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HIGHLIGHTS

GRAPHICAL ABSTRACT

Tree ring oxygen isotopes can be used to
reconstruct rainy season precipitation in
southwest China.

The reconstructed precipitation reveals
an apparent drying trend since 1840.
Increased drought events since 1970
likely due to the increase in positive
Indian Ocean Dipole events.

Maps showing the LuGu lake sampling sites (LG, triangle) and from previous study (circle) in Batang and H5 (in-
set) and meteorological stations (square). The major finding is the right panel showing the reconstructed May-
October precipitation from 1733 to 2013, overlaid with an 11-year smooth curves (red lines) emphasize decadal
variations. Notice that increased and more intense drought events after 1950.
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Maps showing the LuGu lake sampling sites (LG, triangle) and from previous study (circle) in Batang and

H5 (inset) and meteorological stations (square). The major finding is the right panel showing the

reconstructed May-October precipitation from 1733 to 2013, overlaid with a 11-year smooth curves (red

lines) emphasize decadal variations. Notice that increased and more intense drought events after 1950.
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The highlands in southwestern China experience pronounced fluctuations in the hydroclimate with profound im-
pacts on agriculture and economics. To investigate the drought history of this region beyond instrumental re-
cords, a tree ring cellulose oxygen isotope (5'0.) chronology was developed for the period 1733-2013 using
samples collected from six Larix trees in the low-latitude highlands (LLH) of southwestern China. The analysis
revealed that 6'80, is significantly correlated with the rainy season (May-October) precipitation and relative hu-
midity, as well as drought severity. The 5'®0, chronology accounts for 46% of the observed variance in the rainy
season precipitation and it was subsequently used to reconstruct precipitation. The reconstructed precipitation
reveals an apparent drying trend since 1840, accompanied by increasingly frequent drought events since 1970.
Interdecadal variability is also present, characterized with two distinct wet periods in 1740-1760 and
1800-1900 and two drier periods in 1760-1800 and 1900-2013. On the interannual timescale, the LLH
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Southwest China
Indian Ocean Dipole

precipitation was modulated collectively by the El Nifio-Southern Oscillation (ENSO) and the Indian Ocean di-
pole (I0OD). There appears to be an enhanced precipitation-IOD relationship since 1970 in response to the in-

crease in positive-IOD events, implying an increasing likelihood of drought for the southwest China LLH.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Low-latitude highlands (LLH) in China refer to areas where the aver-
age altitude exceeds 1500 m above sea level in latitudes south of 30°N.
The southwest China LLH are characterized by distinct rainy and dry
seasons (Cao et al.,, 2014). Agriculture and economy in LLH depend on
its unique hydroclimate. In 2006, 2009 and 2011, the southwestern
China LLH experienced severe droughts during summer and autumn
(Peng et al., 2007; Sun and Yang, 2012; Wang et al., 2016; Yang et al.,
2012). These severe droughts caused a shortage of drinking water for
21 million people and an economic loss reaching 30-billion USD.

Considerable progress has been made in the understanding of the
LLH precipitation's interannual and interdecadal variations (Cao et al.,
2014; Liu et al., 2018, 2011). Previous studies found that the EI Nino-
Southern Oscillation (ENSO) and the Indian Ocean dipole (IOD) can
modulate rainy-season precipitation in southwest China LLH (Cao
etal, 2014; Liu et al., 2011). However, meteorological records in south-
west China that only span 50 years are insufficient to reveal the decadal
climate variability associated with ENSO, IOD and precipitation in LLH.
Longer-term and higher-resolution records are needed to improve the
understanding of the rainy season variability in LLH.

At present, a few high-resolution paleoclimate records with suffi-
cient resolutions existed in southwest China LLH, particularly the
moisture-sensitive proxies. The few data sets that do exist include sed-
iment records from Lake Erhai and Lake Lugu, which revealed a centen-
nial change in the Indian summer monsoon precipitation (Sheng et al.,
2015; H. Xu et al,, 2015), and tree-ring chronologies in adjacent areas
depicting the warm-season Palmer Drought Severity Index (PDSI) and
cold-season precipitation for several hundred years (Fan et al., 2010;
Fang et al., 2010; Gou et al., 2013; Li et al., 2017). Since tree growth is
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affected mainly by climate conditions prior to the current or early grow-
ing season (Wang et al., 2012; Liet al., 2017), it is difficult to reconstruct
the rainy season (May-October) precipitation using tree ring width.
Other studies have used historical documents in the Yunnan provincial
capital Kunming to infer the year-to-year rainy season variation (Yang
et al,, 2007).Moreover, records in high-elevation area (>3000 m) were
scarce and so, long-term proxy with a strong signal of the LLH's rainy
season are also lacking.

Different from tree ring width, tree ring cellulose oxygen isotopes
(8'80,) record the precipitation 630 and relative humidity signal dur-
ing the tree growing season (Roden et al., 2000), while the period of
tree growth in monsoon Asia coincides with its distinct rainy season.
In the rainy season of monsoon Asia, precipitation 6'%0 and relative hu-
midity are highly correlated (Araguas-Araguas et al., 1998). Previous
studies have shown that 880, also significantly correlates with the
Standardized Precipitation Evapotranspiration Index (SPEI) and relative
humidity, so it is feasible to use 5'%0, for reconstructing hydroclimate in
southern China LLH (An et al., 2013; Liu et al., 2013; Shi et al., 2012;
Wernicke et al., 2015; Xu et al., 2012, 2017, 2018Db). In this study, a
tree ring oxygen isotope chronology was built from six Larch trees col-
lected from southwestern China LLH for two purposes. Firstly, we aim
to reconstruct hydroclimate history over the past centuries based on
5180, chronology. Secondly, we would like to investigate driving factors
that affect inter-annual to centennial scale variability of hydroclimate in
southwestern China LLH. It is postulated that inter-annual variations of
hydroclimate in southwestern China LLH may be mainly influenced by
large-scale atmospheric circulation (such as ENSO and I0D), and such
teleconnection could be linked to climate modes. Moreover, the long-
term hydroclimate in southwestern China LLH may be affected by
Indian summer monsoon.
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Fig. 1. Map showing the location of LuGu lake sampling sites in this study (LG, triangle) and from previous study (circle) in Batang (An et al., 2013) and southern Himalaya (H5, Xu et al,,

2018a), and meteorological stations (square).
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Fig. 2. Tree ring oxygen isotope (5'%0,) variations from six individual trees (a), sample depth (b), expressed population signal (EPS) and mean inter-trees correlations (Rbar) values (c) and
LG 6'80, chronology during the period of 1733-2013, 10-year smooth curves (red lines) emphasize decadal variations.

2. Material and methods Province, China (27.63°N, 100.64°E, 3300-4000 m a.s.l); the tree site lo-
cation is shown in Fig. 1 (labeled LG, which is the abbreviation of LuGu
2.1. Sampling site and oxygen isotope analysis lake area). The local soils is primarily subalpine meadow soils with a

thick humus layer (up to 20-35 cm in depth) and well water conditions
Tree ring samples were collected from 23 Larch trees (Larix potaninii for plants. The single standing trees are often >10 m from each another.
var. macrocarpa) growing in natural forests in Ninglang County, Yunnan Two core samples from opposite sides of each tree were collected using
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Fig. 3. Correlations between tree ring oxygen isotope with regional monthly temperature, precipitation, relative humidity and vapor pressure deficit (VPD) during the period of
1959-2013.
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Table 1
Calibration and verification statistics for the common period of 1959-2013.

Calibration period r R? Verification period RE CE
Full period (1959-2013) —0.68 0.46 - -
Early half (1959-1986) —0.80 064 Late half (1988-2013) 0.56 0.52
Late half (1987-2013) —0.57 033 Early half (1960-1987) 0.27 0.21

a 12-mm diameter increment borer at breast height. The cores were air
dried at room temperature and the surfaces of the cores were smoothed
to make the cell structure clearly visible. The ring widths of all cores
were then measured, at a resolution of 0.01 mm using a binocular mi-
croscope with a linear stage interfaced with a computer (Velmex™,
Acu-Rite). Cross dating was performed by matching the variations in
ring width from all trees cores to determine the absolute year of each
ring. Quality control was completed using the program COFECHA
(Holmes, 1983).

Ring width does not affect tree ring oxygen isotopes (Sano et al.,
2013; Xu et al., 2016), so six trees with wider rings (Sample Number:
LGB, LG001, LG002, LG003, LG004, LG006) were selected for the isotopic
analysis. It has been shown that §'80, of earlywood and latewood can
extract climate information in different months (An et al., 2012). In
our case, however, the latewood of these samples were too narrow to
obtain enough sample material for isotope analysis, so we used the
whole annual rings for the oxygen isotope analysis instead. We
employed the modified plate method to extract a-cellulose (Xu et al.,
2011, 2013). Oxygen isotope ratio ('80/'°0) of cellulose samples was
measured using an isotope ratio mass spectrometer (Delta V Advantage,
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Thermo Scientific) interfaced with a pyrolysis-type high-temperature
conversion elemental analyzer (TC/EA, Thermo Scientific) housed at
the Research Institute for Humanity and Nature, Japan. Cellulose 6'80
values were calculated by comparison with the Merck cellulose (labora-
tory working standard), which was inserted every eight tree samples
during the measurements. Oxygen isotope results are presented in 6 no-
tation as the per mil (%.) deviation from Vienna Standard Mean Ocean
Water (VSMOW):

5'%0 = ((Rsample/Rstandard) *1) x 1000,

where Rsample and Rytandara are the '#0/'°0 ratios of the sample and stan-
dard, respectively. The analytical uncertainties for repeated measure-
ments of Merck cellulose were approximately +0.21%. (n = 130).

2.2. Climate and statistical analyses

At present, there is no weather station in the sampling forest. There-
fore, we used the closest Deqin, Zhongdian, Yanyuan and Lijiang sta-
tions, which are about 239.8 km, 105.7 km, 97.1 km and 95.5 km
away from our sampling site. The cities where above stations locate
are small with good natural environment. Meteorological data from
four meteorological stations near the tree site (Fig. 1) were averaged
to represent the regional climate during their common data period of
1959-2013 (Table S1). The climatological annual precipitation is
757.8 mm with the standard deviation of 87.5 mm, 87.6% of which
falls in the rainy season from May to October (Fig. S1), which is associ-
ated with high temperature and high relative humidity. Monthly vapor
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Fig. 4. Reconstructed and actual May-October precipitation (a), 31-year running correlations between them (b), and reconstructed May-October precipitation during the period of

1733-2013, 11-year Fast Fourier Transform (FFT) smooth curves (red lines) emphasize decadal variations.
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pressure deficit (VPD) were calculated based on the method of Hogg
(1997) and Hogg et al. (2013) to evaluate the relationship between
VPD and §'80..

Besides meteorological stations, we also used gridded, worldwide
precipitation data from the CRU TS4.0 and GPCC v7 (Schneider et al.,
2015), with a resolution of 0.5° x 0.5°, to examine the spatial correlation
between 5'80,. and regional precipitation. Precipitation time series from
CRU and GPCC were interpolated based on precipitation from the mete-
orological station. The GPCC precipitation product uses considerably
more stations than CRU data, CRU TS gridded data was created by inter-
polating available station observations (Harris et al., 2014). The CRU re-
gional precipitation has excellent agreement with GPCC v5 data.
Furthermore, sea surface temperature (SST) data obtained from the Na-
tional Climatic Data Center v4 (Smith et al., 2008) were used for the in-
vestigation of the climate influences on hydroclimate originated from
the tropical oceans.

Pearson's correlation was calculated between these four climatic
variables and the §'80. series from previous October to current October
during 1959-2013 to investigate climate's influences on §'80.. Correla-
tion analysis was performed on the Royal Netherlands Meteorological
Institute Climate Explorer (http://www.knmi.nl/). Validity of the linear
regression model between 880, and hydroclimate was assessed by
splitting the samples into two subperiods (1959-1986 and
1987-2013) for separate calibration and verification. Reduction of

error (RE), and coefficient of efficiency (CE) were included in the statis-
tical tests (Cook et al., 1999). The Indian Ocean dipole index DMI was
established by Saji et al. (1999), and 10D events changes were derived
from and Hochreuther et al. (2016).

3. Results and discussion
3.1. Chronology statistics

Fig. 2 shows the 6'80, time series obtained for six individual trees.
Inter-tree 8'%0 variability of the six trees is small (<1.5%.), given that
inter-tree 6'80 variability falls within the range of 1-4%. (Leavitt,
2010). These 5'80 data show similar mean values and standard devia-
tions during the common period of 1807-1830 (Table S2), confirming
that 6'80, from these six trees reflect common changes, which may in-
dicates these trees grow under a similar hydroclimate. The six 8'0 se-
ries also have significant inter-series correlations (0.76-0.91) at any
period in the past 281 years, determined with 50-year running Rbar sta-
tistics (Fig. 2c). The accepted expressed population signal (EPS) value is
higher than 0.85 (Wigley et al., 1984), and EPS statistic for these six
580, time series fell in the range of 0.92-0.97 since the 1790s. These re-
sults indicate that the six 8'®0, time series share a common variation
relatively free of noise, indicating a robust 6'%0, chronology.
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Fig. 5. Reconstructed regional rainy season precipitation in this study (a), and summer relative humidity reconstruction based on 6'80, in Batang (b, An et al., 2013), and H5 regional 5'20,
in southern Himalaya (c, Xu et al,, 2018a), and 11-year Fast Fourier Transform (FFT) smooth curves (red lines) emphasize decadal variations.
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Fig. 6. Multi-taper power spectra for the reconstructed precipitation (a), spatial correlations between reconstructed precipitation and May-October sea surface temperature (SST, b).

Next, we averaged the six trees to produce the regional 5'%0, chro- related effects on 5'80, for Larch (Sano et al., 2013) and that detrending
nology (LG 6'80. chronology) for the entire period and this is shown is not necessary for building up the §'80,. chronology there. The mean
in Fig. 2d. Previous study in the southern Himalayas found no age- value and standard deviation of LG 8'80, chronology are 16.78%. and
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Fig. 7. 21-year running correlations between reconstructed precipitation and the El Nifio-Southern Oscillation (ENSO, a), Indian Ocean dipole index (IOD, b), grey line indicates the 95%
confidence level; positive (c) and negative (d) 10D events time series for every two decades (Hochreuther et al., 2016).
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1.37%.. The first-order autocorrelation of LG §'80. chronology is 0.23,
which indicates that 6'80, in current year was not affected significantly
by 6'80. in previous years. As verification of regional representativeness
of LG 680, chronology, we also found that LG §'80, chronology is pos-
itively correlated (r = 0.55, p < 0.01, 1733-2009) with the Batang
spruce 6'80. chronology (located 330 km north of the study area,
Fig. 1, by An et al,, 2013). The mean 680, value between the two sites
has a 4.6%. difference, yet the standard deviation between the two
580, chronologies shows no significant difference. The main reason of
the mean difference between two 6'80, chronologies lies in tree physi-
ological differences, since 680, of larch was lower than §'80, of spruce
even in the same sampling site (Hochreuther et al., 2016; Li et al., 2011;
Sano et al., 2013).

3.2. Climate implications of 6'0. and precipitation reconstruction

Correlations between LG 6'80, chronology and regional climatic pa-
rameters from previous October to current October during the period of
1959-2013 are shown in Fig. 3. During the rainy season (May-October),
LG 680, chronology shows negative correlations with regional precipita-
tion (r = —0.68, p < 0.01) and relative humidity (r = —0.67, p < 0.01),
with positive correlations in VPD (r = 0.58, p < 0.01) and tempera-
ture (r = 0.39, p<0.01). It should be noted that regional temperature
has a close relationship with relative humidity (r = —0.62, p <0.01,
1959-2013), VPD (r = 0.61 p <0.01, 1959-2013) and precipitation
(r = —0.33, p < 0.05, 1959-2013). Considering the strong §'80.-
relative humidity correlation and relatively weak §'80.-temperature
correlation, this temperature signal could be altered by the leaf water
enrichment when the leaf responses to VPD, and the &'80.-
temperature correlation may be a byproduct of the close relationship
between temperature and relative humidity and VPD.

Spatial correlation between rainy season precipitation (CRU and
GPCC) and 6'80, was subsequently constructed and this is shown in
Fig. S2. The results of different precipitation datasets indicate that LG
5180, chronology does reflect the rainy season hydroclimate variation
in a region encompassing the Southeast Tibet Plateau. Based on the
mechanistic model of isotope fractionation in woody plants established
by Roden et al. (2000), relative humidity and precipitation 5'%0 does af-
fect 5'80.. Precipitation influences 6'%0, through relative humidity and
precipitation 6'80. Indeed, in this region the rainy season precipitation
has a strong positive correlation with relative humidity (r = 0.66, p <
0.01, 1959-2013). Lower relative humidity enhances evapotranspira-
tion and subsequently enriches leaf water 80 that was recorded in cel-
lulose 680 (An et al., 2013; Wernicke et al., 2015; Xu et al., 2018a,
2017). On the other hand, regional precipitation affected precipitation
5'80 by rainout processes, and when precipitation 6'%0 signal transfer
directly into the plant cellulose 680, during the processes of cellulose
synthesis, and thus regional precipitation signal was preserved in
5'80, (Roden et al., 2000; Vuille et al., 2005). In short, higher rainfall as-
sociated with depleted precipitation 5'%0 leads to lower §'%0, and this
further lowers 6'%0. by weakening evapotranspiration. Such negative
correlations between 6'0. and regional rainy season precipitation
have also been found in the Tibetan Plateau and throughout monsoon
Asia (Sano et al., 2013, 2017; C. Xu et al., 2015; Xu et al., 2018b).

Since the rainy season precipitation has the highest correlations
with 680, a simple linear regression model was used to estimate the
transfer function between precipitation and §'80, chronology:

P — —44.36 % O + 1450.9; (RZ —0.46,n = 54, p<0‘001)

where P represents regional May-October precipitation, and O is 5'%0,
chronology. The linear regression model explains 46% of the observed
variance in May-October precipitation from four meteorological sta-
tions. Split calibration-verification test shows that r and R? are

significant, and RE and CE are positive for both sub-periods, which sug-
gest that the regression model is valid (Table 1).

Based on the aforementioned regression model, we reconstructed
the rainy season precipitation for the period 1733-2013. The mean
value and standard deviation (o) of the reconstructed series are
706.53 and 60.54 mm, respectively. The reconstructed precipitation
shows good coherence with the observed precipitation (Fig. 4a), albeit
short of capturing the extreme years of increased and decreased rainfall;
this shortfall may be due to the inherent bias of regression model in the
mean (Sun et al,, 2017), reducing variance and underestimate extremes
(Mccarroll et al,, 2015).

An interdecadal variation is present in both records, showing that
the rainy season precipitation decreased in 1959, increased in 1980,
and then decreased again since 2000. The 31-year running correlation
between reconstructed and observed precipitation appears to be signif-
icant and stable (Fig. 4b). For the full record since 1733, the recon-
structed precipitation (Fig. 4c) was superimposed with an 11-year
low-pass filter to highlight the decadal-scale fluctuations. Wet periods
with precipitation above the mean value occurred in 1740-1760 and
1800-1900, while dry periods occurred in 1760-1800, 1950-2013.
There is an apparent drying trend since around 1840, accompanied by
a frequency increase of droughts after 1970. A deviation of 10 from
the mean was used as a threshold for determining extreme dry and
wet events (Bao etal.,, 2012; Mokria et al., 2017). Based on this criterion,
there are 43 extreme dry and 36 wet events in the reconstruction. Here,
we only list the top ten extreme dry and wet events in Table S3, and
found 7 out of 10 extreme dry events happening since 1970. In contrast,
all the extreme wet events occurred before 1924. These results have a
profound implication that the hydroclimate of southwest China LLH
may have entered a dry regime, at least compared to the past 280 years.

3.3. Comparison with other proxy records

To put the southwest China LLH record into regional perspective, we
compared the reconstructed precipitation with previously published
high-resolution summer relative humidity reconstruction in Batang, Si-
chuan province (An et al,, 2013), and regional H5 680, chronology
composting of five §'80, records in southern Himalaya (Xu et al.,
2018a), the locations of which are shown in Fig. 1. The time series of
these different data are shown in Fig. 5, including the rainy season pre-
cipitation reconstructed from LG 6'80. chronology (hereafter LG precip-
itation). The LG precipitation and summer relative humidity
reconstruction in Batang are significantly correlated (r = 0.55, p <
0.01) during their common period of 1733-2009. Both the LG precipita-
tion and the Batang relative humidity reconstruction show a decreasing
trend since 1840. This result echoes previous findings (Chu et al., 2011;
Wernicke et al., 2015) that the 6'80, record and the maar lake sediment
record in Sichuan province also show decreased summer precipitation
and relative humidity since around 1850.

Since the rainy season moisture in southwest China LLH is mainly
transported from Bay of Bengal, the decreasing LLH rainfall may reflect
fluctuations in the Indian summer monsoon. Thus, we further compared
with the H5 §'80, chronology including five 5'80. records collected in
southern Himalaya as a proxy of the Indian summer monsoon, adopted
from Xu et al. (2018a). As shown in Fig. 5¢, H5 6'80, chronology also indi-
cates a weakening of the Indian summer monsoon since 1820. Given that
the LG precipitation reconstruction is moderately correlated with the H5
580, chronology (r = —0.28, p < 0.01) during their common period of
1733-2008, the results presented thus far suggest that the weakened
Indian summer monsoon and the long-term drying in LLH are related.

3.4. Tropical ocean SST teleconnections with rainy season precipitation in
southwest China

Spectral analysis of the LG precipitation, based on the multi-taper
method (Mann and Lees, 1996) and shown in Fig. 6a, reveals
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pronounced high frequencies at 3.8 and 2.4 years, as well as a very low
frequency of >100 years; these are significant at a confidence level >95%.
Those high frequency periodicities coincide with the interannual signals
of ENSO and IOD. For instance, early-summer precipitation in LLH tends
to decrease during El Nifio (Liu et al., 2011; Yang et al., 2011) while
whole-summer precipitation was observed to be reduced in LLH by pos-
itive IOD events (Cao et al., 2014; Qiu et al., 2014). Spatial correlations
map computed between the LG precipitation reconstruction and SST
during the rainy season (Fig. 6b) does show that positive SST anomaly
(warming) in the central-eastern tropical Pacific and much of the
Indian Ocean coexist with reduced LG precipitation. The decrease in re-
gional precipitation associated with the warm phases of ENSO could be
ascribed as an anomalous regional Hadley circulation, which features
descending motion over the Indian continent and ascending motion
near the equator, sustained by the anomalous Walker circulation in
the equatorial Indian Ocean (Krishnamurthy and Goswami, 1999). In
addition, warming in the Indian Ocean and Pacific could contribute to
the weakening land-ocean gradient and thereby reduce the amount of
precipitation over parts of South Asia (Xu et al., 2018a, 2018b). How-
ever, the ENSO-Indian summer monsoon relationship has changed
since 1970s from the more important role of east Pacific El Nifio to the
recent increase in the influence of central Pacific El Nifio (Kumar et al.,
2006).

Given that the relationship between Indian summer monsoon and
ENSO and 10D has changed (Ashok et al., 2001; Kumar et al., 1999),
we further computed the 21-year sliding correlations between the LG
precipitation and ENSO/IOD index during the period of 1870-2013,
which are shown in Fig.7a/b. Here the ENSO index was determined by
the Nino-3.4 SST anomaly. The LG precipitation showed significant cor-
relations with ENSO in the period of 1870-1895 and 1915-2013 except
for the period of 1895-1915. The LG precipitation-I0OD relationship was
weak during the period of 1880-1970 and became strong since 1970.

Different phases of IOD have asymmetrical impacts on rainfall in
southern China, as positive I0D phase influences more strongly than
negative IOD phase does (Qiu et al., 2014). The frequency of positive
10D events that reduced rainfall in southwest China has increased
since 1960 (Hochreuther et al., 2016; Qiu et al., 2014), as shown in
Fig. 7¢, and this may contribute to the apparent increase in drought
events due to the significant IOD-rainfall relationship (recall Fig. 4c
and Table S3). Previous 620, record in the southeastern Tibetan Plateau
also showed positive correlations with 10D during periods of strong
positive IOD (Hochreuther et al., 2016). Given that climate model simu-
lations suggested that the frequency of extreme positive IOD event will
increase under global warming (Cai et al., 2014, 2018), the persistent
positive correlation between 10D and LHH drought identified here im-
plies potentially more or enhanced drought in southwest China LLH in
the face of future warming.

4. Conclusion

Six highly intercorrelated 5'80. time series from Larix were used to
develop the LG §'80. chronology for the period 1733-2013 in Yunnan,
southwest China. The LG 80, chronology showed negative correla-
tions with regional May-October precipitation, relative humidity,
scPDSI and SPEI during the period of 1959-2013, with stable sliding cor-
relations of the May-October precipitation. The LG '80, chronology ac-
counts for 46% of the observed variance in precipitation during
1959-2013, and the linear reconstruction model passed strict
calibration-verification test. Based on this model, rainy season precipita-
tion was reconstructed back to 1733. The precipitation reconstruction
revealed a discernable drying trend since 1840, which is consistent
with other 8'80, records. This result also echoes the documented reduc-
tion in the Indian summer monsoon during the recent decades observed
from independent data sources.

Spatial correlation and sliding correlation analyses showed that
rainy-season precipitation reconstruction was modulated collectively

by ENSO and 10D at inter-annual time scale, with differing degree of in-
fluence decade-by-decade. The observed enhancement in the drought-
10D relationship since 1970 may be related to the increase in positive
10D events since 1970. The increased frequency of positive IOD events,
when coupled with the global warming trend, implies that southwest
China LLH may see an increase in, or more severe droughts in the future.
Further research based on coupled-model experiments is needed to val-
idate this implication.
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