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Abstract 
 

The Asian monsoon, characterized by variations of the strength and expansion of 
the summer rain band, is an important part of the Earth’s climate system. The long-term 
hydrological conditions in East Asia indicate complicated rainfall pattern during the last 
millennium. Previous works proposed that the El Niño-like and La Niña-like equatorial 
Pacific conditions had an important role for controlling precipitation in East China and 
its surroundings. To develop the understanding of physical processes in the western 
North Pacific, hydrological reconstructions are needed in Japan. However, there are as 
of now few studies that reconstructed the hydrological variability in this region. 

The main research objective of this thesis is the annually resolved reconstructions 
of past hydroclimate changes in Japan. To reconstruct the long-term hydrological 
condition, I focus on tree-ring cellulose oxygen isotopes (δ18O) from cedar trees in 
Japan. In chapter 2, two long cedar tree-ring cellulose δ18O from central Japan are 

presented during the past four centuries. These data allow me to consider that cedar 
trees from Japan are suitable to reconstruct the long-term hydroclimate variability. In 
chapter 3, I report another cedar δ18O chronology in Yakushima Island from the 

Medieval Climate Anomaly (MCA) and Little Ice Age (LIA). In this chapter, tree-ring 
growth rate and meteorological conditions are also observed in Yakushima Island. 
Based on these reconstructions, I discuss about the possible influence of the Pacific Sea 
Surface Temperature (SST) on the long-term hydrological variations in central Japan 
(Chapter 4) and Yakushima Island (Chapter 5). These discussions indicate that the 
equatorial Pacific SST and the Kuroshio Current play important roles in the 
hydrological conditions in central Japan and Yakushima Island, respectively. In Chapter 
6, I investigate relationships between El Niño–Southern Oscillation (ENSO) and 
tree-ring cellulose δ18O. In the final chapter, I provide the general discussion and future 

perspectives of this thesis (Chapter 7). This discussion can develop an understanding of 
the mechanism for the long-term rainfall pattern in eastern part of East Asia. Key 
findings in each chapter are summarized in the followings. 

Tree-ring cellulose oxygen isotopes in central Japan (Chapter 2): Measurements of 
cellulose δ18O were performed for two long cedar trees from central Japan. These two 

chronologies allowed me to consider the age-related trend of Japanese cedars from 



central Japan. Results indicated that Mie tree-ring cellulose δ18O significantly correlated 
with May–June–July (MJJ) relative humidity. Time-domain comparisons using two long 
chronologies showed that these data were consistent throughout the majority of the past 
four centuries, except for the end of 18th century. Regression lines for tree-ring δ18O 
indicated that there were no significant age-related trends in cedar trees from central 
Japan, except for the δ18O values of inner cedar. 

Tree-ring cellulose oxygen isotopes in Yakushima Island (Chapter 3): I measured 
Yakushima tree-ring cellulose δ18O from the MCA and LIA. Results showed that there 
were no significant correlations between the tree-ring cellulose δ18O and relative 
humidity, suggesting that this proxy was mainly controlled by the source water δ18O 
changes. Assuming that the source water δ18O variations mainly controlled by the 
amount effect, further correlation analysis was performed for precipitation data. This 
analysis indicated that Yakushima tree-ring cellulose δ18O significantly correlated with 
May–June (MJ) precipitation. Meteorological data and tree-ring growth observations 
supported this correlation. 

Relative humidity reconstruction in central Japan during the Little Ice Age 

(Chapter 4): Here, I reconstructed the variations of hydrological condition in the 
Meiyu/Baiu season from AD 1600–1959 by using tree-ring cellulose δ18O from central 

Japan. Data suggested that the wettest period occurred around AD 1790–1860, the final 

stage of the LIA. Comparisons between this relative humidity reconstruction and global 
SSTs suggested that SST variability in the equatorial Pacific played an important role in 
the hydrological conditions of central Japan. 

Hydroclimate reconstruction in Yakushima Island over the past millennium 
(Chapter 5): Here I presented a tree-ring cellulose δ18O chronology for Yakushima 
Island from AD 1025 to 1805. Assuming that this data mainly controlled by the amount 
effect, the results indicated that precipitation decreased during the LIA relative to the 
MCA. Meteorological precipitation data and tree-ring cellulose δ18O synchronized with 

SST variations around the western North Pacific, suggesting that the Kuroshio Current 
played an important role in this hydroclimate changes. 

Relationship between tree-ring cellulose oxygen isotopes in Japan and the El 
Niño–Southern Oscillation (Chapter 6): The ENSO is known to strongly influence East 
Asian Summer Monsoon (EASM) rainfall in the present-day climate, but the relatively 



short instrumental rainfall record hindered the development of a longer-term 
understanding of this teleconnection. To overcome this issue, here I presented tree-ring 
cellulose δ18O from AD 1612 to 1935. Time- and frequency-domain comparison of the 
tree-ring δ18O record and recent ENSO reconstructions revealed a common 
high-frequency (3–8 year) variability that characterized the mid-17th, late 18th and late 
19th centuries. Similar analyses of instrumental MJ precipitation and several ENSO 
indexes during the 20th century indicated that this high-frequency oscillation 
reappeared from AD 1980. In addition, comparison of ENSO and Pacific Decadal 
Oscillation (PDO) indexes indicated that the ENSO-EASM teleconnection was strong 
when ENSO variance was high, and the PDO phase may relate to the ENSO-EASM 
relationship over the past 400 years. 
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1-1. Paleoclimate over the past millennium 
  
1-1-1. Little Ice Age and Medieval Climate Anomaly 

 
The Little Ice Age (LIA) and the Medieval Climate Anomaly (MCA) are the 

most recent periods of naturally induced global climate changes, and events during 
these times have been a focus of many studies (e.g., Mann, 2002; Mann et al., 2009). 
These periods are thought to be of great importance for understanding responses of the 
climate system to volcanic and solar forcing (e.g., Mann et al., 1998; Masson-Delmotte 
et al., 2013).  

Previous studies mainly focused on temperature reconstructions, and the data 
show that many regions around the world experienced a cold climate from about AD 
1450 to 1850 and warm conditions from about AD 950 to 1250 (e.g., Masson-Delmotte 
et al., 2013) (Fig. 1-1-1). In these reconstructions, various climate proxies (e.g., 
tree-ring growth width, marine sediment, speleothem, ice core, coral, historical 
document) were used to reconstruct the temperature variations (e.g., Mann et al., 1998; 
Mann et al., 2008). Reconstructed Northern Hemisphere (NH) temperature anomalies 
from various climate archives show decreases of about 0.5 °C during the LIA and 
increases of about 0.7–1.3 °C during the MCA (e.g., Mann et al., 2009; 
Masson-Delmotte et al., 2013) (Fig. 1-1-1). Computer simulated temperatures during 
the LIA and MCA also showed about 0.3 °C decrease and increase, respectively (e.g., 
Masson-Delmotte et al., 2013) (Fig. 1-1-1). 
 Mann et al. (2009) reported that the reconstructed surface temperature pattern 
for the LIA and MCA. During the LIA, many regions around the world experienced a 
cold climate except for off southern Greenland (Fig. 1-1-2). This spatial temperature 
reconstruction also indicated that the temperature around the North Atlantic increased 
during the MCA (Fig. 1-1-2). These characteristics mean that the temperature changed 
widely over the past millennium. 
 
1-1-2. The past millennium climate during the Holocene 
 
 In this section, I briefly review climate changes since glacial periods and 
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summarize an importance of the past millennium climate variations during the Holocene. 
Previous works identified that global climates have experienced the glacial–interglacial 
cycles during the past 300 kyr (e.g, Kawamura et al., 2007). Ice core oxygen isotopes 
(δ18O) from Dome Fuji showed that the reconstructed temperature had 
glacial–interglacial cycles, which were synchronized with orbital insolation variability 
(e.g, Kawamura et al., 2007; Fig. 1-1-3). The temperature deviation increased after the 
Last Glacial Maximum (LGM) around 20 kyr, and then, it reached the maximum around 
10kyr. This interglacial state has continued to the present (Holocene).  

While the amplitudes of this climate variability are relatively small in the past 
300 kyr, there are important climate variations during this period. Globally stacked 
temperature reconstruction for the Holocene showed that global climate experienced a 
warm period from about 9500 to 5500 year BP (Holocene thermal maximum) (Marcott 
et al., 2013; Fig. 1-1-4). This warm climate shifted to cooler conditions and this 
temperature decrease was synchronized with the orbital insolation variability (e.g., 
Wanner et al., 2008). The temperature anomaly reached the minimum around the LIA, 
and then, the climate shifted to present warm conditions. Thus, the LIA is the naturally 
induced coldest period over the past 10,000 years. The amplitude of deference between 
the cold (LIA) and warm periods (MCA, 20 century) is relatively large during the 
Holocene. These characteristics allow me to constrain responses of climate system to 
natural radiative forcing. 
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Fig. 1-1-1. Comparison of reconstructed and simulated NH temperature anomalies over 
the last millennium (modified from Masson-Delmotte et al., 2013). These temperatures 
represent anomalies from their AD 1500–1850 averages. Grey shading shows 
reconstructed temperature. Simulated temperatures are shown by colored lines. Thick 
red (blue) line indicates the strong (weak) solar variability simulations. Thin red and 
blue lines show multi-model 90% range. Medieval Climate Anomaly, MCA; Little Ice 
Age, LIA; 20th century, 20C.  
 

 
Fig. 1-1-2. Spatial temperature pattern for MCA and LIA (Mann et al., 2009). 
Temperature anomalies show difference from the mean of reference period (AD 
1961–1990).
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Fig. 1-1-3. Comparison of Dome Fuji climate and insolation (modified from Kawamura 
et al., 2007). Black and red lines indicate Dome Fuji δ18O (Watanabe et al., 2003) and 

temperature deviation from the mean of the last 10 kyr, respectively. Orange (light blue 
dashed) line indicates summer solstice insolation at 65ºN (65ºS).  
 

 
Fig. 1-1-4. Globally stacked temperature for the Holocene and the last two millennia 
(modified from Marcott et al., 2013). Purple line indicates the 5º grid area-weighted 
mean of the 73 records with 1σ uncertainty (blue band). Dark gray line shows the global 
mean temperature of Mann et al. (2008) with their uncertainty (light gray band).
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1-2. Long-term climate variation and rainfall pattern in Asia 
 

The Asian summer monsoon transports large quantities of water to the 
continent of Asia and is an important component of the global atmospheric circulation 
system. Understanding spatio-temporal changes and patterns in precipitation is a major 
challenge in climate sciences, and these types of data are necessary to better project 
future climate changes (IPCC, 2013).  
 

1-2-1. Atmospheric circulation and rainfall pattern in Asia 
 
 In this section, I summarize the atmospheric circulation and rainfall pattern in 
Asia (Ogura, 1999). The average July global precipitation for AD 1988–1996 shows 

that the rain band is found along the latitude of 10°N (Fig. 1-2-1). This area is called the 

Inter Tropical Convergence Zone (ITCZ). In the equatorial region, trade winds of both 
northern and southern hemispheres converge on the latitude of 10°N, and then, an 
updraft occurs in this area. This updraft reaches the tropopause, and the branched 
currents decline around 30°N and 30°S (Fig. 1-2-2). This atmospheric circulation is 
called the Hadley circulation. In the mid-latitude, the average July precipitation shows 
less rainfall because of the downdraft of Hadley circulation (Fig. 1-2-1). 
 Equatorial regions also have the atmospheric circulation of east-west direction 
called the Walker circulation. In the neutral conditions, an updraft occurs in the western 
equatorial Pacific because of high sea surface temperature (SST) in this area (Fig. 
1-2-3). This air current reaches the tropopause, and then, declines around the eastern 
equatorial Pacific. This atmospheric circulation plays an important role in the El 
Niño–Southern Oscillation (ENSO).  

Summer monsoon transports large quantities of water to the continent and is 
an important component of the global atmospheric circulation system. This 
phenomenon is basically caused by thermal differences between continent and ocean, 
and the Indian and East Asian summer monsoons are the main subsystem in Asia (Fig. 
1-2-4).  

The average July global rainfall shows that the Meiyu/Baiu rain band is found 
around Japanese region (Fig. 1-2-1). In this phenomenon, Tibetan Plateau plays an 



 7 

important role in the rain band formation. This is because the high altitudes (an average 
elevation of 5,000 m) hinder the progress of the Indian summer monsoon. This 
advances to the East Asia, and then, the wet and warm monsoon meet the relatively dry 

and cool westerlies around Japan. The Meiyu/Baiu rain band is caused by these large 

differences of water vapor and potential temperature between summer monsoon and 

westerlies. 

 

 

 
Fig. 1-2-1. Average July global precipitation for AD 1988–1996  
(http://www-das.uwyo.edu/~geerts/cwx/notes/chap10/global_precip.html). 
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Fig. 1-2-2. Schematic diagram of the Hadley circulation (from NOAA website: 
https://www.climate.gov/news-features/blogs/enso/how-enso-leads-cascade-global-impa
cts). 

 

 
Fig.1-2-3. Schematic diagram of the Walker circulation (from NOAA website: 
https://www.climate.gov/news-features/blogs/enso/walker-circulation-ensos-atmospheri
c-buddy). 
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Fig.1-2-4. Map showing two main subsystem (Indian summer monsoon and East Asian 
summer monsoon) of the Asian monsoon (Li et al., 2014; modified from Wang and Lin, 
2002).  
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 During the Meiyu-Baiu season, the precipitation variations in East Asia are 
influenced by many factors. Here I summarize the phenomenon, which potentially 
affects the early summer rainfall in this region. 

Previous studies have identified the ENSO as a potential important factor for 

the East Asian summer monsoon (EASM) (e.g., Wang et al., 2000; Wu and Wang, 

2002). A schematic diagram of El Niño is shown in Fig. 1-2-5. In the El Niño condition, 

the SST anomalies in the western (middle and eastern) equatorial Pacific exhibit 

negative (positive). These SST patterns change the thermocline gradient (Fig. 1-2-5), 

and the precipitation in the western equatorial Pacific (e.g., Indonesia) decrease during 

the El Niño. In the La Niña condition, inverse phenomenon occurs in the equatorial 

pacific. This phenomenon at low latitude can influence on the mid latitude climate by 

teleconnections. 
In the western Pacific, Pacific Japan pattern (PJ pattern) influences on the 

inter-annual climate variations in Japan during the summer season (Nitta, 1987). In the 
positive (negative) phase of the PJ pattern, the positive (negative) anomalies of SST 
around the Philippines lead to an active (inactive) western Pacific subtropical high 
because meridional atmospheric circulation in the western North Pacific is active 
(inactive) and the downdraft around Japan is strong (weak) (Fig 1-2-6). This 
teleconnection pattern is a primary control factor of inter-annual variability for the 
EASM (Nitta, 1987). Kubota et al. (2015) has presented a 117-year PJ pattern index 
using station pressure data from AD 1897 to 2013. This long index revealed that the 
relation between ENSO and PJ pattern has inter-decadal variability. Significant 
correlations are exhibited in the beginning of the 20th century and 1930s, whereas there 
are low correlations in the 1920s and from the 1940s to 1970s (Fig. 1-2-7) (Kubota et al., 
2015). This inter-decadal modulation suggests that the influence of PJ variability 
changed over the past 117 years. 

Previous works reported that decadal changes of the Kuroshio Current also 
significantly affect the early summer rainfall in East Asia (Tomita et al., 2007). The 
Kuroshio Current transports the large amount of heat flux from the ocean to the 
continent, the typical paths are shown in Fig. 1-2-8 (Kawabe, 1995). The heat flux of 
Kuroshio region changed around AD 1990 (Fig. 1-2-9). The atmospheric circulation 
synchronized with this decadal change, and the sea level pressure anomalies had 
meridional dipole pattern in the northwestern Pacific (Fig. 1-2-10) (Tomita et al., 2007). 
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This decadal variation significantly affects the increase of June precipitation over the 
area around the Southeast China and western Japan (Fig. 1-2-11) (Tomita et al., 2007). 
 

 
Fig. 1-2-5. A Schematic diagram of El Niño conditions (from NOAA website: 
http://www.pmel.noaa.gov/tao/elnino/.noaa/enso.html). 
 

 
Fig. 1-2-6. Pattern of sea level pressure anomalies in the western Pacific (Kubota et al., 
2015). Contours indicate the sea level pressure anomalies in JJA for 1979–2009, which 
are drawn for ±0.1, ±0.3, ±0.5, … hPa. Coloring indicates correlations with respect to 
leading principle component of 850 hPa vorticity over (10° –55°N, 100° –160°E). 
Stippling represents the 95% confidence level. 
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Fig. 1-2-7. 21-year running correlations of the 117-year PJ index with Southern 
Oscillation Index (SOI) (black line) and Niño 3.4 SST (purple line) (Kubota et al., 
2015). Dashed lines represents the 95% confidence level. 
 
 
 

 
 

Fig. 1-2-8. Typical paths of the Kuroshio Current (Kawabe, 1995). 
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Fig. 1-2-9. Differences between 1990s and 1980s for sea surface heat flux in June 
(Tomita et al., 2007). Contours are drawn with 10 W/m2 intervals, and shading 
represents the 95% confidence level. 
 

 
Fig. 1-2-10. Differences between 1990s and 1980s for atmospheric circulation in June 
(Tomita et al., 2007). Contours indicate the anomalies of sea level pressure, which are 
drawn for every 0.25 hPa. Dot-lines are negative anomalies of sea level pressure. 
Shading represents the 95% confidence level. Arrows show the surface winds. 
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Fig. 1-2-11. Differences between 1990s and 1980s for June precipitation (Tomita et al., 
2007). Contours are drawn with 30 mm/month interval. Dot-lines are negative 
anomalies of precipitation. Shading represents the 95% confidence level. 
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1-2-2. Long-term changes of rainfall pattern in Asia 
 

In this section, I summarize the rainfall patterns over the past millennium in 
the western equatorial Pacific regions, China and Japan. Longer-term paleoclimate 
records show strong correlations between NH temperatures and precipitation in Asia 
(e.g., Wang et al., 2001; Yokoyama et al., 2006; Nakamura et al., 2015). During the LIA, 
precipitation decreases in simulated global monsoon have been observed (e.g., Liu et al., 
2009; Masson-Delmotte et al., 2013), whereas proxy-based rainfall reconstructions 
indicate that regional precipitation patterns are complicated in that they are not simply 
correlated with temperature as described below.  
 

Western equatorial Pacific regions 
 
 In the western equatorial Pacific regions, hydrological reconstructions over 
the past millennium have been presented (reviewed by Yan et al. (2015)). The fluvial 
sediment records from Northwestern Australia suggest a dry condition in this area (D11 
and D12 in Fig. 1-2-12) during the LIA (Wasson et al., 2010). A similar characteristic 
also was observed in the stalagmite record from the same area (D13 in Fig. 1-2-12; 
Denniston et al., 2013). In contrast, the precipitation around the Indo-Pacific Warm Pool 
region increased during the LIA relative to MCA/the past 150 years (Yan et al., 2015). 
Organic matter stable carbon isotopes (δ13C) of lake sediment from Java (W3 in Fig. 

1-2-12; Rodysill et al., 2013) indicate a wetter condition during the LIA. The 
hydrological reconstructions using a leaf wax hydrogen isotopes (δD) from Makassar 
Strait (W4 in Fig. 1-2-12; Tierney et al., 2010) and the δ18O and Mg/Ca of planktonic 

foraminifera from the same area (W5 in Fig. 1-2-12; Oppo et al., 2009) are consistent 
with the rainfall increase during this period. Yan et al. (2015) proposed this rainfall 
pattern indicated the weakened Australian Summer Monsoon (ASM) during the LIA. 
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Fig. 1-2-12. Australian Summer Monsoon (ASM) rainfall pattern during the LIA (Yan et 
al., 2015). Coloring indicates average summer precipitation (December–February) in 
the ASM. This mean precipitation is derived from NCEP reanalysis2 from January 1979 
to December 2010. This map also shows the locations of proxy-based hydrology 
reconstructions (upward triangle: lake or marine sediment; circle: stalagmite; cross 
symbol: coral). The temporal hydrological variations over the past millennium are also 
shown in the figure (W4: Tierney et al., 2010; W5: Oppo et al., 2009; D11: Wasson et 
al., 2010; D13: Denniston et al., 2013). 
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China 
 

Hydrological reconstructions in China showed the regional difference of 
rainfall pattern over the past millennium (reviewed by Yan et al., 2015). In the northern 
limit of the EASM, some hydrological proxies (a lake sediment, a historical archive and 
two stalagmite records) indicated a dry condition during the LIA relative to the MCA 
and the past 150 years (from D1 to D4 areas in Fig. 1-2-13; Tan et al., 2010; Zhang et 
al., 2008; Hu et al., 2008; Liu et al., 2011b; Tan et al., 2008). The opposite hydrological 
patterns were observed in the southern coast of China and northern South China Sea 
(W1 and W2 in Fig. 1-2-13; Yan et al., 2011; Chu et al., 2002; Zeng et al., 2011). A 
moderate drought during the LIA was observed between the North and South China  
(e.g., N2 in Fig. 1-2-13; Qin et al., 2008). Yan et al. (2015) suggested that these rainfall 
patterns indicate a retreat of EASM during the LIA. They summarized the spatial 
rainfall variations in East Asia-Australia areas during the LIA (Fig. 1-2-14), and 
hypothesized a contraction of the monsoon and ITCZ zone over this period (Yan et al., 
2015). 

On the other hand, further compilations of hydrological reconstructions in 
eastern China may indicate that the atmospheric circulation is more complicated than 
the hypothesized circulation change of Yan et al. (2015). Zhou et al. (2011) investigated 
the rainfall pattern changes in eastern China on centennial time scale. This analysis 
suggested that the Asian summer monsoon was the strongest (weakest) during the late 
MCA (early LIA) over the last millennium. The rainfall pattern indicated that flood 
(drought) occurred in the Yellow River Catchment and drought (flood) was exhibited in 
the Yangtze River Catchment during the late MCA (early LIA). Chen et al. (2015) 
proposed that this “north–south” mode of precipitation dominated the precipitation in 
eastern China during not only the last millennium (Fig. 1-2-15) but also the modern 
period (Fig. 1-2-16). 

The possible mechanisms of this rainfall pattern are proposed in Chen et al. 
(2015). The intensity and position of Western Pacific Subtropical High (WPSH) 
potentially play an important role in modulating relations between precipitation in 
eastern China and ENSO. In the El Niño years, westward intensification and extension 
were observed in the WPSH, and this also shifted southward (Qian et al., 2007; Su and 
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Xue, 2011). During this state, the rain-belt is not able to reach to North China relative to 
neutral years. This can cause more precipitation in southern China (e.g., lower Yangtze 
River Catchment) and less rainfall in northern China. In La Niña years, intensity and 
position of the WPSH indicated weak and northeastwards retreat due to smooth 
transports of moisture by low-level jet along the northwestern edge of the WPSH (Zhou 
and Yu, 2005). On multi-centennial timescales, the similar patterns were observed in the 
reconstructed hydrological conditions during the last millennium (Fig. 1-2-15). Some 
previous studies have identified that equatorial Pacific Ocean had La Niña (El Niño) 
like condition in the MCA (LIA) (e.g., Mann et al., 2009). This La Niña-like condition 
would lead to more precipitation in northern China and less precipitation in southern 
China. During the LIA, opposite rainfall patterns were observed causing by El Niño-like 
condition. However, as of now, there are not enough proxy records in eastern China and 
its surroundings to discuss about this asynchronous variability (Chen et al., 2015). 
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Fig. 1-2-13. East Asian Summer Monsoon (EASM) rainfall pattern during the LIA (Yan 
et al., 2015). Coloring indicates average summer precipitation (June–October) in the 
EASM. This mean precipitation is derived from NCEP reanalysis2 from January 1979 
to December 2010. This map also shows the locations of proxy-based hydrology 
reconstructions (upward triangle: lake or marine sediment; square: historic archive; 
circle: stalagmite). The temporal hydrological variations over the past millennium are 
also shown in the figure (W2: Yan et al., 2011; N2: Qin et al., 2008; D4: Zhang et al., 
2008). 
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Fig. 1-2-14. Schematic map indicating the modern limit of monsoon in the East 
Asia–Australia area, and the hypothesized limits of monsoon zone during the LIA (Yan 
et al., 2015). Pink solid represents current limits of EASM and ASM. Red (Blue) 
shadings indicate the dry (wet) areas during the LIA relative to the MCA and the past 
150 years.  
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Fig. 1-2-15. Map showing the hydrological conditions during the MCA and LIA (Chen 
et al., 2015). Proxy-based wetness was classified into dry, moderate and wet. Minus and 
plus symbols indicate the moderately dry and moderately wet, respectively. 
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Fig. 1-2-16. EOF1 pattern based on the annual precipitation during the AD 1900–2008 
(Chen et al., 2015). The values indicate the eigenvectors of EOF1 mode. 
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Japan 
 

Previous studies reported temperature reconstructions using various climate 
archives, but there are still few reconstructions of hydrological condition in Japan 
during the last millennium. Here, I summarize the previous works of climate 
reconstructions in Japan during this period. 

Reconstructions using documentary records and tree-ring width chronologies 
are successful to provide the past temperature changes in Japan. Spring temperature in 
Kyoto was reconstructed using the phonological data for cherry tree since 9th century, 
and the results showed some cold periods (Aono and Kazui, 2008). Tree-ring widths 
chronologies from central and northeast Japan also provided the spring temperatures 
over the past 300 years (Yonenobu and Eckstein, 2006; Ohyama et al., 2013). 

On the other hand, hydrological reconstructions are extremely sparse in and 
around Japan during the last millennium. A previous study reconstructed the 
precipitation frequency from AD 1661 to 1868 in this area by using historical 
documents from northern Japan (Maejima and Tagami, 1983). This climate 
reconstruction using daily weather records reported some climate phases, but temporal 

changes of precipitation are still unclear. Sun et al. (2015) present regional hydroclimate 

reconstruction in Northern Japan during the past 400 years. Their sediment core 
nitrogen isotopes (δ15N) record from Lake Onuma revealed the long-term hydrological 

variability in Hokkaido. However, there are still no hydroclimate reconstructions using 

lake sediment core in central and southern Japan during the last millennium. While 

tree-ring width chronologies may be an excellent archive of monsoon history during the 

last millennium, records from Japan are not only extremely sparse (Fig. 1-2-17; Cook et 

al. 2010), but also generally reflective of temperature, rather than precipitation (e.g., 

Yonenobu and Eckstein, 2006). 
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Fig. 1-2-17. (A) Map showing the monsoon over Africa, India, East Asia and northern 
Australia (Cook et al., 2010). (B) 327-series tree-ring chronology network (green dots) 
with the 534 grid points of instrumental Palmer Drought Severity Index (PDSI). 
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1-2-3. Modeling of rainfall pattern 
 

In previous studies, East Asian monsoon rainfall was simulated with various 
models, including the Max Planck Institute Earth System Model (MPI-ESM), (Man et 

al., 2012; Yan et al., 2015), the Flexible Global Ocean–Atmosphere–Land–Sea ice 
(FGOALS) model (Zhou et al., 2011), and the ECHO-G model (Liu et al., 2009; Liu et 
al., 2011a). In this section, we summarize the model performance in East Asia over the 
last millennium. 

Validations of the model performances indicate that the some models are not 
able to well reproduce the present-day monsoon rain band from eastern China to Japan. 
Comparison between observed and simulated precipitation using MPI-ESM showed the 
similar rainfall pattern around the Japanese region (Fig. 1-2-18ab; Man et al., 2012). In 
the FGOALS model, some discrepancies (e.g., central China) are exhibited in the 
validation of model performance (Fig. 1-2-19ab; Zhou et al., 2011). The simulated 
seasonal cycles of extra tropical and subtropical East Asia in the MPI-ESM model well 
reproduced temporal precipitation variations (Fig. 1-2-18cd; Man et al., 2012). The 
monthly variability using FGOALS model indicates that the precipitation peaks were a 
lag of about 1–3 month compared to observations (Fig. 1-2-19cd; Zhou et al., 2011). 
Thus, MPI-ESM model reproduced the precipitation in East Asia more accurate than 
FGOALS model. 

 Simulated rainfall patterns over the past millennium were also performed by 
these climate models. In the model of Liu et al. (2009) and Zhou et al. (2011), they 
considered solar variability, volcanic activity, and greenhouse gases as external 

explanatory factors. Man et al. (2012) used land cover change along with these three 

external factors. Yan et al. (2015) presented simulated precipitation using only total 
solar irradiance (TSI) as an external forcing. In and around Japan, the simulated rainfall 
patterns mostly showed wet conditions during the MCA relative to LIA (Fig. 1-2-21; 
Zhou et al., 2011), except for the results of Man et al. (2012) (Fig. 1-2-20). 
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Fig. 1-2-18. Validation of the performance using MPI-ESM model (Man et al., 2012). 
(a) Observed mean summer (JJA) precipitation of CMAP and 850-hPa wind of NCEP2. 
Units of coloring and arrow are mm/day and m/s respectively. (b) Simulated rainfall 
pattern in East Asia. (c) and (d) Comparison of seasonal variations between the 
observed and simulated precipitation in northern East Asia (c) 36°–50°N, 100°–120°E; 

(d) 21°–35°N, 100°–120°E). All the data in figures are average values from AD 1979 to 
2005. 
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Fig. 1-2-19. Validation of the performance using FGOALS model (Zhou et al., 2011). 
(a) Observed mean annual precipitation of CMAP. (b) Simulated rainfall pattern in East 
Asia. (c) and (d) Comparison of seasonal variations between the observed and simulated 
precipitation in northern East Asia (c) 36°–50°N, 100°–120°E; (d) 21°–35°N, 

100°–120°E). All the data in figures are average values from AD 1979 to 2005. 
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Fig. 1-2-20. Differences of mean summer precipitation and 850-hPa wind between 
MWP (same as MCA) and LIA (Man et al., 2012). Units of coloring and arrow are 
mm/day and m/s respectively. Stippling indicates the 95% significant area. 

 

 
 

 
Fig. 1-2-21. The EASM model showing precipitation differences between the MWP 
(same as MCA) and LIA (Zhou et al., 2011). Units of coloring and arrow are mm/day 
and m/s respectively. 
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Discrepancies between climate models have been also observed in the 
projecting rainfall change. IPCC Fifth Assessment Report (AR5) showed comparisons 
of estimated average seasonal precipitation patterns (IPCC, 2013). These are applied for 
the Representative Concentration Pathways (RCP) 8.5 scenarios. This scenario defines 
that radiative forcing at the end of the 21st century increases 8.5 W/m2 relative to the 
Preindustrial period. Coupled Model Intercomparison Project Phase 5 (CMIP5) 
presented the averaged percentage changes in mean spring and summer precipitation 
compared to AD 1986 to 2005 average (Fig. 1-2-22 and Fig. 1-2-23). This indicates that 
the projected precipitation patterns have discrepancies between models (Collins et al., 
2013). These differences are much larger than temperature predictions. In East Asia, the 
average percentage change in mean spring (March–April–May; MAM) precipitation 
over the AD 2045–2065 are mainly less than one standard deviation, indicating that the 
agreements with models are less than 66% (Fig. 1-2-22). During the summer season 
(June–July–August; JJA), only a few areas agree with the 90% of the results from the 
models (Fig. 1-2-23).  
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Fig. 1-2-22. CMIP5 average percentage change in mean spring (MAM) precipitation 
during the period from AD 2045 to 2065 under the RCP8.5 forcing scenario (IPCC, 
2013). The reference period is from AD 1986 to 2005. Hatching regions show that the 
mean change of multi-model is less than one standard deviation. Stippling indicates 
areas where more than 90% of the models agree on. 
 

 
 

Fig. 1-2-23. Same as Fig 1-2-22, except for mean summer (JJA) precipitation (IPCC, 
2013).  
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1-2-4. Oxygen isotope theory 
 
 To reconstruct long-term hydrological conditions in Japan, I focused on 
tree-ring cellulose δ18O. This proxy enables reconstruction of paleoclimates at annual 

resolution while tree-rings grow. The developments of reconstructions using this tool 
are divided into some phases (reviewed by Sternberg, 2009). First, Libby et al. (1976) 
identified that the tree-ring cellulose δ18O datasets of German oak trees correlate to the 

temperature variations. Previous studies reported that these tree-ring data could be used 
as temperature, relative humidity and precipitation proxies (e.g., Burk and Stuiver, 
1981; Ramesh et al., 1986). However, these reconstructions were based on an empirical 
relationship between tree-ring cellulose δ18O and meteorological data. Thus, at that 
point, tree-ring cellulose δ18O was not a robust paleoclimate proxy, which is not affected 
by taxa and/or locations. In the second phase, the tree-ring cellulose δ18O model was 

proposed by Roden et al. (2000), and this study increased a reliability of tree-ring 
cellulose δ18O as it helped us understand physiological and biochemical mechanisms of 
this proxy. 
 

 Here I describe the oxygen isotope theory of tree-ring cellulose (reviewed by 
Sano et al., 2012). Previous studies have confirmed that there is no isotopic 
fractionation when trees take up water in soil through their roots (e.g., White et al., 
1985). This water is transported to leaves through xylem. In leaves, oxygen isotopes 
(δ18Oleaf) are controlled by transpiration through stomata. The modified Craig–Gordon 
equation (Craig and Gordon, 1965) describe this process as: 
 

δ18Oleaf = δ18Ox + ε* + εk + ea/ei (δ18Oa – εk – δ18Ox)    (Eq. 1) 

 
ea/ei indicates the ratio of ambient vapor pressure to the one inside the leaf. δ18Oa and 
δ18Ox are the δ18O values of atmospheric vapor and stem water, respectively. 
Equilibrium and kinetic isotopic fractionation factors are expressed as ε* and εk, 
respectively. Tree-ring oxygen isotope model regards the oxygen isotopes of stem water 
(δ18Ox) as that of precipitation (δ18Op), and the ratio of ambient vapor pressure (ea/ei) is 

also considered to the relative humidity (h) (Dongmann et al., 1974). In this model, the 
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atmospheric vapor is isotopically equilibrated with precipitation (δ18Oa = δ18Op– ε*). 
Therefore, the modified Craig–Gordon equation (Eq. 1) can be expressed as  
 

δ18Oleaf = δ18Op + (ε* + εk) (1–h)    (Eq. 2) 

 
Previous studies reported that the equilibrium isotopic fractionation factor (ε*) is 9.8‰ 
at 20 °C (Majoube, 1971) and the εk can be considered as about 26.5‰ (Farquhar et al., 
1989). This simplified equation indicates that δ18Oleaf is mainly controlled by the oxygen 
isotopes of precipitation (δ18Op) and relative humidity (Fig. 1-2-24). 

 Biochemical fractionation of the sucrose synthesis also affects the oxygen 
isotopes of cellulose (δ18Oc). Previous works (Roden et al., 2000; Sternberg, 2009) 
showed δ18Oc as 

 
δ18Oc = f(δ18Ox + ε0) + (1–f) (δ18Oleaf + 27‰)     (Eq. 3) 

 
f is the ratio of oxygen that exchange with xylem water (precipitation), ε0 is the isotopic 
fractionation factor between exchanged oxygen from carbohydrate and xylem water 
during cellulose synthesis. Oxygen isotope fractionation for the exchangeable oxygen in 
sucrose is assumed to 27‰ relative to leaf water (Roden et al., 2000; Sternberg, 2009). 
Roden et al. (2000) estimated that the above proportion (f) is 0.42 for ε0 = 27‰. 

Therefore, this oxygen isotope theory suggests that oxygen isotopes of cellulose are 
mainly controlled by the two factors (oxygen isotopes of precipitation (δ18Op) and 
relative humidity). 
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Fig. 1-2-24. Tree-ring oxygen isotope model (modified from Nakatsuka, 2007).  

H2Ovapor-out (b18Oa)

H2Ovapor-in

H2Oin (b18Oleaf)

Isotopic fractionation: ¡*

Isotopic fractionation: ¡k

F1 (b18Ox)

F2 F3

F1 + F2 = F3

b18Ox × F1 + (b18Oa ‒ ¡k) × F2 =
 (b18Oleaf ‒ ¡* ‒ ¡k) × F3

Isotopic balance equation

Mass balance equation

b18Oleaf  = b18Ox + (¡* + ¡k) (1‒h)

some assumptions... (details in the manuscript)  
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1-2-5. Long-term hydroclimate reconstructions using tree-ring cellulose δ18O 

 
Tree-ring cellulose δ18O allows for successful hydroclimate reconstructions at 

multiple East Asia locations. In Southeast Asia, Sano et al. (2012) reported 300-year 
tree-ring cellulose δ18O chronologies (AD 1705–2004) using 6 cypress trees from 
northern Vietnam (Fig. 1-2-25). Tree-ring cellulose δ18O chronologies were also 
presented in northern Laos from AD 1588 to 2002 (Xu et al., 2013). Comparison of 
these datasets showed significant positive correlation (r = 0.70; p < 0.001; n =298), 
indicating that regional hydrological variations in Southeast Asia are well recorded in 
tree-ring cellulose δ18O data (Sano et al., 2012; Xu et al., 2013; Fig. 1-2-26). 

Previous studies examined main factor of tree-ring cellulose δ18O in Japan. 
Nakatsuka et al. (2004) presented tree-ring cellulose δ18O and δ13C for 5 oak and 4 fir 
trees in northern Japan. Comparisons of these datasets revealed that tree-ring cellulose 
δ18O from same area showed similar temporal variations, whereas that of δ13C had some 

discrepancies (Fig. 1-2-27). These differences may relate to ecological effects (e.g., 
competition for light with neighboring trees). Thus, the tree-ring δ18O from northern 
Japan well recorded past hydroclimate variations regardless of species. In central Japan, 
Yamaguchi et al. (2010) reported two tree-ring cellulose δ18O chronologies from Nara 

cedar (34°32’N, 136°02’E, 405 m a.s.l.) and Shiga cypress (34°55’N, 135°59’E, 550 m 

a.s.l.) (Fig. 1-2-28). Data from Shiga cypress indicated that the highest correlation with 
mean monthly relative humidity occurred in June at Kyoto meteorological station (r = 
–0.72, p < 0.001; Fig. 1-2-29a). Significant correlation was also found between tree-ring 
cellulose δ18O from Nara cedar and June relative humidity (r = –0.70, p < 0.001; Fig. 
1-2-29b). However, as of now, there are no tree-ring cellulose δ18O data over the past 
millennium. 
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Fig 1-2-25. Tree-ring sites of Southeast Asia (Xu et al., 2013). Northern Laos site is Phu 
Leuy (PL) mountain area (19.9°N, 101.2°E; Xu et al., 2013), and northern Vietnam site 
is Mu Cang Chai (MCC) area (21°40’N, 104°06’E; Sano et al., 2012). 
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Fig 1-2-26. (a) Comparison of two tree-ring δ18O chronologies from Southeast Asia (Xu 
et al., 2013). Red and blue solid lines indicate tree-ring cellulose δ18O from northern 
Laos (Xu et al., 2013) and northern Vietnam (Sano et al., 2012), respectively. (b) 
31-year running correlation between Laos and Vietnam tree-ring cellulose δ18O (Sano et 
al., 2012; Xu et al., 2013). 
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Fig. 1-2-27. Comparisons of tree-ring cellulose δ18O from (a) Q. crispula and (b) A. 

sachalinensis (Nakatsuka et al., 2004). (c) and (d) also show the similar comparisons, 
except for the tree-ring cellulose δ13C. 
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Fig. 1-2-28. Map showing tree-ring sites in central Japan (Yamaguchi et al., 2012). 
Squares indicate tree-ring sites, and circles represent meteorological stations. 

 
Fig. 1-2-29. (a) Comparison with Shiga cypress δ18O (black symbols and dashed line) 

and monthly averaged relative humidity in June at Kyoto meteorological station (green 
line) (Yamaguchi et al., 2012). (b) Comparison with Nara cedar δ18O (black symbols 
and dashed line) and monthly averaged relative humidity in June at Ueno 
meteorological station (green line) (Yamaguchi et al., 2012). 
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 Previous studies proposed that tree-ring cellulose δ18O allow reconstructions 
of low-frequency climate variations without statistical detrending (McCarroll and 
Loader, 2004). Young et al. (2011) revealed that tree-ring cellulose δ18O chronology 

from Pinus sylvestris in Norway had no age-related trends (Fig. 1-2-30). They showed 
that regression line for δ18O was –0.0001 ‰ per year, indicating that this would lead 
0.03‰ differences over the past three centuries. Considering that measurement error 
was less than 0.3‰, this age-related trend was small. 

In contrast, hydrological reconstruction using Pinus uncinata in Spanish 
Pyrenees was confirmed to have age-related low-frequency variation (Fig. 1-2-31; 
Esper et al., 2010). This non-climatic variation was also exhibited in tree-ring cellulose 
δ18O from older and younger tree in central Asia (Treydte et al., 2006). In central Japan, 
hydroclimate reconstruction using cypress can be impacted by this age-related trend 
(Nakatsuka, personal communication).  
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Fig. 1-2-30. Individual 28 tree-ring cellulose δ18O chronologies from Pinus sylvestris in 
Norway (Young et al., 2011). Black solid line indicates the regression line for δ18O. 

 

 
 
Fig. 1-2-31. Age-related trends for δ18O, δ13C, maximum latewood density (MXD) and 
tree ring width (TRW) (Esper et al., 2010). 
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1-2-6. Relationship between the East Asian Summer Monsoon and El Niño–Southern 
Oscillation 
 
 On annual and inter-annual time scales, different mechanisms can influence 

the East Asian climate variability. Previous work identified the El Niño–Southern 

Oscillation (ENSO) had a potentially important controlling factor for the EASM in 

these time scales (e.g., Wang et al., 2000; Wu and Wang, 2002). Given the short 

duration of the instrumental temperature and precipitation records, proxy-based 

environmental reconstructions are needed to better understand the longer-term changes 

in inter-annual relationship of the ENSO-EASM teleconnection. Several studies 

reconstructed ENSO history throughout the Holocene (e.g., Cobb et al., 2003, 2013; 

McGregor and Gagan., 2004; McGregor et al., 2013; Li et al., 2011, 2013). However, at 
present, there are few studies that have reconstructed hydrological variability at annual 
resolution in East Asia including Japan (Fig. 1-2-17). Annually resolved hydroclimate 

reconstructions allow for considerations of the inter-annual relationship between the 

ENSO and hydrological conditions in Japan. 
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1-2-7. Research objectives and thesis structure 
 

As mentioned in this chapter, long-term hydrological conditions in East Asia 
indicate complicated rainfall pattern during the last millennium. A previous study 
proposed that the El Niño-like and La Niña-like equatorial Pacific conditions play an 
important role in East China (Chen et al., 2015). However, there are not enough proxy 
records in eastern China and its surroundings to discuss about the rainfall pattern (Chen 
et al., 2015). Hydrological reconstructions in central Japan may shed light on this issue, 
because the EOF analysis based on the annual precipitation indicates the clear decrease 
during the modern period (AD 1900–2008) (Fig. 1-2-16). Rainfall pattern analysis for 
the modern period (AD 1900–2008) also indicated that this proposal was not able to 
explain for the long-term precipitation increase in Nansei Islands including Yakushima 
Island. Hydroclimate reconstruction in Yakushima Island may develop understanding 
about another mechanism for long-term rainfall pattern in eastern part of East Asia. To 
understand long-term precipitation trends regarding these issues, hydrological 
reconstructions are needed in central Japan and Yakushima Island. In addition, different 
mechanisms can influence on the East Asian climate variability on annual and 
inter-annual time scales. ENSO had a potentially important controlling factor for the 

EASM in these time scales, and proxy-based environmental reconstructions are needed 

to better understand the longer-term changes in inter-annual relationship of the 
ENSO-EASM teleconnection. However, there are still no studies that have 
reconstructed annually resolved hydrological variations in Japan  over the past 
millennium. 

To reconstruct long-term hydrological conditions in Japan, I focused on 
tree-ring cellulose δ18O using Japanese cedars. This is because a previous study 
proposed that tree-ring cellulose δ18O using tree of redwood family (Sequoia 

sempervirens) allowed reconstructions of both high- and low-frequency hydrological 
variations (Johnstone et al., 2013). Thus, I focused on cedar trees (redwood family) to 
reconstruct long-term hydrological conditions in Japan.  

Previous studies reported that low-frequency hydrological variations 
reconstructed using this proxy can be impacted by age-related trend (e.g., Treydte et al., 
2006; Esper et al., 2010). Thus, age trend test is needed to consider that cedar trees are 
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suitable to reconstruct long-term hydrological conditions. 
Generally, this climate proxy is validated by comparisons with meteorological 

datasets. The highest correlation indicates main factor of tree-ring cellulose δ18O 
changes (e.g., Yamaguchi et al., 2010; Li et al., 2015). These analyses also suggest the 
main growth period. Previous studies reported that tree-ring cellulose δ18O from 
Japanese cedar has the highest correlation with June relative humidity (e.g., Yamaguchi 
et al., 2010). However, these reconstructions were based on empirical relations between 
tree-ring cellulose δ18O and meteorological data. Thus, this proxy was without 
confidence that cedar trees mainly grow during the early summer period. To increase a 
reliability of tree-ring cellulose δ18O, tree-ring growth rate measurements are necessary 

at tree-ring sites. In this thesis, I observed tree-ring growth rates in Yakushima Island. 
The main objective of this study is reconstructing annual hydrological 

changes in Japan. To reconstruct long-term hydrological condition, I used tree-ring 
cellulose δ18O from cedar trees in Japan. In chapter 2, two long cedar tree-ring δ18O 
chronologies from central Japan are presented over the past 400 years. These datasets 
allow me consider that Japanese cedars are able to reconstruct the low-frequency 
hydroclimate. In chapter 3, I report another tree-ring cellulose δ18O chronology in 
Yakushima Island from the MCA and LIA. In this site, my observations of tree-ring 
growth rates and meteorological data allow me to confirm a reliability of 
reconstructions using tree-ring cellulose δ18O. Based on these datasets, I discussed about 
possible influences of the Pacific SST on the long-term hydrological variations in 
central Japan (Chapter 4) and Yakushima Island (Chapter 5). In Chapter 6, inter-annual 
relationship between ENSO and tree-ring cellulose δ18O was investigated. In the last 
chapter, I provide general discussion and future perspectives of this thesis (Chapter 7). 
This discussion can develop understanding about the mechanism for long-term rainfall 

pattern in eastern part of East Asia and inter-annual relationship between ENSO-EASM 

teleconnection. 
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Tree-ring cellulose oxygen isotopes in central Japan 
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2-1. Chapter objective 
 
  
 In this chapter, I present two tree-ring δ18O chronologies in central Japan 

using Japanese cedars over the past four centuries. In central Japan, Yamaguchi et al. 

(2010) presented a cedar tree-ring cellulose δ18O series from AD 1612 to 1756. Here I 

additionally report tree-ring cellulose δ18O results that extend the continuous portion of 

this central Japanese record from AD 1757 to 1935. To examine a reliability of 

long-term hydroclimate reconstruction using this proxy, I also present a new cedar 
tree-ring cellulose δ18O chronology in central Japan from AD 1600 to 1959. Comparison 
and statistical analysis allow me to test whether low-frequency hydroclimate 
reconstructions using Japanese cedar tree-ring cellulose δ18O are necessary to remove 
nonclimatic age related trends. 
 
 

2-2. Materials and Methods 
 
2-2-1. Samples 
 

I measured tree-ring cellulose δ18O on two samples from central Japan. A 

Japanese cedar (Cryptomeria japonica) was collected by Dr. Masao Ohuchi (Kyoto 
University) at Ise grand shrine in Mie prefecture (34°27ʹN, 136°44ʹE; Fig. 2-2-1) during 
Ise Bay typhoon (AD 1959). This tree grew from AD 1501 to 1959. I also measured 

cellulose δ18O on the same Japanese cedar (Cryptomeria japonica) as Yamaguchi et al. 

(2010), which was acquired from Muroji temple in Nara prefecture (34°32’N, 136°02’E, 

405 m a.s.l.; Fig. 2-2-2). This old tree grew from AD 1607 to 1998. 



 Chapter 2 
 

 47 

 

Fig. 2-2-1. Japanese cedar collected at Ise grand shrine in Mie prefecture (left). Map 
showing sampling site and meteorological stations (right). Red star indicates tree-ring 
site, and downward triangles indicate meteorological stations. 

 



 Chapter 2 
 

 48 

 

 
Fig. 2-2-2. Japanese cedar acquired from Muroji temple in Nara prefecture (top). Map 
showing tree-ring site and meteorological stations (bottom). Symbols indicate tree-ring 
site (red star), Osaka (upward triangle), Kyoto (square), Wakayama (downward triangle) 
and Ueno (circle) meteorological stations.



 Chapter 2 
 

 49 

2-2-2. Age determinations 
 
 I determined Mie cedar age using dendrodaiting. Dendrochronology is a 
standard technique to decide tree-ring sample age. Tree-ring width pattern of Mie cedar 
is shown in Fig. 2-2-3. Comparison between this variation and standard pattern in 
central Japan was able to determine this tree-ring sample age.  

Nara cedar was previously dated by Miyahara et al. (2004) via a combination 
of dendrodating and identification of the AD 1964 Δ14C “Bomb peak”. Based on these 

age determinations, I measured tree-ring cellulose δ18O in central Japan. 
 
2-2-3. Measurement of tree-ring cellulose δ18O 

 
To extract α-cellulose from my tree-ring samples, I applied “plate method” 

(Xu et al., 2011) to obtain cellulose plates from sliced wood samples (Fig. 2-2-4). First, 
I cut tree-ring sample into plates using a low speed diamond wheel saw (thickness: 1 
mm). To remove lipids, these plates were treated with toluene and ethanol (1:1) in an 
ultrasonic water bath for 30 min. Similar step with acetone had been repeated. After 
lipid removes, these samples were treated with acidified NaClO2 in a water bath (70 ºC) 
for 60 min to decompose lignin. This step was repeated four times. To remove 
hemicellulose, I poured a 17wt% NaOH solution into tubes containing wood samples. 
These tubes were in a water bath (80 ºC) for 45 min, and this treatment repeated three 
times. After this treatment, these were washed with a diluted HCl solution. These 
extracted cellulose plates were then divided up into individual annual growth rings, and 
these separated samples (0.2 mg) were wrapped in silver foil for duplicate 
measurements of tree-ring cellulose δ18O. 
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Fig. 2-2-3. Mie cedar tree-ring width pattern. Black solid line indicates mean of 
duplicate measurements. 

 

Fig. 2-2-4. Schematic diagram of sample preparation. 
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To measure tree-ring cellulose δ18O, I used a continuous flow high 
temperature thermal conversion elemental analyzer (TCEA) and a Thermo Finnigan 
MAT253 mass spectrometer (Fig. 2-2-5 and Fig. 2-2-6) at Tokyo Institute of 
Technology for the analyses. α-cellulose was converted to CO gas at 1450 ºC. 

 
C6H10O5 → 5CO + 10H2 + C 

 

In isotope ratios measurements, the measured values generally indicate the difference 
between sample and reference gas δ values (e.g., Sato and Suzuki, 2010). This is 

because reference gas had little inhomogeneous property. In my measurement, reference 
CO gas was measured with cellulose. Here, the reference gas δ18O was defined as 0‰. 

Thus, the measurement oxygen isotope values indicate the difference between cellulose 
and reference gas δ18O. To confirm the measurement reliability, I duplicated the 

reference gas measurements (Fig. 2-2-7).  

 

This TCEA machine was introduced into Tokyo Institute of Technology in 
2012 and was set up for oxygen isotope measurement. Two particular areas of the 
instrument were upgraded. Firstly, the auto-sampler was improved to measure more 
than 90 samples. The one disc default setup for this machine is able to measure 31 
tree-ring cellulose samples (Fig. 2-2-8a). The original setup was not able to saturate 
multi-disc with helium gas. To overcome this problem, I set up a closed container 
around the auto-sampler (Fig. 2-2-8b). To smoothly introduce wrapped cellulose sample 
into TCEA, the sample chamber was also improved (Fig. 2-2-8c). To decide the most 
suitable mass for each measurement, I measured tree-ring cellulose δ18O for various 
working standard mass (Merck cellulose) (Fig. 2-2-9). Results for less than 200 µg 
indicated relatively heavy oxygen isotopes. Thus, I determined the necessary mass 
required for cellulose measurement to be over 200 µg. To examine the calibration line, I 
measured tree-ring cellulose δ18O for two standard cellulose samples (Merck cellulose 
and IAEA-C3) (Table 2-2-1). The mean difference between Merck cellulose and 
reference gas δ18O showed 15.12±0.13‰, and that of IAEA-C3 was 20.30±0.15‰. The 
difference of these values is about 5.2‰. To compare my tree-ring cellulose δ18O 
measurement values with other oxygen isotope data from different laboratories, oxygen 
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isotope data are generally expressed as follows: δ18O = ((18O/16O)sample/(18O/16O)standard – 1) 
× 1000 (‰), where the standard used was Vienna Standard Mean Ocean Water 
(VSMOW). Here, recommended cellulose oxygen isotope ratios indicate the difference 
of VSMOW. Recommended Merck cellulose value is 27.5‰ (VSMOW), and that of 
IAEA-C3 is 32.7‰ (VSMOW), indicating that the difference of these recommended 
values is 5.2‰. This is the same value as my two standard cellulose measurements. 
Based on these measurements, I determined the calibration line. 

In tree-ring samples from central Japan, measurement uncertainties were less 
than 0.3‰ according to the standard deviation calculated from repeated analyses of a 
working standard (Merck cellulose). Hereafter, the data were expressed as oxygen 
isotope ratios as follows: δ18O = ((18O/16O)sample/(18O/16O)standard – 1) × 1000 (‰), where 
the standard used was VSMOW. 
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Fig. 2-2-5. Schematic diagram of TCEA (modified from Suzuki and Sato, 2010). 

 
 

 
Fig. 2-2-6. TCEA machine at Tokyo Institute of Technology. 
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Fig. 2-2-7. TCEA measurement sequence. Brown, green and blue lines indicate mass 28 
(12C16O), 29 (13C16O) and 30 (12C18O), respectively. Spectrum amplitudes indicate the 
mass intensity (mV).  
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Fig. 2-2-8. (a) Beginning condition of auto-sampler, and (b) after improvement. (c) 
Improved inner part of this machine.  
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Fig 2-2-9. Tree-ring cellulose δ18O for various mass of working standard (Merck 

cellulose). Here measurement oxygen isotope values indicate the difference between 
cellulose and reference gas δ18O. 
 
 

 IAEA-C3 Merck 

Measurement 1 20.28‰ 15.27‰ 

Measurement 2 20.45‰ 15.18‰ 

Measurement 3 20.10‰ 15.05‰ 

Measurement 4 20.37‰ 14.98‰ 

Average 20.30±0.15‰ 15.12±0.13‰ 

 
Table 2-2-1. Results of tree-ring cellulose δ18O for two standard cellulose samples 

(Merck cellulose and IAEA-C3). Here measurement oxygen isotope values indicate the 
difference between cellulose and reference gas δ18O. 
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2.3. Results and Discussion 
 
2-3-1. Comparison with meteorological data 
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Fig. 2-3-1.  
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Fig. 2-3-2.  
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Fig. 2-3-3. 
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Fig. 2-3-4.  
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2-3-2. Validations for tree-ring cellulose δ18O in central Japan 
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Fig. 2-3-5.  
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Fig. 2-3-6.   
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Fig. 2-3-7.  
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Fig. 2-3-8.  
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Fig. 2-3-9. 
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Fig. 2-3-10.  
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Table 2-3-1. Negative and positive value years for Mie tree-ring cellulose δ18O 
chronology during the LIA (AD 1681–1850). 
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Table 2-3-2. Negative and positive value years for Nara tree-ring cellulose δ18O 
chronology during the LIA (AD 1681–1850). 
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Table 2-3-3. Negative and positive value years for Mie tree-ring cellulose δ18O 
chronology during AD 1900–1959. 
 

 

 

Table 2-3-4. Negative and positive value years for Nara tree-ring cellulose δ18O 

chronology during AD 1900–1935. 
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2.4. Summary 
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Chapter 3 
 

Tree-ring cellulose oxygen isotopes in Yakushima Island 
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3-1. Chapter objective 
 
 Generally, tree-ring cellulose δ18O is validated by comparisons with 
meteorological datasets. The highest correlation indicates main factor of tree-ring 
cellulose δ18O changes (e.g., Yamaguchi et al., 2010; Li et al., 2015). These analyses 
also suggest the main growth period. However, these reconstructions were based on 
empirical relations between tree-ring cellulose δ18O and meteorological data. Thus, this 

proxy was without confidence that cedar trees mainly grow during the early summer 
period. To increase a reliability of tree-ring cellulose δ18O, tree-ring growth rate 
measurements are necessary at tree-ring sites. 
 In this chapter, I measured stem-growth rates at tree-ring site in Yakushima 
Island. These measurements allow me to confirm a reliability of reconstructions using 
tree-ring cellulose δ18O. Based on these observations and validations, I present a 
tree-ring cellulose δ18O chronology in Yakushima Island from the MCA and LIA. 

 
 
3-2. Materials and Methods 
 
3-2-1. Samples 
 

Here I measured tree-ring cellulose δ18O on a disc of Yakusugi (Cryptomeria 

japonica), which was collected at Ishizuka area in Yakushima Island (30°20ʹ 178’N, 
130°32ʹ 50’E, 900 m a.s.l.; Fig 3-2-1) in AD 1956. This cedar grew from AD 62 to 1956. 
This tree-ring sample overlap with meteorological data only for AD 1938 to 1956, and 
tree ring widths became too narrow to continuously separate individual growth rings 
after AD 1805. Thus, I also measured another Japanese cedar core in Ishizuka area 
during the recent period. 
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Fig. 3-2-1. Japanese cedar acquired from Yakushima in Kagoshima prefecture (left 
panel). Map showing sampling site and meteorological station (right panel). Symbols 
indicate Ishizuka (red circle), Tabugawa (green circle) and Yakushima weather station 
(blue circle). 
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3-2-2. Age determinations 
 
 This 1895-year tree sample was dated by three methods. In the early part of 
Yakushima cedar from AD 173 to 743, I determined the age by dendrodating (tree-ring 

width pattern matching). Based on this age determination, radiocarbon measurements 
were performed around late 8th century using Accelerator Mass Spectrometry (AMS) at 

Yamagata University. A previous study identified a rapid radiocarbon (14C) content 
increase from AD 774 to 775 (Miyake et al., 2012). Temporal percent modern carbon 

variation indicates the same rapid increase (Fig. 3-2-2), and this 14C peak identification 

enables us to determine the age of this tree-ring chronology. After the late 8th century, 

we counted the annual rings of this sample. To correctly count, I also confirmed the 

individual rings under a binocular microscope (Fig. 3-2-3). 
 

 

Fig. 3-2-2. Temporal percent modern carbon variation around late 8th century from 

Yakushima tree-ring sample. 
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Fig 3-2-3. An example of magnified photo for Yakushima cedar. 
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3-2-3. Measurement of tree-ring cellulose δ18O 

 
To extract α-cellulose from a disc sample, I applied Jayme and Wise method 

(e.g., Loader et al., 1997; Loader et al., 2003). First, I cut this tree-ring sample into 
plates using a diamond wheel saw (thickness: 0.5–1 mm). These plates were then 
divided up into individual annual growth rings. α-cellulose was extracted from these 
divided samples based on the same chemical protocol in Chapter 2. These samples were 
wrapped in silver capsule for duplicate tree-ring cellulose δ18O measurements. In a core 
sample, I applied same method in Chapter 2.  
 In this measurement, I also used a TC/EA and a Thermo Finnigan MAT253 
mass spectrometer at Tokyo Institute of Technology (additional details can be found in 
Chapter 2). The measurement uncertainties were less than 0.3‰ according to the 
standard deviation calculated from repeated analyses of a working standard (Merck 
cellulose).  

 
 
3-2-4. Meteorology and stem growth rates in Yakushima Island 
 
Observations 
 

 I observed tree-ring growth rates of 50 cedars (Fig. 3-2-4a), including 20 trees 
in Ishizuka and 30 trees in Tabugawa (30°23ʹ 47’N, 130°30ʹ 52’E, 180 m a.s.l.; Fig 
3-2-1) areas. In this observation, I used dendro-meters to measure stem growth rates. 
This accuracy of tree-ring diameter measurement was within 1 mm. 
 To investigate meteorological conditions in tree-ring site, I also observed 
temperature and relative humidity (Fig. 3-2-4b). Here I used Thermo-hydrometers 
(temperature accuracy ±0.2 °C at 0–50 °C and humidity accuracy ±2.5% relative 
humidity at 10–90 °C). This equipment was set up to monitor meteorological variations 
at Ishizuka area (Fig 3-2-1). 
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Fig. 3-2-4. (a) Measurements of stem growth rates. (b) Meteorological observations at 
Ishizuka area. (c) 1895-year cedar sample at Ishizuka. 
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Tree-ring stem growth rate in Yakushima 
 
 Observation indicated that main tree-ring growth interval was from May to 
June at Ishizuka area. Average radial stem growth rates showed that 60% annual growth 
occurred at May–June (MJ) period (Fig. 3-2-5d and Fig. 3-2-6). This stem growth 
variation was similar to that of Tabugawa area, but the annual growth at Tabugawa area 
gradually increased. I could find that about 30% annual growth occurred at the same 
period (MJ) (Fig. 3-2-5c and Fig. 3-2-7).  
 
Meteorological condition in the tree-ring site 
 
 Observation showed that temporal temperature variation at Ishizuka area was 
similar to that of Yakushima weather station, but the amplitude was different (Fig 
3-2-5ab). This observation also indicated that relative humidity at Ishizuka area was 
mainly more than 95% from June (Fig 3-2-8). Relative humidity comparison indicated 
that temporal ralative humidity variation at tree-ring site was different from that of 
Yakushima station (Fig 3-2-8). These may relate to altitude difference between tree-ring 
site (Ishizuka) and Yakushima station. 
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Fig. 3-2-5. Comparisons of daily mean temperature (top) and average radial stem 
growth rates (bottom) in Yakushima Island.  
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Fig. 3-2-6. Monthly tree-ring growth rate at Ishizuka area. 

 

 

Fig. 3-2-7. Monthly tree-ring growth rate at Tabugawa area. 
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Fig. 3-2-8. Comparison of relative humidity in Yakushima. Circle and square symbols 
indicate the relative humidity variations at Ishizuka and Yakushima weather station, 
respectively. 
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3-3. Results and discussion 
 
3-3-1. Comparison with meteorological data 
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Fig. 3-3-1.  
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Fig. 3-3-2. 
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Fig. 3-3-3.  
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Fig. 3-3-4.  
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Fig. 3-3-5.  
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3-3-2. Tree-ring cellulose δ18O in Yakushima Island over the past millennium 
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Fig. 3-3-6 
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Table 3-3-1. Negative and positive value years for Yakushima tree-ring cellulose δ18O 
chronology during the MCA (AD 1025–1250). 
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Table 3-3-2. Negative and positive value years for Yakushima tree-ring cellulose δ18O 
chronology during the LIA (AD 1450–1805). 
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3-4. Summary 
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Relative humidity reconstruction in central Japan 
during the Little Ice Age 
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4-1. Chapter objective 
 
 

 
4-2. Method and data 
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4-3. Results and Discussion 
 
4-3-1. Comparison with temperature 
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Fig. 4-1.  
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4-3-2. Comparison with SST 
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Fig. 4-2. 
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Fig. 4-3.  
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4-4. Summary 
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Chapter 5 
 

Hydroclimate reconstruction in Yakushima Island 
over the past millennium 
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5-1. Chapter objective 

 
5-2. Method and data 
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5-3. Results and Discussion 
 
5-3-1. Comparison with temperature 
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Fig. 5-1. 
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5-3-2. Comparison with SST 
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Fig. 5-2. 
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Fig. 5-3. (top) Map showing the ODP site 1202 in Okinawa Trough (Wu et al., 2012). 
(bottom) SST reconstruction in Southern Okinawa Trough by analyzing tetraether lipid 
preserved in the sediment core. 

䜲䞁䝍䞊䝛䝑䝖බ⾲䛻㛵䛩䜛ྠព䛜

ᚓ䜙䜜䛺䛛䛳䛯䛯䜑㠀බ⾲



 Chapter 5 
 

 115 

 
Fig. 5-4.  
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Fig. 5-5. Differences between 1990s and 1980s for June precipitation (Tomita et al., 
2007). Contours are drawn with 30 mm/month interval. Dot-lines are negative 
anomalies of precipitation. Shading represents the 95% confidence level. 
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5-4. Summary 
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Chapter 6 
 

Relationship between tree-ring cellulose oxygen isotopes in Japan 
and the El Niño–Southern Oscillation 
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6-1. Chapter objective 
 

In this chapter, I investigated the relationship between the ENSO and Nara 
tree-ring cellulose δ18O over the past ~400 years. My data allowed consideration of 

long-term changes in the interannual relationship between the ENSO and hydroclimate 

variability in central Japan.  
 
 
6-2. Method and data 
 

 To examine the relationship between EASM and ENSO, I use a tree-ring 
cellulose δ18O chronology from Nara prefecture over the last four centuries (additional 
details in chapter 2).  

I investigate the relationship between the precipitation in central Japan and 

ENSO during the 20th century using several ENSO indexes to show that results are 

generally independent of the chosen reconstructions (see appendix of chapter 6). These 

include the Niño 3.4 index (Trenberth and Stepaniak, 2001), available from the United 

States National Center for Atmospheric Research 

http://www.cgd.ucar.edu/cas/catalog/climind/TNI_N34/); a 1894–1984 coral composite 

that includes records from both the western and eastern edges of the equatorial cold 

tongue, as well as the Niño 3.4 region (Crowley et al., 2014); a multivariate ENSO 

index from 1871 (Wolter and Timlin, 2011); a 1301–1992 tree ring ENSO 

reconstruction (Li et al., 2013); and a 1525–1982 multiproxy ENSO reconstruction 

(Braganza et al., 2009). 
Wavelet analysis (Torrence and Compo, 1998) was used to analyze the 

relationship between the various ENSO indexes and summer rainfall in central Japan. 

Specifically, coherency in time-frequency space was determined using wavelet code for 

Matlab (Grinsted et al., 2004). Multitaper method (MTM) spectral analysis was 

performed using the software package kSpectra (Ghil et al., 2002) with a significance 

test based on an AR(1) (red) null hypothesis. 
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6-3. Results and Discussion 
 
Relationship with ENSO 
 

I compared my tree-ring cellulose δ18O to the long tree-ring previous 

November–January (NDJ) ENSO reconstructions of Li et al. (2013). MTM analysis of 

the ENSO reconstruction over the same interval as my data (1612 to 1935) reveals 

4.0-year, 5.2-year, 9.0-year and 10.4-year spectral peaks (Fig. A6-1a). The multiproxy 

ENSO reconstruction of Braganza (et al., 2009) is highly correlated with the tree-ring 

ENSO proxy (r = –0.60, p < 0.001, N =324) and exhibits a similar spectrum (Fig. 

A6-1b). 

 

Comparisons within the time domain indicate that the strength of relationship 
between inverted tree-ring δ18O (because tree-ring δ18O is negatively correlated with 

hydrological condition) and ENSO varies on multi-decadal timescales (Fig. 6-1a, b). To 
examine variations in the tree-ring δ18O–ENSO relation, cellulose δ18O and ENSO 

reconstructions were normalized to zero mean and unit standard deviation and 

band-pass filtered (3–8 years). Then correlation coefficients were calculated using a 

31-year moving window using both zero and one-year lag (One-year lag is comparing 
NDJ ENSO reconstruction to the following year’s δ18O). This indicates that zero-lag 

ENSO teleconnections were generally weak throughout most of the interval examined 

(Fig. 6-1b). Lag-1 correlation was relatively high during the mid-17th, late 18th and late 

19th centuries (Fig. 6-1b). Cross-wavelet analysis (Grinsted et al., 2004) for the 
tree-ring δ18O and ENSO reconstructions also shows that a common 3–8 year variability 

only appears during the mid-17th and late 18th centuries (Fig. 6-1c). A similar 

relationship was noted with the multiproxy ENSO index (Braganza et al., 2009) (Fig. 

A6-2; See appendix of chapter 6). 

Zero-lag ENSO teleconnections can be expected because the changes of 

western North Pacific (WNP) anomalous anticyclone-warm ocean interaction (Wang et 

al., 2000). This WNP anticyclone is associated with the slow or rapid decay of 

canonical ENSO events, which affects the early summer rainfall in East Asia (Yim et al., 

2013). However, zero-lag ENSO teleconnections were generally weak throughout the 
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examined interval, and the one-year lag tree-ring δ18O-ENSO correlation was relatively 

high during the mid-17th, late 18th and late 19th centuries. Further investigation is 
needed to clarify relationship between the one-year lag tree-ring δ18O and ENSO. 

Li et al. (2013) suggested that ENSO teleconnection were strong (weak) over 

the pan-Pacific region during intervals of high (low) ENSO variance. This is illustrated 

by 31-year running, windowed variance calculated for the tree-ring ENSO 

reconstruction, which exhibits high variance during the mid-17th, late 18th and late 19th 

centuries (Fig. 6-1d). This corresponds to the times of coherent 3–8 variability in 

EASM and ENSO activity. 

While the correlation between the ENSO reconstruction and inverted tree-ring 
δ18O is positive during the mid-17th and late 19th centuries, a negative correlation is 

exhibited during the late 18th century (Fig. 6-1b). This may relate to the Pacific Decadal 

Oscillation (PDO; Mantua et al., 1997) phase on the relationship between ENSO and 

EASM (Chan and Zhou, 2005; Yoon and Yeh, 2010; Feng et al., 2014). Reconstructed 

PDO phases (D’Arrigo and Wilson, 2006) were positive during the mid-17th and late 

19th centuries but mainly negative during late-18th century (Fig. 6-1e). It appears that 

early summer monsoon rainfall may have positive (negative) correlation to ENSO 

activity when ENSO variance is high during the positive (negative) PDO phases, as 

previously noted by Yoon and Yeh (2010).  

 

As the tree-ring δ18O chronology is not continuous from 1936 to 1978, I 

investigated the relationship during the 20th century between the early summer 

monsoon rainfall over central Japan and several ENSO indexes by using the 

instrumental Wakayama MJ precipitation. First, I compared the high frequency (3–8 

year) Wakayama MJ precipitation with winter (from previous November to January) 

Niño3.4 index (Trenberth and Stepaniak, 2001) (Fig. 6-2a). (Before the comparison, 

these datasets were normalized.) 31-year running lag-1 correlation coefficients between 

the high frequency Wakayama MJ precipitation and the Niño 3.4 index (Trenberth and 

Stepaniak, 2001) showed that there was little relationship between ENSO and EASM 

except for late 20th century (Fig. 6-2b). Cross-wavelet analysis also indicates that 

high-frequency variability appeared from 1980s (Fig. 6-2c). Similar results were 

obtained with other ENSO indexes (Wolter and Timlin, 2011; Li et al., 2013; Crowley 

et al., 2014), except for the multiproxy ENSO reconstruction (Braganza et al., 2009), 
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which only extends to 1982 (See appendix of chapter 6). This is similar to the 

observation that the relationship between ENSO and EASM strengthened since the late 

1970s (e.g., Wang et al., 2008). 

To understand the relationship of the ENSO variance and the PDO phase on 

the relation between EASM and ENSO during the 20th century, I also calculated a 

31-year running variance for the Niño 3.4 index (Fig. 6-2d) and instrumental PDO 

index (Fig. 6-2e). The ENSO variance has been high since 1980 (Fig. 6-2d) while PDO 

was positive (Fig. 6-2e). Early summer monsoon rainfall during the 20th century is 

positively correlated with Niño 3.4 when ENSO variance is high during the PDO 

positive phases. 

Previous analyses of the instrumental precipitation records have proposed that 

the PDO phase can relate to the relationship between the EASM and ENSO during the 

20th century (Chan and Zhou, 2005; Yoon and Yeh, 2010; Feng et al., 2014). My 
annually resolved tree-ring cellulose δ18O and various comparisons suggest that recent 

relationship between the PDO phase and the EASM-ENSO teleconnection may be not 

only a recent phenomenon but also a more persistent feature of the tropical climate 

system over the past 400 years. To develop this suggestion, we need further annually 

resolved reconstructions of rainfall spatiotemporal variability over the East Asia. 
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Fig. 6-1. (a) Comparison of 3–8 year tree-ring δ18O (inverted) variability with winter 

ENSO reconstruction (Li et al., 2013). Blue and red solid lines indicate the tree-ring 
δ18O and ENSO reconstruction, respectively. (b) 31-year running correlation between 

the high frequency (3–8 year) tree-ring δ18O (inverted) and ENSO reconstruction (Li et 

al., 2013). Orange and black solid lines indicate the correlation coefficients of lag 
0-year and lag 1-year, respectively. (c) Wavelet coherence between the tree-ring δ18O 

and tree-ring ENSO reconstruction (Li et al., 2013). Black contour means the 95% 

significant level, and white shade corresponds the cone of influence.Arrows mean the 

relative phase relation. (d) 31-year running variances for normalizedENSO 

reconstruction (Li et al., 2013). (e) Reconstruction of the PDO index (D’Arrigo and 

Wilson, 2006). Green solid line indicates 11 year moving average. 
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Fig. 6-2. (a) Comparison of high frequency (3–8 year) Wakayama MJ precipitation with 

winter (previous November–January) Niño 3.4 index (Trenberth and Stepaniak, 2001). 

Blue and red solid lines indicate the Wakayama MJ precipitation and the Niño 3.4 index, 

respectively. (b) 31-year running correlation between the high frequency (3–8 year) 

Wakayama MJ precipitation and the Niño 3.4 index (Trenberth and Stepaniak, 2001). 

Orange and black solid lines indicate the correlation coefficients of lag 0-year and lag 

1-year, respectively. (c) Wavelet coherence between Wakayama MJ precipitation and 

the Niño 3.4 index (Trenberth and Stepaniak, 2001). Black contour means the 95% 

significant level, and white shade corresponds the cone of influence. Arrows mean the 

relative phase relation. (d) 31-year running variances for the normalized Niño 3.4 index 

(Trenberth and Stepaniak, 2001). (e) Instrumental spring (March–May) PDO index. 

Green solid line indicates 11 year moving average. 
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6-4. Summary 
 

Time- and frequency-domain comparison between tree-ring cellulose δ18O 

and various ENSO reconstructions indicates that teleconnection are strongest during the 

mid-17th, late 18th and late 19th centuries. Similar analysis of instrumental 

precipitation in central Japan shows a similar relationship since 1980. The 

ENSO-EASM teleconnection appears when ENSO variance is high, and this 

relationship may relate to the PDO phase. 
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7-1. General discussion 
 

As summarized in chapter 1, the possible mechanisms of East Asian rainfall 
patterns during the last millennium were proposed in Chen et al. (2015). Modern 
observation identified that the intensity and position of Western Pacific Subtropical 
High (WPSH) potentially play an important role in modulating the relation between 
precipitation in eastern China and ENSO. During El Niño years, westward 
intensification and extension were observed in the WPSH, and this also shifted 
southward (Qian et al., 2007; Su and Xue, 2011). During this state, the rain-belt is not 
able to reach to North China relative to normal years. This can cause more precipitation 
in southern China (e.g., lower Yangtze River Catchment) and less precipitation in 
northern China. In La Niña years, intensity and position of the WPSH indicate 
weakening and northeastward retreat. Zhou and Yu (2005) suggested a smooth transport 
of moisture by low-level jet along the northwestern edge of the WPSH caused this 
response. On multi-centennial timescales, the similar patterns were observed in the 
reconstructed hydrological conditions during the last millennium (Fig. 7-1-1). Some 
previous studies identified that equatorial Pacific Ocean had La Niña (El Niño) like 
condition in the MCA (LIA) (e.g., Mann et al., 2009). This La Niña-like condition 
possibly causes more precipitation in northern China and less precipitation in southern 
China. During the LIA, a contrasting rainfall pattern was observed due to El Niño-like 
condition. However, Chen et al. (2015) mentioned that as of now there are not enough 
proxy records in eastern China and the surroundings to discuss about the detail 
discussion about this asynchronous variability. Hydrological reconstructions in central 
Japan may shed light on this issue, because the EOF analysis based on the annual 
precipitation during the modern period (AD 1900–2008) indicates the clear rainfall 
pattern (Fig. 7-1-2). Rainfall pattern analysis for the modern period (AD 1900–2008) 
also indicated that this proposal was not able to explain the long-term precipitation 
increase in Nansei Islands including Yakushima Island. To understand long-term 
precipitation trends regarding this issue, hydrological reconstruction is needed in 
Yakushima Island. Furthermore, different mechanisms can influence on the East Asian 
climate variability on annual and inter-annual time scales. ENSO had a potentially 

important controlling factor for the EASM in these time scales, and proxy-based 

environmental reconstructions are needed to better understand the longer-term 
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inter-annual relationship of the ENSO-EASM teleconnection. 
 My tree-ring cellulose δ18O chronologies from central Japan and Yakushima 

Island provided the important information for the hypothesis of Chen et al. (2015). On 
multi-centennial timescales, my datasets from central Japan showed that the tree-ring 

cellulose δ18O values were relatively low during the LIA, suggesting that the 

hydrological condition was wet in this cold period (chapter 2). Data from Yakushima 
Island indicated that the δ18O values were relatively low (high) during the MCA (LIA), 

and this may indicate that the early summer precipitation increased (decreased) in the 

warm (cold) period (chapter 3). Assuming that the hydrological conditions during the 

LIA have similar changes relative to both the MCA and current warm period, my 
tree-ring cellulose δ18O data from central Japan indicate the opposite hydroclimate 

change from that of Yakushima Island. My analyses suggest that this may relate to the 

different correlation with SST around the western North Pacific SST (chapter 4 and 5). 

On annual and inter-annual time scales, the relationship of the ENSO-EASM has 

multidecadal variability and this teleconnection appears clear when ENSO variance is 
high (chapter 6). 

Based on these findings, here, I compared the tree-ring cellulose δ18O 

chronology in central Japan with the spatial pattern of hydrological conditions during 
the past millennium (Fig. 7-1-1). Assuming that the hydrological conditions during the 

LIA have the similar changes relative to both the MCA and modern warm period, my 

datasets suggest that the hydroclimate in central Japan was wet in the LIA. The wetness 
map including these reconstructions is consistent with the averaged mode of annual 
precipitation during the past 100 years (Fig. 7-1-2). This supports the idea that the mean 
state of the Pacific ocean-atmospheric system currently observed has been also 
dominant over the past millennium (Chen et al., 2015).  

Similar comparisons were also performed for Yakushima tree-ring δ18O. In 

Yakushima Island, 19-year averaged MJ precipitation shows the increasing trend from 

AD 1947 to 2004 (Fig. 7-1-3). This observation data suggests that the mean state of 

precipitation in this region indicate the positive EOF mode in Fig. 7-1-2. Assuming that 
tree-ring cellulose δ18O is mainly controlled by amount effect, the early summer 

precipitation in Yakushima Island increased (decreased) during the MCA (LIA). 
Proposal of Chen et al. (2015) was not able to explain this long-term variability in 
Yakushima Island. Comparisons between my data and global SSTs suggest that SST 
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variability in the western North Pacific plays an important role in the hydroclimate in 
Yakushima Island. Based on this analysis, I propose that this relates to changes of the 

Kuroshio Current. 
Tropical Pacific SST reconstructions support the idea from Chen et al., (2015). 

The eastern (western) equatorial Pacific was cooler (warmer) during the MCA (Oppo et 
al., 2009; Conroy et al., 2009; Fig. 7-1-4). This state of La Niña like condition leads to 
the hydrological conditions shown in Fig. 7-1-1. The El Niño like condition is also 
observed in the tropical Pacific SST reconstructions during the LIA (Fig. 7-1-4). This 
contrast could have caused the opposite hydroclimate changes during this cold period 
relative to MCA. 

In northern Japan, the long-term hydrological variability is similar to that of 
central Japan. Sun et al. (2015) present regional hydroclimate reconstruction in 
Hokkaido during the past 400 years. Their sediment core δ15N record from Lake Onuma 

(Fig. 7-1-5) revealed the long-term hydrological variability. Their reconstruction 

indicated that the precipitation gradually increased from mid 17th century and reached 

maximum around mid 19th century (Sun et al., 2015; Fig. 7-1-6). During the 20th 

century, their results showed dry condition in Hokkaido. This long-term trend is 
synchronized with my tree-ring cellulose δ18O data in central Japan. Thus, this 

comparison suggests that the hydrological conditions in central and northern Japan have 

same centennial variability over the past four centuries. 
Previous work using meteorological data suggests that the ITCZ shifts 

southward when westward extension and southward shift are observed in the WPSH 
(e.g., Lu and Dong, 2001). To confirm this relationship between the ITCZ and WPSH 

over the past millennium, I compared the long-term hydrological variability in East Asia 
with the reconstruction of ITCZ position. Sachs et al. (2009) presents the mean position 
of ITCZ over the past millennium. Their three lake sediment records from equatorial 
Pacific indicate that the ITCZ was south of its modern position during the LIA (Sachs et 
al., 2009). Chen et al. (2015) proposes that the WPSH extended westward and shifted 
southward during the El Niño like condition in the LIA period. Based on meteorological 
analysis for the relationship between the ITCZ and WPSH (e.g., Lu and Dong, 2001), 
this southward movement of ITCZ is consistent with the proposed WPSH movement 
over the past millennium (Chen et al., 2015). 
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As summarized in this chapter, my tree-ring cellulose δ18O datasets suggest 
that Japanese hydrological conditions are mainly controlled by the long-term SST 
variability on multi-centennial time scale. On the other hand, different mechanisms can 
influence the East Asian climate variability on annual and inter-annual time scales. My 
time- and frequency-domain comparison between tree-ring cellulose δ18O in central 

Japan and ENSO reconstructions indicates that teleconnection are strongest when 

ENSO variance is high, and this relationship may relate to the PDO phase. These 
findings propose that different mechanisms existed in East Asia on various time scales. 
In this dissertation, I showed that tree-ring cellulose δ18O is a powerful tool to develop 

understanding about the possible mechanisms of both high- and low-frequency 
hydrological variations in Japan. 
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Fig. 7-1-1. Map showing the hydrological conditions during the MCA and LIA (Chen et 
al., 2015). These reconstructed conditions were categorized into dry, moderate and wet. 
Minus and plus symbols indicate moderately dry and moderately wet, respectively. 
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Fig. 7-1-2. EOF1 pattern based on the annual precipitation during the AD 1900–2008 
(Chen et al., 2015). The values indicate the eigenvectors of EOF1 mode. 
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Fig. 7-1-3. 19-year averaged MJ precipitation at Yakushima station from AD 1947 to 

2004. 
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Fig. 7-1-4. (a) Mie tree-ring cellulose δ18O chronology (AD 1600–1959; blue) and MJJ 

relative humidity at Tsu station (1890–2013; dark green). Gray shading indicates the 
uncertainty period in the long-term hydroclimate reconstruction. (b) Tree-ring δ18O at 
Yakushima Island. Thick black lines indicate 19-year moving averages. (c) SST 
reconstruction in the western equatorial Pacific (Oppo et al., 2009). (d) Diatom T/E 
index in the eastern equatorial Pacific (Conroy et al., 2009). 
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Fig. 7-1-5. Map showing the site of Lake Onuma (Sun et al., 2015). 
 

 
Fig. 7-1-6. δ15N in Lake Onuma over the past four centuries (modified from Sun et al., 

2015). 
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7-2. Future perspectives 
 
7-2-1. Climate reconstructions 
 
 In this dissertation, I presented tree-ring growth rates in Yakushima Island 
(chapter 3). This allowed me to consider that the cedar trees in this study site mainly 
grew from May to June. In chapter 2 and 3, I investigated the typhoon influences on the 
tree-ring cellulose δ18O values of Japanese cedars in both central Japan and Yakushima 
Island. This is because the precipitation δ18O value related to tropical typhoons is 
extremely low (e.g., Lawrence and Gedzelman, 1996). My comparisons indicated that 
there are no clear relationships between cedar tree-ring cellulose δ18O and the number of 

typhoons. I suggest that it is possibly because Japanese cedar trees do not grow during 
typhoon seasons. 

Li et al. (2015) reported that tree-ring cellulose δ18O in pine and oak from 
central Japan potentially recorded the past typhoon events. The highest correlations 
between cellulose δ18O and meteorological data propose the main growth periods of 
these trees, and the intervals may overlap the typhoon events in late summer. However, 
observations of tree-ring growth rates, especially main tree-ring growth intervals, are 
necessary to confirm this high correlation (chapter 3). This validation for various tree 
species would enable me to develop hydroclimate reconstructions using tree-ring 
cellulose δ18O. For example, I should identify some specific trees, which mainly grow in 
the late summer. Measurements of cellulose δ18O for this species may allow 
reconstructions of past typhoon events. Identification of trees that mainly grow from 
June to August potentially enables me to provide a proxy-based PJ pattern index. As 
mentioned in Chapter 1, a previous study has presented a 117-year PJ pattern index 
using JJA station pressure data from Yokohama and Hengchun of Taiwan (Kubota et al., 
2015). This index revealed that the relationship between ENSO and PJ pattern has 
interdecadal variability. Comparison between tree-ring δ18O using this species in central 
Japan and Taiwan potentially allow me to provide the longer index of PJ pattern than 
available instrumental records. This proxy-based long index may shed light on the 
interannual changes of summer atmospheric–ocean circulation. 
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7-2-2. Toward the validation for climate model performance 
 
 Comparisons between simulated and reconstructed rainfall pattern during the 
past millennium are necessary to project long-term future precipitation change in IPCC. 
In this section, I show the comparisons of my tree-ring δ18O chronologies with 
simulated precipitations. 

As summarized in Section 1, the simulated rainfall patterns, except for the 
results of Man et al. (2012), mostly show dry conditions (Liu et al., 2009; Zhou et al., 
2011; Yan et al., 2015) in Japan during the LIA relative to MCA/modern 150 years. In 
the models of Liu et al. (2009) and Zhou et al. (2011), they considered solar variability, 
volcanic activity, and greenhouse gases as the external factors. Man et al. (2012) used 
land cover change in addition to these three external factors. Yan et al. (2015) presented 
the simulated precipitation by using only the total solar irradiance (TSI) as an external 
forcing. Simulated precipitation using the three external factors (Liu et al., 2009; Zhou 
et al., 2011) and only the TSI (Yan et al., 2015) revealed a relatively dry climate in 
central Japan during the LIA. Conversely, my relative humidity reconstruction in central 
Japan showed a wet climate during the LIA, which may indicate that these climate 
models could not reproduce the hydrological climate in central Japan precisely. The 
climate model that used four external factors (solar variability, volcanic activity, 
greenhouse gases, and land cover change) did reproduce a wet climate in central Japan 
during the LIA (Man et al., 2012) (Fig 7-2-1). However, this climate model produced 
discrepancies over eastern China (Zhang et al., 2008) and Yakushima Island (this study). 

These comparisons suggest that my hydrological reconstructions using 
tree-ring cellulose δ18O allow me to validate the long-term performance of climate 
models over the past millennium. CMIP 5 showed that the agreements among models 
are less than 66% for future mean spring precipitation in East Asia from AD 2045 to 
2065 (Collins et al., 2013) (Fig 7-2-2). In the summer season, there are only few areas 
where more than 90% of the results from models agree each other (Fig 7-2-3). Although 
the relatively short instrumental records hinder the validation for the long-term 
performance of the climate models, my annually resolved hydrological reconstructions 
may shed light on this issue. 
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Fig 7-2-1. Anomalies of summer precipitation and 850-hPa winds during the LIA (Man 
et al., 2012). These anomalies relative to the last millennial average are drawn by 
colored shading (mm/day). The vectors indicate the 850-hPa winds (m/s). Black dots 
indicate the 95% significant areas. 
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Fig. 7-2-2. CMIP5 average percentage change in mean spring (MAM) precipitation 
during the period from AD 2045 to 2065 under the RCP8.5 forcing scenario (IPCC, 
2013). The reference period is from AD 1986 to 2005. Hatching regions show that the 
mean change of multi-model is less than one standard deviation. Stippling indicates 
areas where more than 90% of the models agree on. 

 
 

Fig. 7-2-3. Same as Fig 1-2-22, except for mean summer (JJA) precipitation (IPCC, 
2013). 
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7-3. Conclusion 
 
 In this dissertation, validations for tree-ring cellulose δ18O in Japan are 

presented. First, two long cedar tree-ring δ18O datasets from central Japan allow 
consideration that this proxy is able to reconstruct the long-term hydroclimate 
variability (chapter 2). Second, observations of tree-ring growth rates and 
meteorological data in Yakushima Island increase a reliability of hydrological 
reconstruction using tree-ring cellulose δ18O (chapter 3). Based on these examinations, I 
discussed about the possible influence of the equatorial Pacific SST on the long-term 
hydroclimate variations in central Japan (Chapter 4). In Yakushima Island, my analysis 

suggests that the Kuroshio Current plays an important role in the hydroclimate changes 
(Chapter 5). In Chapter 6, I investigated long-term changes in inter-annual relationship 
between ENSO and tree-ring cellulose δ18O in central Japan. In the final chapter, my 

discussions could develop an understanding of the mechanism for the long-term rainfall 
pattern in eastern part of East Asia (chapter 7). The key findings are summarized in this 

section. 

 

(1) Japanese cedar trees are suitable to reconstruct long-term hydroclimate variability, 
except for the δ18O values of inner cedar. 

Measurements of cellulose δ18O were performed for two long cedar trees from 

central Japan. These two chronologies allowed me to consider the age-related trend of 

Japanese cedars from central Japan. Regression lines for tree-ring δ18O indicated that 
there were no significant age-related trends in the cedar trees, except for the δ18O values 
of inner cedar. 

 

(2) Observations of meteorological data and tree-ring growth rates can increase 
reliability of hydroclimate reconstruction using tree-ring cellulose δ18O. 

 I reported Yakushima tree-ring cellulose δ18O. In this site, my observations of 

tree-ring growth rates and meteorological data allowed me to confirm a reliability of 
reconstructions using tree-ring cellulose δ18O. Correlation analyses were performed for 
meteorological data. This analyses indicated that Yakushima tree-ring cellulose δ18O 
significantly correlated with May–June (MJ) precipitation. My observations of 
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meteorological data and tree-ring growth rates agreed with these validations. 
 
(3) SST variability in the equatorial Pacific played an important role in the long-term 
hydrological conditions in central Japan. 

 I reconstructed long-term hydroclimate variability from AD 1600 to 1959 by 
using tree-ring cellulose δ18O from central Japan. Comparisons between my relative 
humidity reconstruction and global SSTs suggested that SST variability in the equatorial 
Pacific played an important role in the hydrological conditions of central Japan. 

 
(4) The Kuroshio Current played an important role in long-term Yakushima 
hydroclimate changes. 
 I presented Yakushima tree-ring cellulose δ18O chronology from AD 1025 to 
1805. Assuming that this δ18O variation mainly caused by amount effect, my data 
indicated that the precipitation decreased during the LIA relative to the MCA. 
Meteorological precipitation data and my tree-ring cellulose δ18O synchronized with 

SST variations around the western North Pacific, suggesting that the Kuroshio Current 
played an important role in this hydroclimate changes. 
 
(5) On annual and inter-annual time scale, the ENSO-EASM relationship varies on 

multi-decadal time scale. 

 Time- and frequency-domain comparison between my tree-ring cellulose δ18O 

and ENSO reconstructions indicates that teleconnection are strongest during the 

mid-17th, late 18th and late 19th centuries. Similar analysis of instrumental 

precipitation in central Japan shows a similar relationship since 1980. The 

ENSO-EASM teleconnection appears when ENSO variance is high, and this 

relationship may relate to the PDO phase. 
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List of abbreviation 
 
Abbreviation Definition 

AMJ 

ASM 

CMAP 

CMIP5 

EASM 
ENSO 
ERSST v3b 
FGOALS 
GCM 
IAEA 
IPCC 

IRMS 
ITCZ 
JJA 
LGM 
LIA 
MAM 

MCA 
MJ 
MJJ 
MTM 
MWP 
MXD 

MPI-ESM 
NCEP 
NDJ 
NH 
ODP 

PDO 

April–May–June 

Australian Summer Monsoon 
CPC Merged Analysis of Precipitation 
Coupled Model Intercomparison Project Phase 5 

East Asian summer monsoon 
El Niño–Southern Oscillation 
Extended Reconstructed SST version 3b 

Flexible Global Ocean–Atmosphere–Land–Sea ice 
General Circulation Model 
International Atomic Energy Agency 
Intergovernmental Panel on Climate Change 

Isotope ratio mass specttometry 

Intertropical convergence zone 

June–July–August 
Last Glacial Maximum 
Little Ice Age 
March–April–May 

Medieval Climate Anomaly 
May–June 
May–June–July 
Multitaper method 
Medieval Warm Period 
Maximum latewood density 

Max Planck Institute Earth System Model 
National Centers for Environmental Prediction 

previous November–January 
Northern Hemisphere 
Ocean drilling program 

Pacific Decadal Oscillation 
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PDSI 
PJ pattern 
RCP 
SST 
SSTA 
TCEA 

TRW 
TSI 
VSMOW 

WNP 
WPSH 

Palmer Drought Severity Index 
Pacific Japan pattern 
Representative Concentration Pathways 
Sea Surface Temperature 
Sea Surface Temperature Anomaly 
Thermal conversion elemental analyzer 

Tree ring width 
Total solar irradiance 
Vienna Standard Mean Ocean Water 

Western North Pacific 
Western Pacific Subtropical High 

 



 Appendix 
 

 161 

Appendix of chapter 2 
 

 

Fig. A2-1. Mie (Ise) tree-ring cellulose δ18O and Tsu MJJ relative humidity time series. 
Blue and green solid lines indicate Mie tree-ring cellulose δ18O and MJJ relative 
humidity at Tsu station, respectively. 
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Appendix of chapter 3 
 

 

Fig. A3-1. May precipitation comparison between Yakushima weather station (blue) 

and mesh grid points around tree-ring site. 

 

Fig. A3-2. Same as Fig. A3-1, except for June precipitation. 
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Fig. A3-3. Same as Fig. A3-1, except for July precipitation. 
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Appendix of chapter 5 
 

 
Fig. A5-1. Correlation map between MJ precipitation of mesh grid points around 
tree-ring site and MJ ERSST data (Smith et al., 2008) from AD 1978 to 2009 (N = 32).  
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Fig. A5-2. Correlation map between May precipitation at Yakushima station and May 

ERSST data (Smith et al., 2008) from AD 1938 to 2013 (N = 76). 

 
Fig. A5-3. Correlation map between May precipitation of the mesh grid points around 
the tree-ring site and May ERSST data (Smith et al., 2008) from AD 1978 to 2009 (N = 

32).  
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Fig. A5-4. Correlation map between June precipitation at Yakushima station and June 

ERSST data (Smith et al., 2008) from AD 1938 to 2013 (N = 76). 
 

 
Fig. A5-5. Correlation map between June precipitation of the mesh grid points around 
the tree-ring site and June ERSST data (Smith et al., 2008) from AD 1978 to 2009 (N = 

32).  
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Fig. A5-6. Correlation map between July precipitation at Yakushima station and July 

ERSST data (Smith et al., 2008) from AD 1938 to 2013 (N = 76). 

 
Fig. A5-7. Correlation map between July precipitation of the mesh grid points around 
the tree-ring site and July ERSST data (Smith et al., 2008) from AD 1978 to 2009 (N = 

32).  
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Appendix of chapter 6 
 

 
 

Fig. A6-1. (a) The result of MTM for the tree-ring ENSO reconstruction (Li et al., 

2013). (b) The result of MTM for the multiproxy ENSO reconstruction (Braganza et al., 

2009). Red solid lines indicate the significant level (95 and 99%). 
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Fig. A6-2. The same as Fig. 6-1 except for a multiproxy ENSO reconstruction 

(Braganza et al., 2009). 
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Fig. A6-3. The same as Fig. 6-2 except for a spliced ENSO scaled temperature 

(Crowley et al., 2014). 
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Fig. A6-4. The same as Fig. 6-2 except for a winter (previous December–January) 

multivariate ENSO index (Wolter and Timlin, 2011). 
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Fig. A6-5. The same as Fig. 6-2 except for a tree-ring ENSO reconstruction (Li et al., 

2013). 
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Fig. A6-6. The same as Fig. 6-2 except for a multiproxy ENSO reconstruction 

(Braganza et al., 2009). 
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