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plans and regional sustainable development
strategies for the Yangtze River basin. How-

ever, owing to the limited length of the time

series of observed runoff, the characteristic
variations in runoff may be non-representa-

tive (Gou et al. 2010). Therefore, it is neces-

sary to reconstruct long-term runoff series to
identify the driving mechanisms that may

cause runoff variations, in order to provide
guidance for regional management of water
resources. Of the numerous proxies that

exist, tree-ring data, which can be dated
accurately and have a high temporal resolu-

tion, are highly valued in the reconstruction

of historical climate (Fritts et al. 1971, Cook

et al. 1997, 2010, Zhang et al. 2003, 2015,

Shao et al. 2010, Yang et al. 2014, Li et al.

2015). Because the main climatic factors that
influence runoff within a basin are rainfall,
temperature, and evaporation (Middelkoop

et al. 2001, Bao et al. 2012, Sun et al. 2013),
tree-ring width frequently varies with runoff, as both
variables are controlled by these climatic factors. In
recent years, several studies involving the recon-
struction of runoff variations using tree-ring data
have been performed (Stockton & Fritts 1973, Wood-
house 2000, Liu et al. 2010, Shah et al. 2014). The
source of the Yangtze River and its surrounding areas
have a low population, and contain many virgin
forests dominated by Juniperus tibetica, Sabina prze-
walskii, and Picea crassifolia. As demonstrated in
previous studies, the radial growth of trees in alpine
regions responds to climate change. Therefore, these
trees are suitable for the reconstruction of past cli-
matic events. Scholars have previously reconstructed
temperature and precipitation series in the source
area of the Yangtze River and in neighbouring
regions using tree-ring data (Qin et al. 2003, Gou et
al. 2006, 2007, 2008a,b, Liang et al. 2008, Ye et al.
2015). However, few studies have been conducted to
reconstruct runoff variations within these areas. Qin
et al. (2004) reconstructed the annual runoff in the
Tongtian River and presented the first reconstruction
of runoff in the source areas of the Three Rivers.
Thereafter, Gou et al. (2007, 2010) reconstructed
streamflow over the past 593 and 1234 yr in the
upper Yellow River. Based on existing chronologies,
we reconstructed the runoff in the source region of
the Yangtze River by combining existing data and
performing additional sampling. As a result, this
research could provide more objective raw data with
which to explore historical runoff variations in the
source region of the Yangtze River.

Fig. 1. Locations of sampling sites (further details in Table 1),

meteorological stations, and the hydrological station

2. MATERIALS AND METHODS
2.1. Study area and data source

The upper section of the Yangtze River mainly
refers to the catchment area of the trunk stream and
the tributaries of the Yangtze River above the Zhi-
menda hydrological station in Qinghai Province,
China (http://www.cjw.gov.cn/zjzx/cjyl/lyzs/, Fig. 1).
This region is located between 32°30' to 35°50'N
and 90°30"to 97° 10" E and covers an area of approx-
imately 13.8 x 10* km?. Approximately 25% of the
water in the Yangtze River comes from this area (Wu
& Yu 2001, Yu et al. 2008).

The monthly runoff data (1957-2012) were meas-
ured at the Zhimenda hydrological station (Fig. 1)
and were provided by the Hydrographic and
Water Resources Survey Bureau, Qinghai Province.
Moreover, meteorological data were obtained from
four stations in the study area (Fig. 1): Qingshuihe
(33°48'N, 97°08'E, elevation 4415 m; 1956-2012),
Yushu (33°01'N, 97°01'E, elevation 3681 m; 1951
2012), Qumalai (34°08'N, 95°47'E, elevation
4175 m; 1956-2012), and Zhiduo (33°51'N, 95°
36'E, elevation 4179 m; 1969-2012). The homo-
geneity test and correction was carried out using a
standard normal homogeneity test (Alexandersson
1986, Wijngaard et al. 2003). In addition, the mean
values of the meteorological variables measured
during the same period at all four meteorological
stations were used to determine the climate of the
study area.
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Fig. 2. (a) Average monthly temperature (bars) and precipi-

tation (line) within the source area of the Yangtze River

(1969-2012). (b) Average monthly runoff measured at the
Zhimenda hydrological station (1957-2012)

The upper section of the Yangtze River is located in
the hinterland of the Qinghai-Tibet Plateau, which
contains areas of cold, semi-humid and semi-arid cli-
mates. The annual mean air temperature is only
—-1.01°C, and only 5 mo (May-September) have posi-
tive monthly mean temperatures. The annual precip-
itation is 458 mm, most of which (approximately 86 %
of the annual amount) occurs in May-September
(Fig. 2). The mean annual observed runoff in the
upper section of the Yangtze River is 129.07 x 108 m3,
and the hydrograph is characterised by a single peak
(Fig. 2), which occurs in the warm and rainy seasons
(June—-September).

2.2. Development of the tree-ring chronologies

Tree-ring samples from five sites were employed in
this study (Table 1). Of these sites, the QML and ZHD
sites have published chronologies (Qin et al. 2004).
The other sites were sampled in September 2013 for
this study. All of the sample sites were located on
both sides of the upper Yangtze River (Fig. 1) and dis-
played similar growth environments. The dominant
tree species at these sample sites was Sabina tibetica,
and trees of this species occur mostly in remote areas,
and so are rarely influenced by human activities.
Detailed information on the surroundings of the sam-
pling sites was provided in a preliminary study (Qin
et al. 2004). When new samples were collected,
growth cones with a diameter of 5.15 mm were used

Table 1. Sampling site information. Codes abbreviated from
village names (sites marked on Fig. 1)

Code Latitude Longitude Altitude Trees/

(°N) (°E) (m) cores
QML 33.8 96.13 4060 29/57
ZHD 33.72 96.28 3950 27/54
XRS 33.74 96.24 4010 26/53
YG 33.79 96.18 4400 27/55
BG 33.76 96.40 4150 27/54

to obtain tree cores in different orientations from the
trunk of each tree. Samples were collected from
older living trees, and we collected a total of 162 tree
cores from the three sampling sites.

The newly sampled cores were dried, mounted,
surfaced, and cross-dated (Stokes & Smiley 1996, Liu
et al. 2010). Tree-ring widths were measured using a
Lintab measuring system, which has a precision of
0.001 mm. The COFFCHA program (Holmes 1983)
was used to determine the quality of our cross-
dating. To remove non-climatic information from the
original tree-ring width data and convert the meas-
urements to dimensionless indices while retaining as
much climatic information as possible, we used
ARSTAN_XP (Cook 1985, http://www.ldeo.columbia.
edu/tree-ring-laboratory/resources/software) software.
A spline function with a time-step of 100 yr was used
to detrend the tree-ring series. Three chronologies of
different types were then obtained. These chrono-
logies included a standard (STD) chronology, a resid-
ual (RES) chronology, and an ARSTAN (ARS) chro-
nology. To retain more of the characteristics of the
low-frequency variations, the STD chronology was
used to produce the reconstructions developed in this
study (Fig. 2). Detailed information on the chrono-
logy is presented in Table 2.

The mean sensitivity values of the chronologies at
sites QML, ZHD, XRS, BG, and YG were 0.37, 0.34,
0.31, 0.29, and 0.31, respectively, while the expres-
sed population signal values were 0.96, 0.95, 0.95,
0.88, and 0.93, respectively. Moreover, to obtain a
longer and more reliable chronology, we assigned a
threshold value of the subsample signal strength of
>0.75 to the first year sampled (Liu et al. 2010, Bao et
al. 2012). According to Table 2 and Fig. 3, we found
that the statistical characteristics of the chronologies
were similar. Moreover, the high- and low-frequency
changes were quite consistent among the chronolo-
gies, and the correlations among the chronologies
were highly significant (Table 3). Because the five
sampling sites had similar ecological environments
and were close to one another (the greatest distance
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Table 2. Statistical characteristics of the chronologies and the results of the common interval analysis (1800-2000). QML, ZHD, XRS, BG
and YG: sampling sites; RC: regional chronology

Statistical characteristic QML ZHD XRS BG YG RC
Period 1480-2002  1374-2002  1553-2013  1299-2013  1066-2013  1066-2013
Mean sensitivity (MS) 0.37 0.34 0.31 0.29 0.31 0.30
First-order autocorrelation 0.41 0.48 0.48 0.60 0.51 0.49
Mean correlations among all series 0.46 0.39 0.38 0.30 0.29 0.27
Mean correlations within trees 0.45 0.43 0.83 0.90 0.76 0.43
Mean correlations between trees 0.46 0.37 0.37 0.27 0.28 0.26
First year of subsample strength > 0.75 (no. of trees) 1544 (3) 1479 (4) 1602 (5) 1500 (6) 1386 (6) 1374 (8)
Signal-to-noise ratio (S:N) 21.83 19.25 18.89 7.19 13.11 52.80
Expressed population signal (EPS) 0.96 0.95 0.95 0.88 0.93 0.98
Variance of first eigenvector (PC1) (%) 49.2 43 41 34.4 32.5 30.5
between pairs of sites was approximately 2471 QML
100 km), we combined the samples _q:; 2
together to create a regional chronology .& 1.6
(RC, Table 2) following standard proce- & 12
e
dures (Duan et al. 2010, Chen etal. 2013, Li ¢ °8
et al. 2014, Yin et al. 2015). The RC had & %4
mean sensitivity, expressed population sig- 0 ZHD |2 o
nal, and autocorrelation order values that L.6 §
were similar to those of the individual 12 g
chronologies, as well as a larger signal-to- 0.8 °§.
noise ratio and a greater reliable length 04 &
(Table 2). The correlations between the RC 1.6 1 XRS 0 *
and the other chronologies were highly
significant (Table 3). 'E 12
2os
I
Q
4
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OF RUNOFF 0 BG |3
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To explore the relationships between 2 g
tree growth, climate-related variables, and ®
runoff, simple correlations were calculated 1 &5
over the period 1969-2012 (or 1958-2012) =
between climate-related variables (or run- . 21YG #
Q
off) and the RC from the previous Septem- 2 1.6
ber to the current August because there is ’én 1.2
a 'lag effect’ between tree-ring growth and i 0.8
climatic variability. As shown in Fig. 4a, on &’ 0.4
a monthly timescale, tree-ring growth was 0 2
. . RC
negatively correlated with the average 16 =
temperature and the average maximum 1'2 g.'_‘i
temperature during the growing season ’ U%'
and positively correlated with precipita- 0% ‘51
tion. These correlations are reasonable in 04 o
that higher temperatures accelerate evapo- 0
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transpiration, and reduced rainfall leads
to dry soil. These factors intensify water
stress and inhibit tree growth, as shown in

Fig. 3. Tree-ring-width chronologies for each sampling site (QML,
ZHD, XRS, BG, and YG) and the regional chronology (RC)




Li et al.: Runoff variations from tree-ring data 135

Table 3. The relationships among the chronologies during

the period of overlap (1602-2002). QML, ZHD, XRS, BG and

YG: sampling sites; RC: regional chronology. p < 0.0001 for
all values

QML  ZHD XRS BG YG RC

QML 1

ZHD 0.75 1

XRS 0.74 0.71 1

BG 0.60 0.64 0.56 1

YG 0.57 0.49 0.57 0.46 1

RC 0.90 0.89 0.85 0.76 0.72 1

previous studies (Qin et al. 2003, 2004, Gou et al.
2006, 2008a, Shi et al. 2010). However, runoff is
affected by multiple climatic factors, such as rainfall,
temperature, and evaporation. Figure 4b shows the
relationship between the RC and monthly runoff at
the Zhimenda hydrological station. The RC shows a
positive correlation with runoff within the majority of
periods studied. It also shows that the most signifi-
cant correlation is with annual runoff (as measured
from the previous September to the current August),
and the corresponding correlation coefficient is
0.665. Based on observations of runoff and meteoro-
logical data, Li et al. (2004b) found that precipitation
is the most important factor affecting runoff amounts
in the source area of the Yangtze River, although
temperature also has an important effect. The corre-
lation coefficient between runoff and precipitation is
0.767 (n = 43, p < 0.001). Not surprisingly, tree-ring
widths are highly correlated with climatic variables
and runoff.

Based on the above analysis, we computed three
regression equations, including a linear regression
equation and two nonlinear regression models (loga-
rithmic and power exponent). The explained vari-
ance of the three models (linear regression, loga-
rithmic, and power exponent) were 44.2, 40.3, and
42.9%, respectively, Therefore, the linear regression
model was employed, in which the RC was the inde-
pendent variable and the total runoff was used as the
dependent variable:

Ripocs) = 4.56 + 129.03 x RC (1)

where Rpgcs) represents the annual runoff (108 m?)
from the previous September to the current August,
and RC indicates the regional tree-ring chronology.
The reconstruction equation explains 44.2% of the
annual runoff variation. After the number of degrees
of freedom was adjusted, the variance explained was
43.2%, and the correlation coefficient was 0.665 (n =
56, p < 0.001).
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Fig. 4. Correlations between tree-ring data and (a) climatic

variables and (b) runoff. P denotes the previous year; PS-A

denotes the period extending from the previous September
to the current August

Because the time series of runoff data (1957-2012)
was too short to divide into two subsets for verifica-
tion (Fritts et al. 1990), the leave-one-out method
was used to verify the stability and reliability of our
reconstructed equation (Michaelsen 1987). The test
statistics used are shown in Table 4. As shown in
Table 4, r and F reach the 0.01 significance level
and reduction of error is positive, indicating that the
reconstructed equation is stable. Meanwhile, the
sign test and sign test of the first-order difference
are both significant at the 0.01 level. These results
suggest that the reconstructed equation is valid, and
that the reconstructed series can reflect both low-
frequency and high-frequency variations. Fig. 5
compares the observed data and the reconstructed
series during the period of overlap (1957-2012)
among the records. As shown, the reconstructed
series matches the observed data; moreover, the
reconstructed values match the observations ex-
tremely closely in some cases (such as in 1966, 1967,
1975, 1976, 1978, 1984, 1990, and 2011, the devia-
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Table 4. Test statistics used to validate the reconstructed time series in the period of overlap with observed data, 1957-2012,
n=>56. ***p<0.001

Period Correlation Variance F-test Sign test (ST) Sign test of the Reduction
coefficient explained value (F) first-order of error
(r) (r?) difference (ST1) (RE)
1957-2012 0.665 44.2% 42.86*** 42 (362, 39") 43 (369, 38") 0.40

abNumbers of identical signs required to satisfy the 0.05 and 0.01 confidence limits, respectively
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Fig. 5. Comparison between the observed and the recon-

structed time series. The solid and dashed lines represent
the observed and the reconstructed series, respectively

tions were <5 %), thus further indicating the relia-
bility of the model.

Fig. 6 shows the reconstructed runoff values cover-
ing the past 639 yr (1374-2012). For the recon-
structed annual runoff time series, the average, max-
imum, and minimum runoff values are 130.92 x 108,
176.56 x 108 (1851), and 35.01 x 10% m® (1749), res-
pectively, and the SD is 22.14 x 108 m®. The obvious
fluctuations between wet and dry conditions within
the source region of the Yangtze River from 1374 to
2012 are also shown in Fig. 6. To reflect the fluctua-
tions between wet and dry conditions in the recon-
structed series, the wet and dry years therein were
defined according to the mean value and the SD of
the series:

Annual runoff > mean + 1.5 SD Extremely wet year

Mean + 1SD < Annual net runoff < mean
+ 1.5 SD Wet year

Mean — 1SD < Annual net runoff < mean
+ 1.0 SD Normal year

Mean - 1.5SD < Annual net runoff < mean
— 1.5 SD Dry year

Annual net runoff < mean - 1.5 SD Extremely
dry year

Among the 639 reconstructed years, there are 47
dry years and 45 extremely dry years, which account
for 7.36 and 7.04 % of the whole period; moreover,
there are 69 wet years and 31 extremely wet years,
which account for 10.80 and 4.85% of the whole
period, respectively. Not including normal years, the
rate of occurrence of years with abundant water (wet
years and extremely wet years) was slightly higher
than that of the years with minimal water (dry years
and extremely dry years).

To reveal the decadal variations in the wet and dry
periods, 11 yr running mean values were calculated.
The wet and dry periods were then identified based
on the departure of the 11 yr running mean from the
average (130.92 x 10°® m®). The wet periods were
defined as consisting of 211 yr with values greater
than the average, while the dry periods were defined
as consisting of at least 11 consecutive years with val-
ues less than the average (Shi et al. 2010). Table 5
lists the division of wet and dry periods within the
reconstructed series; there were 17 wet periods and
14 dry periods in the reconstructed 639 yr. The 29 yr
periods 1615-1643 and 1755-1783 were the longest
wet periods. The period 1798-1816 was the wettest
period, and its average runoff value was 15.60 x
10% m3 larger than the average runoff. The dry period
with the longest duration (46 yr) persisted from 1445
to 1490. The period from 1686 to 1700 was the driest,
and this period displayed an average runoff that was
19.52 x 10® m® lower than the average runoff.

To verify the reliability of the reconstructed re-
sults, we also compared the reconstructed runoff
with other reconstructions, including reconstructions
of the Palmer drought severity index (PDSI) (located
at 96.25°E, 33.75°N; Cook et al. 2010) and stream-
flow in the upper Yellow River (Gou et al. 2010).
These series were compared on the basis of their
11 yr running means. As shown in Fig. 7, the recon-
structed runoff matches the other series, and signifi-
cant positive correlations exist between these series.
The correlation coefficients for the PDSI values and
streamflow in the upper Yellow River were 0.602 (n =
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ods were also seen in only some of the
three reconstructed series. These ad-
ditional periods may have been
caused by differences in the chrono-
logies and environments among the
different sites. Meanwhile, such non-
synchronous phenomena also indi-
cated the local characteristics of cli-
mate change.

Since the transitions from wet to dry
periods (and vice versa) identified in
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Fig. 6. Reconstructed annual runoff within the source area of the Yangtze
River (1374-2012). The straight horizontal line, the thin solid line and the
thick solid line represent long term mean, annual values and 11 yr running

mean values, respectively

632, p < 0.0001) and 0.401 (n = 631, p < 0.0001), res-
pectively. Moreover, the three series also exhibited a
high degree of consistency in terms of their low-fre-
quency variations. As seen in Fig. 7, the main dry
periods noted in all three series include the early
15th century, the 1470s-1480s, the 1640s-1650s, the
1780s-1790s, the 1820s, the 1870s-1880s, the 1910s—
1920s, and the 1950s-1960s. The wet periods ob-
served in all three series include the 1420s-1430s,
the 1550s-1560s, the 1620s—-1630s, the 1750s-1760s,
the early 20th century, the 1930s-1940s, and the
1970s-1980s. Moreover, additional wet and dry peri-

Table 5. Wet and dry periods in the source area of the
Yangtze River (1374-2012)

Wet periods Dry periods
Period Runoff Period Runoff
(no. of yr) anomaly (no. of yr) anomaly
(108 m®) (108 m?)
1374-1384 (11) 12.34 1385-1408 (24) -13.3
1409-1432 (24) 9.12 1445-1490 (46) -7.82
1434-1444 (11) 5.4 1511-1521 (11) -1.05
1491-1510 (20) 11.01 1568-1594 (27) -14.12
1525-1536 (12) 8.68 1604-1614 (11) -4.71
1547-1567 (21) 12.88 1644-1660 (17) -9.5
1615-1643 (29) 7.94 1686-1700 (15) —19.52
1661-1685 (25) 9.89 1735-1754 (20) -14.39
1701-1711 (11) 9.78 1786-1797 (12) -8.99
1714-1734 (21) 8.24 1817-1830 (14) -15.42
1755-1783 (29) 7.06 1876-1886 (11) -9.56
1798-1816 (19) 15.6 1913-1933 (21) -13.51
1845-1855 (11) 7.56 1954-1968 (15) -4.88
1865-1875 (11) 6.08 1990-2004 (15) -13.56
1897-1912 (16) 12.22
1934-1953 (20) 11.46
1969-1982 (14) 3.1

1900

' T the high and low runoff values always

2000 reflect climate changes at larger spa-
tial scales, some of the wet and dry
periods in the reconstructed series
can be shown to have affected large
areas. The period extending from the
1440s to the 1490s was associated
with the longest dry period in the source area of the
Yangtze River in the past 639 yr. However, the most
severe dry period began at the end of the 17th cen-
tury and persisted into the early 18th century in the
reconstructed series. These two periods have also
been identified in other areas of the Qinghai-Tibet
Plateau (Zhang et al. 2003, 2015, Shao et al. 2005,
2006, Liu et al. 2006, Li et al. 2008, Y. Zhang et al.
2009, Gou et al. 2013a,b, Wang et al. 2014, Yang et al.
2014). The aforementioned analysis indicates that
the Qinghai-Tibet Plateau experienced large-scale
dry periods during the corresponding periods, which
further demonstrates that the reconstructed series
can accurately reflect drought events with wide tem-
poral and spatial ranges. In addition, the persistent
drought that occurred in the central and western
regions of northern China in the 1920s (Shi et al.
1991, Liang et al. 2006, Bao et al. 2012) is also clearly
represented.

The multi-taper method (MTM) (Thomson 1982)
was used to identify periodic behaviour within the
reconstructed series. The results (Fig. 8) show that
the reconstructed annual runoff time series for the
source area of the Yangtze River over the past 639 yr
mainly included cycles with periods of 2-5 yr. Quasi-
20 yr and quasi-50 yr cycles also reached the 99 %
significance level. Similar results were also obtained
using wavelet analysis (Torrence & Compo 1998).

4. DISCUSSION

Precipitation is known to be the most important
source of runoff in the headwaters of the Yangtze
River (Qin et al. 2004). Moreover, the variations in
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Fig. 7. Comparison of (a) reconstructed Palmer drought severity index (PDSI) values for the surrounding area (Cook et al.
2010), (b) the reconstructed runoff series, and (c) streamflow in the source area of the Yellow River (Gou et al. 2010). The
common dry periods are marked with shading and all series were smoothed with 11 yr running means

precipitation and the distribution of precipitation are
directly related to the transport of water vapor (Liu
et al. 2004). Based on instrumental measurements
and National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research
(NCAR) reanalysis data, Li et al. (2009) found that the
main source of water vapour for the headwater areas
of the Three Rivers (i.e. the Yangtze, Yellow, and the
Lancang Rivers) was the southwesterly flow of the
East Asian and Indian monsoon, followed by the
westerly flow from the Central Asian high-pressure
region along the western boundary of the region and
the northward flow of the westerlies. The transport of
water vapour is also closely related to the large-scale
circulation and monsoon activity (Huang et al. 1998,
Simmonds et al. 1999, Zhang 2001, Wei et al. 2015).
Furthermore, the MTM results indicate
the presence of a significant cycle with

phase length had a significant 50 yr cycle. As noted
in the comparison between the past changes identi-
fied in the reconstructed series and the total solar
irradiance (Bard et al. 2000), the reconstructed runoff
tends to be smaller during solar activity minima,
such as the Sporer minimum (1460-1550), Maunder
minimum (1645-1715), and Dalton minimum (1790-
1820). Relevant research has also suggested that
changes in droughts and floods on the Qinghai-Tibet
Plateau may be related to solar activity (Huang &
Shao 2005, Gou et al. 2010, 2013a). However, solar
activity cannot produce changes in runoff directly. It
may influence variations in precipitation by first
affecting the monsoon or other circulations, which
then drives changes in runoff. Minima in solar activ-
ity are characterised by low temperatures and re-

1000 ey
a period of 2-5 yr, which matches the 4 ~50yr 99% significance level
cyclicity of the South Asian summer 300 4
monsoon (SASM, also known as the .

Indian monsoon) (Li & Zeng 2003, Shi & 600 -
et al. 2014). In addition, there were sig- E )

o . . A< 400 ~20 yr
nificant quasi-20 yr and quasi-50 yr | "
cycles. The quasi-20 yr cycle may be 200: I _'—yr 34yr 25yr 5, yr
related to the Hale cycle of solar activ- | T = A = = — JJM
ity (Sonett 1982, Silverman 1992, Z. 0 . , . : . . WA .
Zhang et al. 2009). The quasi-50 yr 0 0.1 0.2 0.3 04 0.5

cycle may also be related to solar activ-
ity, because Huang & Shao (2005)
found that the sunspot cycle rising

Frequency (cycles yr—1)

Fig. 8. Multi-taper method analysis of the reconstructed Yangtze River
runoff (1374-2012). The dashed line indicates the 99 % significance level
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duced temperature differences between the land and
the ocean. This reduction in the temperature contrast
reduces the strength of the monsoon and reduces
rainfall in marginal monsoon areas. As an example,
the longest dry period within the source area of the
Yangtze River (the 1440s-1490s) occurred during the
Spoérer minimum and was characterised by persist-
ently low temperatures and a reduced temperature
contrast between the Eurasian landmass and the
tropical ocean. As a result, the monsoon was weak-
ened, which meant that water vapour was not effec-
tively transported to the marginal monsoon areas.
The precipitation in these marginal monsoon areas
was therefore lower. Since rainfall is the most impor-
tant factor influencing variations in runoff at the
source of the Yangtze River, this decreased rainfall
led to a persistent dry period there. Gou et al. (2010)
also reached this conclusion in their study.

Taken together, the above discussion suggests that
the SASM (Li & Zeng 2003, Shi et al. 2014) is likely
one of factors leading to runoff variations in the
source area of the Yangtze River. Shi et al. (2014) re-
constructed the SASM index (which was developed
by Li & Zeng (2003), and defined as an area-averaged
seasonally [June, July, August, September] dy-
namical normalised seasonality at 850 hPa within the
South Asian domain [5°-22.5° N, 35°-97.5° E]; the in-
dex is available from the website http://ljp.gcess.cn/
dct/page/65576) over the last millennium by using 15
tree-ring chronologies. The reconstructed SASM in-
dex captures the main historical famine events during
the past millennium. Details of the reconstructed
SASM index can be found in Shi et al.
(2014). According to our calculations,
the correlation coefficient between
the reconstructed series and the
SASM index isr =0.131 (n = 627, p =
0.001). The positive correlation be-
tween these variables indicates that a
stronger SASM results in more rainfall
and runoff in the source region of the
Yangtze River, and the opposite holds
true as well. However, there was
a weak negative correlation (—0.232)
between observed runoff and the
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SASM (Li & Zeng 2003) in the period 0.4
1957-2012. The research suggested 0
that the monsoon system presented a 04

westerly water vapour transport declined, the west-
erly and the whole water vapour transport showed an
uptrend, as well as the temperature, resulting in the
runoff and precipitation in the source region of the
Yangtze River showing a weak uptrend (6.63 x 10 m®
decade™, 8.7 mm decade™, respectively). All of the
above resulted in a weak negative correlation be-
tween the runoff and the SASM. With regard to
longer timescales, a comparison of the variations in
the reconstructed series and the SASM (Fig. 9a,b)
shows that both variables exhibited similar trends in
most of the periods examined, such as the 15th cen-
tury, the middle 16th century, the middle 17th
century, and the 19th to early-20th centuries. How-
ever, during several periods, these variables display
insignificant positive correlations or even a negative
relationship. For example, in the 1730s-1750s and the
second half of the 19th century, the runoff values in-
dicate persistent dry periods; however, obvious de-
clines in the SASM did not occur at those times. Such
periods may indicate that the relationship between
runoff and the SASM was unstable. In addition to this
direct comparison, sliding correlation coefficients be-
tween the reconstructed runoff and the SASM were
also calculated with a window of 51 yr (Fig. 9¢). As
suggested by the direct comparison, the sliding corre-
lation coefficients were positive during most periods,
especially in the 15th century, the middle 16th cen-
tury, and the middle 17th century. Meanwhile, the re-
lationship between runoff and the SASM was atypical
during several periods. The sliding correlation coeffi-
cients even became negative in the second half of the
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weakened trend in the past half cen-
tury (Li & Zeng 2003, Wang & Ding
2006, Wang et al. 2012), leading to
lower water vapour transport of the
southwesterly flow. Although south-
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Fig. 9. Comparison of (a) reconstructed runoff, (b) reconstructed SASM index
(Shi et al. 2014), and (c) sliding correlation coefficients between the re-
constructed runoff values and the SASM index with a 51 yr window
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19th century. In fact, this unstable relationship has
also been identified in other studies. For example,
Wang (2002) found that the relationship between the
East Asian summer monsoon and ENSO was unstable
over long timescales. Gou et al. (2013a) compared
precipitation in the northeastern Tibetan Plateau
with the Pacific Decadal Oscillation index during the
last millennium and noted that the relationship was
not stable. By analysing a preindustrial control simu-
lation of the coupled model CESM1-CAMS5, He &
Zhou (2015) found that the relationship between the
western North Pacific subtropical high and the tropi-
cal sea surface temperature anomalies showed
decadal variations. All of the above observations sug-
gest that unstable relationships between climatic
factors and circulation indices may be ubiquitous.
This instability may increase the uncertainty of fore-
casting. This result emphasises the importance of car-
rying out research using numerical simulations and
more diverse data.

5. CONCLUSIONS

Based on previous studies, this research construc-
ted a comprehensive chronology and extended the
reliable chronology to 1374. The correlation between
the tree-ring chronology and the runoff in the source
area of the Yangtze River suggests that the chronol-
ogy is most significantly correlated with the annual
total runoff measured from the previous September to
the current August. Using this correlation, we estab-
lished a stable, reliable transfer equation between the
chronology and the annual (previous September to
current August) runoff to reconstruct runoff in that in-
terval in the source region of the Yangtze River.
Within the past 639 yr, the maximum and minimum
annual runoff amounts occurred in 1851 and 1749, re-
spectively. There were 17 wet periods and 14 dry pe-
riods in the past 639 yr; the 29 yr periods 1615-1643
and 1755-1783 were the longest wet periods,
whereas the 46 yr period 1445-1490 was the longest
dry period. The reconstructed series were verified us-
ing a time series of PDSI values from a neighbouring
area and the streamflow series of the upper Yellow
River. The reconstructed series likely reflects drought
and flood variations over a larger spatial scale. More-
over, we also identified regional variations. The MTM
analysis shows that periodic variations that lasted for
2-5 yr occurred. In addition, quasi-20 yr and quasi-
50 yr cycles in the annual runoff in the source area of
the Yangtze River were closely related to the
intensity of the SASM and solar activity.
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