from deeper soil layers. By contrast, a prolonged
period of rainfall in wet years leads increases the water percolation into the soil surface, possibly giving trees
the opportunity to take up precipitated water from a surface root system. The explanation that the zone from
which coniferous trees take up water changes between dry/wet soil conditions is consistent with a recent
2 year observation in Siberia showing that larch trees take up isotopically enriched water preferentially from
the top soil (0–15 cm) in the wet summer condition [Saurer et al., 2015]. In addition, the drier summer condi-
tion leads to a lower oxygen isotopic content of source water because of a lower (higher) fraction of top soil
moisture (lower soil moisture) to the source water.

Figure 6. Difference between the 𝛿18O of precipitation and 𝛿18O of source water in relation to the sunshine duration in
June during the calibration period. The solid line indicates the polynomial regression line. The right axis represents the
fraction of precipitation to the source water.
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Figure 7. Modeled 𝛿18O of the (a) source water (blue line) from the mechanistic model and of (b) precipitation (red line)
from the regression model during the entire record of the tree ring 𝛿18O over the period with available meteorological
data (1898–2005). The shaded envelope represents the Monte Carlo estimate of the model error stemming from
parameter uncertainty in the simulation. The solid thick lines represent the decadal component obtained by smoothing
the series with a 5 year running mean filter. The dashed line is the 𝛿18O of June precipitation at GNIP Tokyo station
(1962–1979).

3.5. Modeling Oxygen Isotopic Compositions in Precipitation
A 106 year long 𝛿18Opr record is reconstructed using equation (9) (Figure 7b). The reconstructed 𝛿18Opr values
also exhibit interdecadal variability, reaching their highest values in the mid-1930s, but their interannual
fluctuations are more considerable than those in 𝛿18Osource. The amplitude of the year-to-year variability of
𝛿18Opr is more than 2 times larger than that of 𝛿18Osource. This variability is linked to changes in SD and rela-
tive humidity rather than changes in precipitation amount or temperature. The 𝛿18Opr values in June at GNIP
Tokyo showed a positive correlation with SD (r=0.76, p<0.001) and negative correlation with relative humidity
(r = −0.57, p< 0.001). The reconstructed 𝛿18Opr values lie within the 90% of the prediction interval of the
regression lines obtained from the GNIP Tokyo data (not shown). According to our early study Kurita et al.
[2015], the interannual variability in 𝛿18Opr at GNIP Tokyo station is driven by changes in the recurrence of
synoptic-scale variations. As expected, synoptic-scale change over northeast Asia is the primary driver of
interannual variations in the reconstructed 𝛿18Opr during the period with available JRA-55 reanalysis data
(1958–2005). Figure 8 shows composite maps of atmospheric circulation in June for years with high 𝛿18Opr

(anomalies from the mean of the whole period are higher than 1𝜎(1.5‰); 1958, 1967, 1974, 1983, and 1987
(n=5)) and years with low 𝛿18Opr (anomalies are less than 1𝜎; 1962, 1970, 1976, 1995, and 2003 (n=5)).

The mean position of the Baiu frontal zone identified as the region of higher cloudiness off the southern
coast of Japan clearly differed between the years with high and low 𝛿18Opr. In years with low 𝛿18Opr, the Baiu
frontal zone is situated along the southern coast of central Japan. In years with high 𝛿18Opr, the frontal zone
shifts southward in association with the southward displacement of the Bonin high (BH). In June, the growing
season, the Baiu frontal zone in central Japan migrates northward in association with seasonal intensifica-
tion of the BH. The rainy season begins in around the middle of the month. Delays in the onset of the rainy
season in some of the years with high 𝛿18Opr result in reduced precipitation from the Baiu front, a condition
corresponding to weak Baiu frontal activity.

Earlier we reported that the rainfall from the Baiu front is characterized by relatively lower 𝛿18O values than
the other nonfrontal precipitation in summer [Kurita et al., 2015], we speculated that the isotopic content of
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Figure 8. Composite maps of June mean cloud cover (shading: okta), geopotential height at 500 hPa (solid contours,
contour interval 10 m), horizontal winds at 850 hPa (vectors: ms−1) (a) in years with low 𝛿18Opr (anomalies from the
mean of the whole period are lower than 1𝜎) and (b) in years with high 𝛿18Opr (anomalies are higher than 1𝜎). The June
mean position of the Baiu frontal zone (represented by the stationary front symbol) is identified as the region of higher
cloud cover off the southern coast of Japan.

June precipitation is higher (lower) in years when the rainy season begins late (early) than in a normal year.
Further, we speculated that a delayed (early) onset of rainy season leads to an increase (decrease) in SD and
a decrease (increase) in relative humidity. To verify these hypotheses, we examined the relationship between
the fraction of the Baiu rainfall to the monthly rainfall (Fbr) and 𝛿18Opr. The Baiu front is formed at the transition
zone between the subtropical warm air mass and subpolar cold air mass. The Baiu rainfall corresponds to cold
rainfall events associated with cyclonic or frontal systems. Following the approach of our earlier study, we
divided daily precipitation at the observation site into rainfall from warm air mass and that from cold air mass
using the calculated equivalent potential temperature ⟨𝜃e⟩ for 1958–2005 [Kurita et al., 2015]. Then, we used
synoptic charts to divide each event further into cyclonic/frontal rainfall, typhoon rainfall, and noncyclonic
rainfall types. From 1958 to 2005, the Fbr changes widely year by year, ranging from 0.10 to 0.97 (Figure 9). The
reconstructed 𝛿18Opr values exhibit a statistically robust decreasing trend as Fbr increases (r =−0.60, p<0.001).

We also found a significant negative correlation between the reconstructed 𝛿18Opr and the the onset days
(r=0.38, p<0.01) during the same analysis period (1958–2005). Figure 10 shows the time series of anomalies
of the 𝛿18Opr and the onset days from the average between 1958 and 1972. The onset days tend to signifi-
cantly decrease in the latter half of the twentieth century (p=0.034). Despite large uncertainty in the 𝛿18Opr

(see Figure 7b), a long-term decreasing trend was also found in the mean values of 𝛿18Opr (p=0.21). Judging
from these findings, the reconstructed 𝛿18Opr shows strong potential for use as an indicator of the Baiu
rainband activity in central Japan.

Figure 9. Relative contribution of each type of rainfall to monthly rainfall in June at the observation site. Rainfall is
classified into five types: Baiu rainfall (BR), warm rainfall (WR), typhoon rainfall (TY), and others (OT).
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Figure 10. Time series of anomalies of (a) modeled 𝛿18O in June precipitation and (b) rainy season onset days in central
Japan over the period with available onset records (1958–2005). Anomalies are relative to the 1958–1972 base period
mean. The straight lines are the best linear fits (trend lines).

3.6. Climate Drivers of Interannual to Decadal Variation in Baiu Rainband Activity
The position of the Baiu frontal zone is anchored by the midtropospheric warm advection [Sampe and Xie,
2010]. The interannual variations in the Baiu frontal zone are mainly controlled by the variations in the atmo-
spheric circulation pattern that change the midtropospheric warm advection [Kosaka et al., 2011]. The PJ
teleconnection pattern, for example, is a circulation anomaly pattern with a dominant influence on the
Baiu frontal activity. Through a PJ teleconnection, enhanced (weakened) convective activity over the east of
Philippines leads to anomalous intensification (weaking) of the BH and subsequently to decreased (increased)
Baiu rainfall in Japan [e.g., Nitta, 1987; Kosaka and Nakamura, 2006].

Figure 11a exhibits the regressed pattern of geopotential height anomalies (GPH) at 500 hPa with the recon-
structed 𝛿18Opr for the years in recent decades (1979–2005) when the PJ pattern dominates (PJ summer). In
this study we define PJ summer events when the PJ index of a summer exceeds 1𝜎 (|PJ|≥ 1). As expected, GPH
anomalies exhibit a PJ-like meridional dipole pattern over the NWP. Note that this anomalous dipole extends
into the lower troposphere (not shown). Positive GPH anomalies covering the NWP, however, are shifted east-
ward from Japan. In contrast, positive GPH anomalies zonally extended from northeast China, and Japan
corresponds to a wave train-like anomalies along the Asian jet (40∘N) over the Eurasian continent. This wave
train originates from the Europe and propagates toward East Asia. This feature is similar to that of the Silk
Road pattern, another of the major teleconnection patterns that influence the precipitation in Japan in early
summer [Enomoto et al., 2003; Enomoto, 2004; Kosaka et al., 2009]. In the case of PJ summer, the interannual
variability of the Baiu frontal activity in early summer may be linked to the variability of atmospheric circu-
lation elicited by the Silk Road teleconnection patterns. For the summer with a negative PJ pattern (cyclonic
anomalies over the east of the Philippines), cyclonic anomalies over the northeast Asia are induced remotely
through the Silk Road teleconnection patterns. The anomalous cyclonic activity corresponds to decreased
𝛿18Opr values, reflecting increase of the Baiu rainfall in early summer [Krishnan and Sugi, 2001; Kosaka et al.,
2011]. During the summer with a positive PJ pattern (anticyclonic anomalies over the east of the Philippines),
by contrast, anticyclonic anomalies over the region are associated with a weakening of the Baiu activity and
subsequent dry summer characterized by high 𝛿18Opr values.

In non-PJ summer (|PJ|< 1), we find no obvious meridional dipole of the PJ-like pattern or wavelike anomalies
along the Asian jet (Figure 11b). Meanwhile, we see wave train-like anomalies across Siberia along the polar
front jet (60∘N–70∘N). This wave train pattern is identical with the Rossby wave propagation leading to the
formation of the Okhotsk high, a cold high over the Okhotsk Sea, in early summer [Nakamura and Fukamachi,
2004]. The strength of the Okhotsk high varies widely from year to year. Intensifications of the Okhotsk high
(anticyclonic anomalies) bring anomalous cool northeastelies to northeastern Japan [Shimada et al., 2014],
thereby increasing the Baiu precipitation in Japan [Wang, 1992]. For the non-PJ summer, the development of
the Okhotsk high seems to be a key contributor to the interannual variability of the Baiu frontal activity in cen-
tral Japan from 1979 to 2005. A wave train pattern across northern Siberia can be seen in the regression map
between the GPH at 500 hPa in June and the winter NAO index [Ogi et al., 2003, 2004]. Ogi et al. [2003, 2004]
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Figure 11. The 500 hPa geopotential hight anomalies in June regressed against the tree ring reconstructed 𝛿18O in June
precipitation in central Japan in years with PJ summer (1980, 1981, 1985, 1986, 1987, 1988, 1991, 1996, 1998, 2003, 2004,
and 2005 (n = 12)) and years with (b) non-PJ summer (1979, 1982, 1992, 1994, 1997, 1999, 2000, 2001, and 2002 (n = 9)).
Color shading represents a significance level of less than 20% based on the t statistic. The contour interval is 0.3, with
solid and dashed lines indicating anomalous circulation, respectively. The arrow in Figure11a indicates the 500 hPa
horizontal wind in June in the Asian jet region. The red star represents the sampling site.

proposed that sea ice, surface snow, and sea surface temperature (SST) anomalies attributed to the winter
variability of the NAO generate this wave train pattern propagating to the Okhotsk Sea and exert substan-
tial influence on the Okhotsk high in the subsequent early summer. Ogi et al. [2004] also reported that the
Okhotsk high in June is strong (weak) when the NAO index of the previous winter is in a positive (negative)
phase. We thus expect that the Baiu frontal activity in central Japan positively correlates with the winter NAO
index. So that the 𝛿18Opr must negatively correlate with the winter NAO index.

Next, we examined whether these external forcing mechanisms persist through early summer before 1979.
Figure 12 exhibits a time series of the moving correlation of the reconstructed 𝛿18Opr with the PJ and the
winter NAO indices during the whole of the twentieth century. The above mentioned positive correlation
with the PJ index and negative correlation with the winter NAO is apparent from the late 1980s onward.
These relationships, however, change abruptly in the 1980s and remain unclear until the mid-1950s. During
the years 1958–1976, the regression of June GPH anomalies at 500 hPa against the reconstructed 𝛿18Opr

exhibits no remotely forced anomalous circulation patterns but manifests anticyclonic anomalies near the
center position of the BH (not shown). The Baiu rainfall in central Japan in this period may reflect the
intensification/weakening of the BH. This is consistent with the relation found between the BH activity and
the year-to-year variability of summer 𝛿18Opr observed at GNIP Tokyo (1962–1979) [Kurita et al., 2015].

Before the mid-1950s, 𝛿18Opr was negatively correlated with the winter NAO, which remained significant at
the 80% confidence level for all periods except for the 1930–1940s. The periods of negative 𝛿18Opr-NAO cor-
relations correspond well to period of the persistent positive NAO in the preceding winter (Figure 12c). This
finding is consistent with the fact that the atmospheric blocking events that lead to the prolonged appearance
of the Okhotsk high occur in summer after the positive NAO winter [Ogi et al., 2003]. During the exceptional
period (1930–1940s), the correlation between the 𝛿18Opr and PJ index is significant. We were interested to
observe that the positive 𝛿18Opr-PJ correlation only appears during the period when the PJ index is correlated
with ENSO in the preceding winter (Figure 12b). In addition, the periods of ENSO-PJ correlation (1930–1940s
and 1980–1990s) roughly coincide with the periods when the SST anomalies induced by ENSO are observed in
the northern Indian Ocean during boreal summer [Kubota et al., 2015]. These findings imply that the 𝛿18Opr-PJ
relationship is clearly seen during the periods when the “Indian Ocean capacitor effect” is active: warm SST
anomalies in the tropical Indian Ocean after El Niño triggers an anomalous anticyclonic circulation over the
east of Philippines (negative PJ pattern) and eventually intensify the Meiyu-Baiu frontal activity [Xie et al.,
2009]. The interannual variability of Baiu rainfall in central Japan is associated with several teleconnection

KURITA ET AL. INTERDECADAL MODULATION OF BAIU RAINFALL 12,103



Journal of Geophysical Research: Atmospheres 10.1002/2016JD025463

Figure 12. (a and c) Time series of the winter (December to subsequent February) mean SOI index (Figure 12a) and
NAO index (Figure 12c) with the 11 year moving average (tick black line) from 1899 to 2005. (b and d) The 11 year
running correlations of the reconstructed 𝛿18O in June precipitation in central Japan with the PJ index ((Figure 12c)
red line), and (Figure 12 the winter NAO index (Figure 12c) (blue line). The 11 year running correlations between the
PJ index, and winter mean SOI index (gray line) are also shown in Figure 12c. Dashed lines represent significance levels
of less than 20%.

patterns. But, rather than exerting a permanent influence on the Baiu rainfall, these external forcing mecha-
nisms vary from a decadal to multidecadal time scale.

4. Conclusions

We reconstructed the 106 year long oxygen isotopic composition of precipitation (𝛿18Opr) during early sum-
mer rainy season (June) in central Japan by determining the oxygen isotopic composition tree rings from the
region. The year-to-year variability of the reconstructed 𝛿18Opr reflected the interannual variability of sum-
mer precipitation associated with the Baiu rainband, a part of the EASM. The variability of the reconstructed
𝛿18Opr in the most recent 25 years was closely linked to external forcing mechanisms such as the PJ pattern,
the Silk Road pattern, and a wave train pattern along the polar jet. These teleconnection patterns are con-
sistent with the climate drivers affecting the Baiu variability [Kosaka et al., 2011]. However, the 106 year long
𝛿18Opr reveals that the external forcing mechanisms shown in recent decades do not persist through the last
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twentieth century. From the 1950s to1980s, local factors such as anomalous intensification/weakening of the
BH are dominant causes of the interannual variability of the 𝛿18Opr. Before the 1950s, the 𝛿18Opr variability is
closely related to climate variability in the preceding winter. Over the period when the positive NAO persists
during the preceding winter (1910s–1930s and 1940s–1950s), the 𝛿18Opr shows a negative correlation with
the winter NAO, indicating that a wave train pattern along the polar jet contributes to the variability of the
Baiu rainband. Meanwhile, when the PJ index is significantly correlated with ENSO in the preceding winter
(1930s–1940s), 𝛿18Opr values are positively correlated with the PJ index, indicating that ENSO is major driver
of the variability of the Baiu rainband. These interdecadal modulations suggest that natural decadal variability
may be the primary driver of the variability of the Baiu rainband through the last twentieth century, rather
than anthropogenically forced changes.
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