
lable at ScienceDirect

Quaternary International xxx (2010) 1e8
Contents lists avai
Quaternary International

journal homepage: www.elsevier .com/locate/quaint
Yangtze runoff, precipitation, and the East Asian monsoon in a 2800 years climate
control simulation

Richard Blender a,*, Xiuhua Zhu a, Dan Zhang a,b,c, Klaus Fraedrich a

aMeteorologisches Institut, Klima Campus, Universität Hamburg, Germany
b Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing, China
cGraduate School of the Chinese Academy of Sciences, Beijing, China
a r t i c l e i n f o

Article history:
Available online xxx
* Corresponding author. Fax: þ49 (0) 40 42838 506
E-mail address: Richard.Blender@zmaw.de (R. Blen

1040-6182/$ e see front matter � 2010 Elsevier Ltd a
doi:10.1016/j.quaint.2010.10.017

Please cite this article in press as: Blender, R
simulation, Quaternary International (2010)
a b s t r a c t

Variability of the Yangtze catchment hydrology is closely linked with the Tibetan Plateau snow cover and
the large scale atmospheric circulation in East Asia. These connections are analyzed in a control simu-
lation (2800 years) of the atmosphereeocean general circulation model (ECHAM5/MPIOM) coupled to
vegetation and ocean biogeochemistry modules. (i) Up to decades in time scale, runoff, soil wetness, and
temperature show long termmemory (LTM) with an intradecadal scaling of the power spectrumwith the
exponent b z 0.6, while precipitation, snow depth, and snow melt reveal no memory. (ii) Multi-decadal
variability of runoff, soil wetness, and temperature shows weak LTM similar to snow depth and melt on
the Tibetan Plateau. (iii) On the annual time scale, the atmospheric circulation impact of Hadley cell and
ENSO on precipitation, temperature and snow melt are weak but significant; on decadal time scales the
subtropical monsoon modulates the catchment hydrology. Temperature is anticorrelated with precipi-
tation and soil wetness in the Yangtze catchment. Singular spectrum analysis highlights the 3e4 year
ENSO mode in the monsoon indices, precipitation, and snow depth, explaining their high correlations.
Projecting snow depth on ENSO shows long term variations explaining conflicting results obtained from
correlations in short data sets.

� 2010 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Interannual climate variability in East Asia affects the Yangtze
River and its densely populated low terrain catchment, leading to
disasters including floods or long-lasting wetness and drought
conditions stressing natural vegetation and agriculture. Driving
forces of the hydrological variability are the thermal contrasts
between the high altitude snow on the Tibetan Plateau (TP) and the
sea surface temperatures of the adjacent oceans which modulate
the atmospheric circulation and the water cycle’s storage and
supply. Temperature and snow cover on the TP and the thermal
inertia of the oceans are also the origin of (i) long termmemory and
(ii) interannual variability both of which lead to extreme events on
different time scales. (iii) Finally, these forcings are embedded in
the large scale circulation patterns and their dynamics.

Long termmemory (LTM) is characterized by a non-exponential
decay of the auto-correlation function; it extends to multi-decadal
time scales and is detected by a power law decay of the power
spectrum, S(f) w f�b, with a positive exponent b > 0. LTM is
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observed in many components of the hydrological cycle in East Asia
(Blender and Fraedrich, 2006), such as soil temperature and
wetness, and river discharges; precipitation, however, does not
show memory on interannual time scales. LTM has also been
detected in historical records of the last millennium indicating
flood and droughts events in the Yangtze Delta (Jiang et al., 1997,
2005; Fraedrich and Zhu, 2009).

Precipitation in eastern China reveals variability on decadal and
centennial time scales, appearing as trends in shorter data, which
are not uniform and even with opposite signs in smaller regions
(Becker et al., 2006; Qian et al., 2003a; Zheng et al., 2006). Peri-
odicities are also reported (for summer precipitation) with periods
of 15e35, 40e60, and 65e170 years, with long term variability of
the corresponding amplitudes (Shen et al., 2009); Qian et al.
(2003a) found a migrating dry/wet pattern with a period of 70
years. Standardized precipitation indices (SPI) obtained in instru-
mental data serve as indicators for wetness and drought conditions
on different time scales and reveal variability up to decades (Bordi
et al., 2004). No distinct relationship between precipitation and
temperature in the Yangtze catchment (YC) has been identified
(Zhang et al., 2008; Peng et al., 2009). Summer precipitation in the
middle and the lower reaches of the YC is positively correlated with
itation, and the East Asian monsoon in a 2800 years climate control
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the snow cover on the TP (Qian et al., 2003b; Wu and Qian, 2003).
The fluctuations of TP glaciers are controlled by temperature,
mainly during summer (Liang et al., 2008).

One of the large scale circulation patterns affecting the YC is the
South Asian summer monsoon whose variability on decadal to
centennial time scales (Duan et al., 2004) determines the YC
precipitation. The established positive correlation of near surface
land temperature and monsoon strength may change sign in global
warming simulations (Sun et al., 2010); it is unknownwhether such
changes have occurred in the past. The East Asian summer
monsoon is weaker during ENSO (El Nino/Southern Oscillation)
warm phases (Kawamura, 1998; Ju and Slingo, 1995). However, this
relationship varies on longer time scales due anomalies in the
western North Pacific (Wu and Wang, 2002). Gershunov et al.
(2001) have demonstrated that the relationship between ENSO
and average Indian rainfall varies less for decadal means than for
annual data and have interpreted these time scale dependent
relationships as a stochastic effect.

A major restriction for a detailed analysis of long term climate
variability is the short duration (about 50 years) of instrumental
data in East Asia. However, there is a wealth of documentary
records and proxy data for the most relevant hydrological impacts
including floods and droughts in south-eastern China and the TP
(Wang et al., 1991; Jiang et al., 2005; Qian et al., 2008; Holmes et al.,
2009). However, in order to physically interpret these data for
climatological reconstruction, their dynamic consistency and their
highly significant interrelation with large scale circulation patterns
are necessary prerequisites.

The aim of this paper is to determine the impact of internal
climate variability on the interannual variability of the Yangtze
runoff and the hydrological cycle in the catchment. To achieve this,
a long term simulation (2800 years) was analyzed with a coupled
atmosphereeocean climate model (resolution 3.5� � 3.5�). The
analysis includes monsoon indices, ENSO, and the snow cover on
the TP. Correlation analysis yields highly significant correlations for
annual and decadal means. Using singular spectrum analysis (SSA)
the impact of the ENSO cycle is retrieved. To determine properties
independent of specific external forcing conditions the analysis
focuses on the internal variability in a constant climate without
transient external forcings. As this study focuses on the long term
memory (equivalent to enhanced low frequency variability), it is
based on annual data. The correlations reveal dynamically consis-
tent and significant relationships which might be practically useful
for interpretation and reconstruction attempts using proxy and
documentary data.

The paper is organized as follows: In Section 2 the model
simulation, the analyzed data, and the applied methods are
described. Results for short and long termmemory are presented in
Section 3 and correlations on different time scales including
a singular spectrum analysis are derived in Section 4. Section 5
concludes with a Summary and a Discussion.

2. Simulated data and methods

The present analysis is based on the millennium experiments
using the COSMOS-AtmosphereeSurface (Land)eOcean-Biogeo-
chemistry (ASOB) Earth SystemModel (‘millennium run’, Jungclaus
et al., 2010). The model includes the atmospheric model ECHAM5
(Roeckner et al., 2003), the ocean model MPIOM (Marsland et al.,
2003) and modules for land vegetation (JSBACH, Raddatz et al.,
2007) and ocean biogeochemistry (HAMOCC, Wetzel et al., 2006),
which are coupled via the OASIS3 coupler. The model includes the
interactive simulation of the carbon cycle. ECHAM5 is run at T31
resolution (z3.75� � 3.75�) with 19 vertical levels, and MPIOM at
a horizontal grid spacing of about 3� with 40 unevenly spaced
Please cite this article in press as: Blender, R., et al., Yangtze runoff, preci
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vertical levels. The present analysis focuses on the interannual
variability and correlations during 2800 years of a control run
(3000 years) for 800 AD with prescribed anthropogenic land-use
(Foley et al., 2003; Pongratz et al., 2008).

2.1. Data

The analysis uses the following data sets (Fig. 1):

(i) The Yangtze catchment (YC) with an area of 1.8 $ 106 km2 is
approximated by the model area extending from 100�E to
120�E and 25� to 35�N. The hydrology is based on annual mean
catchment averages of precipitation (PRCP), near surface air
temperature (2 m, TEMP), and soil wetness (WET). The Yang-
tze runoff (RUN) in the model is determined in the estuary
(near 120�E, 31�N).

(ii) The Tibetan Plateau (TP) is approximated by the area
extending from 80�E to 92�E and 30�N to 37�N. Snow depth
(SNOW) was analyzed to capture climatology and storage and
snow melt (MELT) as the freshwater discharge.

(iii) The Asian summer monsoon is characterized by two indices:
MHI is the Monsoon Hadley circulation index (Goswami et al.,
1999) defined as MHI ¼ V850eV200, where the meridional
velocities V are determined at 850 and 200 hPa in 70�110�E
and 10e30�N. The MHI describes the South Asian (Indian)
summer monsoon as part of the Hadley cell. EAMI is the East
Asian Summer Monson Index, which describes the subtropical
circulation and is defined by the difference in sea level pres-
sure in 160�Ee110�E in 10e50�N (Guo et al., 2004; Wei and
Zhang, 2010). The El Nino/Southern Oscillation (ENSO) is
described by sea surface temperature anomalies in the Nino3
region in the eastern tropical Pacific (5�Se5�N, 90e150�W).

Comparing the simulated control climate for 800 AD to the
present-day observed and NCEP/NCAR re-analysis data (Kalnay
et al., 1996) shows the following results:

Theaveragemodel river runoff (RUN) is50,600m3/s (31,900m3/s),
the catchment temperature (TEMP) is 12.1 �C (10e15 �C) and
precipitation (PRCP) is 1730 mm/y (1500e2500 mm/y). Soil wetness
(WET), measured in volume fractions, is 0.66 (0.3e0.4) and themean
of the simulated snow depth on the TP (SNOW) is 0.009m (0.006m).
The comparison reveals that, although the model simulates a past
climate, the mean values are within the range of present-day obser-
vations. The differences are not only due to the model forcings and
boundary conditions but also due to parameterizations of precipita-
tion and soil hydrology, the low model resolution and the represen-
tation of the complex orography of East Asia.

2.2. Methods

In the present study short term memory is determined by the
e-folding time s (Wang et al., 2010), assuming an exponential decay
of the auto-correlation function, C(t) ¼ exp(�t/s). Long term
memory is determined by (i) power spectra and (ii) detrended
fluctuation analysis (DFA). All time series are standardized in the
calculations. The power spectra are averages of the spectra calcu-
lated in 10 non-overlapping segments. The DFA is an efficient
method todetermineLTM in stationary time series (Penget al.,1994;
Fraedrich andBlender, 2003). Themajor application of theDFA is the
extraction of power laws while oscillations (or cycles) should be
analyzed by a standard power spectrum or periodogram. The DFA
yields the fluctuation function F(t) on the time scale t. For a power
law in the power spectrum, F(t) w ta, the exponents are related by
b ¼ 2a�1. To determine F(t) the anomalies are integrated to the
profilewhich is partitioned in segments of length t, where linear fits
pitation, and the East Asian monsoon in a 2800 years climate control
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Fig. 1. Yangtze catchment (YC, “1”) and Tibetan Plateau (TP, “2”) in the grid cells of the model simulation (z3.75� � 3.75�).
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are determined. The fluctuations F(t) are the variances of the profile
with respect to these fits averaged in all segments. The correlations
are based on Pearson’s correlation coefficient (Tables 1e3).

Singular spectrum analysis (SSA, Vautard and Ghil (1989),
applied in a different context by Fraedrich (1986)) is used to
determine modes of variability which cannot be associated with
distinct spectral modes (for example the cyclic El Nino/Southern
Oscillation). The SSA provides an adaptive spectral filter which
decomposes variability according to dominant modes obtained in
prescribed windows. In these windows, empirical orthogonal
functions (EOFs, denoted as singular vectors) are determinedwhich
maximize the variability. The singular values describe the amount
of variability in the corresponding vector. The principal compo-
nents are obtained by projecting the data on the singular vectors,
and the original time series can be retrieved (denoted as ‘recon-
struction’) by sums of principal components multiplied by the
singular vectors (this is analogous to the superposition of fields by
EOFs). An oscillation in the data leads to a pair of singular vectors
which are in quadrature (compare sine and cosine functions) and
are used to reconstruct the periodic component of the data.
Table 1
Correlations of annual hydrological time series within the Yangtze catchment and with
shown, jrj>0.1).

Correlation coefficients (99%) Yangtze catchment

PRCP WET TEMP

Yangtze catchment RUN 0.67 0.53 �0.28
PRCP 0.62 �0.14
WET �0.33
TEMP

Tibetan Plateau SNOW
MELT

Monsoon MHI
EAMI
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3. Short and long term variability

In this study, ‘memory’ is used equivalently to ‘variability’ to
emphasize processes and time scales involved. Short termmemory
is characterized by the e-folding time s. For the runoff and the soil
wetness s ¼ 1 year, while snow on the Tibetan Plateau (TP) decays
distinctly faster, s < 1 year. The remaining data does not reveal
a detectable e-folding time scale.

Long term memory (LTM) is present in a time series if the low
frequency variability grows with decreasing frequency. In most
practical circumstances the power spectrum follows a power law
S(f) w f�b with 0 < b < 1 for low frequencies. Absence of LTM is
given for a white spectrum with b ¼ 0. The limit b ¼ 1 (1/f spec-
trum or flicker noise) constrains stationarity. The exponential
decay of the auto-correlation function changes to a power law
decay, C(t)w t�g, with an exponent g determined by g ¼ 1eb. Long
term memory is determined by power spectra and detrended
fluctuation analysis (DFA), see Section 2.

The long term variability varies substantially in the compart-
ments and reveals three main types.
Tibetan Plateau snow, monsoon indices and ENSO (only 99%-significant values are

Tibetan Plateau Monsoon ENSO

SNOW MELT MHI EAMI

0.12
0.13 �0.14 0.12 0.17

�0.15 �0.25 �0.31 �0.17 0.15
0.73 �0.11 �0.10 0.26

0.20 0.10
0.63 �0.69

�0.61

itation, and the East Asian monsoon in a 2800 years climate control
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Table 2
Correlations of decadal hydrological time series within the Yangtze catchment and with Tibetan Plateau snow, monsoon indices and ENSO (only 95%-significant values are
shown, jrj>0.1).

Correlation coefficients (95%) Yangtze catchment Tibetan Plateau Monsoon ENSO

PRCP WET TEMP SNOW MELT MHI EAMI

Yangtze catchment RUN 0.89 0.70 �0.31 0.11 0.17 0.11 0.16
PRCP 0.66 �0.12 0.13
WET �0.39 0.15
TEMP �0.15 �0.20 0.28

Tibetan Plateau SNOW 0.69
MELT 0.29 0.10 �0.20

Monsoon MHI 0.39 �0.66
ESLP �0.57
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3.1. Yangtze catchment: scaling memory

Yangtze runoff and soil wetness in the catchment show a power
spectrum with a power law for intradecadal frequencies (Fig. 2a),
S(f) w f�b, with b z 0.6. For low frequencies, the spectra of runoff,
soil wetness, and temperature point to a weak memory on decadal
time scales (Fig. 2b). The indicated power law exponent b ¼ 0.1 is
derived by DFA (see next paragraph). For precipitation the spec-
trum is white in the accessible frequency range (note that thewhite
spectrum does not exclude long term variability).

The scaling of the power spectrum is substantiated by DFA
(Fig. 3). In the intradecadal range the fluctuation functions for
runoff and soil wetness increase approximately according to
a power law F(t)w tawith a¼ 0.8. Using b¼ 2a�1, this corresponds
to b ¼ 0.6 marked in Fig. 2a. For longer time scales soil wetness,
Yangtze runoff, and temperature show a ¼ 0.55, slightly deviating
from a white spectrum memory (a ¼ 1/2); this is lower than
a ¼ 0.65e0.7 obtained in observations and in a high resolution
version of the atmospheric model ECHAM5 (Blender and Fraedrich,
2006).

Neglecting the low frequency scaling and assuming a (constant)
white noise behavior, the power spectra of runoff, soil wetness, and
temperature can be described by a modified red noise spectrum
(Blender and Fraedrich, 2006).

Sðf Þ ¼ S0

1þ
�
f
f0

�b (1)

where f0 is the inverse time scale of the crossover between white
noise for low frequencies and scaling memory for high frequencies.
The standard red noise (Lorentzian) power spectrum is given for
b¼ 2. This time scale is of the order of one decade for all variables in
the YC (except for precipitation).
3.2. Tibetan Plateau: weak memory

Snow depth and snow melt on the Tibetan Plateau (TP) are
considered to be main controls of the Yangtze discharge. The
Table 3
Correlations of time series reconstructed by SSA for the first two singular vectors with t

Correlation coefficients (99%) Yangtze catchment

PRCP WET TEMP

Catchment PRCP
Tibetan Plateau SNOW

MELT
Monsoon MHI

EAMI
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variability of snow depth and snow melt reveal negligible inter-
annual memory and a weak non significant spectral peak at the
ENSO cycle of 3e4 years (Fig. 4a). Simulated snow cover on the TP
reveals no long term memory. Therefore, according to this model
simulation, the Yangtze discharge memory cannot be explained by
the properties of snowon the TP. In the YC the long time scale of soil
wetness appears to be the most likely process explaining the runoff
variability. The absence of decadal periodicities detected by Qian
et al. (2003a), for example, the 70 years Gleibberg cycle, confirms
their external origin. The dominant types of variability are the quasi
periodic ENSO and long term memory in the Yangtze catchment.
3.3. Monsoon and ENSO: periodicity

The monsoon indices EAMI, MHI, and ENSO show common
characteristic spectra with a constant value for low frequencies and
a distinct peak in the range of the ENSO cycle, 3e4 years (Fig. 4b).
For higher frequencies the spectra decay rapidly with high expo-
nents b >> 2. The ENSO cycle dominates the variability of both
monsoon indices. There is no oceanic long term memory involved
in the tropical sea surface temperature, in contrast to, for example,
the mid-latitude northern Atlantic ocean (Fraedrich and Blender,
2003).
4. Local and remote relationships

Hydrological processes in the Yangtze catchment (YC) are
controlled by the large scale circulation and snow melt on the
Tibetan Plateau (TP). To derive dynamically consistent long term
relationships correlation coefficients for annual and decadal data
are derived. The length of 2800 years enables the calculation of
highly significant correlation coefficients for annual data as small as
jrj ¼ 0.1 with 99% significance (for decadal means with 95%
significance). There are a large number of significant relationships
within the YC andwith snow on the TP, monsoon indices, and ENSO
for annual data (Table 1, only values with 99% significance are
included). For decadal means most of the relationships increase
(Table 2, only values with 95% significance).
he 3e4 years period ENSO mode (99% significance, jrj>0.1).

Tibetan Plateau Monsoon ENSO

SNOW MELT MHI EAMI

0.22 �0.27 �0.24 0.33
0.72 �0.27 �0.33 0.51

0.16 0.22
0.77 �0.73

�0.72

pitation, and the East Asian monsoon in a 2800 years climate control
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with exponents b ¼ 0.6 (bold), and b ¼ 0.1 (thin line).

R. Blender et al. / Quaternary International xxx (2010) 1e8 5
4.1. Yangtze catchment

The relationships between runoff, precipitation and soil wetness
in the catchment are distinct and obvious. There is a high anti-
correlation between temperature and soil wetness, in particular on
decadal time scales. The correlation between temperature and
precipitation is negative but weak. In West China Holmes et al.
(2009) report a positive correlation between temperature and
precipitation. In a simulation for the last millennium, Peng et al.
(2009) find no clear relationship between precipitation and
temperature in East China.
4.2. Impacts of the Tibetan Plateau on the Yangtze catchment

Surprisingly, there is no (significant) correlation between
annual Yangtze runoff and TP snow melt, and the correlation
between runoff and snow depth is weak. A possible explanation is
the weak variability of snow melt on time scales shorter than the
ENSO cycle (Fig. 4a). For decadal means (Table 2) this changes
significantly, probably due to the higher variability of snowmelt on
longer time scales.

The YC precipitation and TP snow depth are correlated on
annual but not on decadal time scales. This agrees with the positive
correlation between winter snow depth and subsequent summer
rainfall in the catchment observed by Wu and Qian (2003) in
station data during 1960e1998. According to the present analysis
a possible underlying reason for the difference between annual and
0
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Fig. 3. DFA fluctuation functions of area averaged runoff, soil wetness, temperature,
and precipitation in the Yangtze catchment. The solid lines indicate power laws in the
fluctuation function F(t) w ta, a ¼ 0.8 (bold), a ¼ 0.55 (thin solid), and a ¼ 0.5 (dashed,
no memory).
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decadal data is the common correlation with ENSO: TP snow depth
and YC precipitation are correlated with ENSO on annual but not on
decadal time scales.

4.3. Impacts of monsoon and ENSO

The monsoon indices MHI, EAMI, and ENSO are highly corre-
lated on annual time scales (Table 1). Negative correlations
between monsoon indices and ENSO are caused by cold anomalies
in the western tropical Pacific reducing monsoon strength during
ENSO warm events. On decadal time scales all correlations are
weaker. A remarkable result is that the annual mean Yangtze runoff
is neither correlated with southern and eastern Asian monsoon
systems (MHI and EAMI) nor with ENSO; the decadal mean,
however, shows the presumed monsoon control. Similarly,
a significant relationship with the East Asian monsoon index EAMI
exists for soil wetness only for decadal means.

Some further relationships are noted:

(i) The Indian summer monsoon index MHI determines annual
YC precipitation, temperature, and TP snow melt variability.
For decadal averages the impact decreases in the YC and
increases for TP snow melt.

(ii) On decadal time scales the hydrology in the YC is controlled by
the East Asian summer monsoon index EAMI. There is a strong
impact of ENSO on temperature in the YC, accompanied by
reduced TP snow melt.

(iii) Negative correlations between near surface land temperature
and monsoon strength are found in global warming simula-
tions and are ascribed to the reduction of upper level thermal
contrast (see the discussion in Sun et al. (2010)). However, this
result depends crucially on the definition of the monsoon
index, for example if the monsoon index is defined by the
vertical shear (850e200 hPA) of the zonal wind in 100e130�E,
0e10�N, the correlationwith temperature in the YC is positive,
r ¼ 0.23, and vanishes for decadal means.
4.4. ENSO mode: singular spectrum analysis

The spectral and the correlation analyses reveal that ENSO
dominates the variability of the hydrological cycle of the YC and the
TP. To unveil the ENSOmode as themajor origin for the correlations
singular spectrum analysis is used as a data adaptive filter to extract
the ENSO mode in the annual time series (see Section 2.2). The SSA
is applied with a window of ten years and the time series with the
3e4 years ENSO mode as the first two singular vectors are selected
itation, and the East Asian monsoon in a 2800 years climate control
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for further analysis; this includes precipitation in the YC, snow
depth and snow melt on the TP, and both monsoon indices. For
these time series the first two singular vectors and the principal
components are used to reconstruct the data which is subject to
a correlation analysis (Table 3) revealing distinctly higher values
compared to annual and decadal means (Tables 1 and 2).

As an example the correlation of ENSO with the TP snow depth
is studied in more detail. The first two singular values of the ENSO
eigenvalue spectrum (Fig. 5a) represent the dominant oscillatory
mode represented by the singular vectors in 3e4 years (Fig. 5b);
both singular values contribute roughly 60% to the total variability.
Snow depth shows a smooth spectrum of singular values, the first
two vectors coincide with the ENSO mode (Fig. 5a and b). The
structure of the two vectors in both time series supports the
coherency of the two time series in the corresponding frequency
band. The next two singular vectors (indices 3, 4) do not support
a linear oscillation.

The reconstruction using the first two vectors and the associated
principal components represent the oscillatory 3e4 years vari-
ability prescribed by the ENSOmode. An exemplary snapshot of the
reconstructed time series with 200 years duration (Fig. 6) shows
that ENSO and snow depth are in phase with varying amplitudes.
While there are long term periods when both amplitudes are of
similar magnitude (for example during the years 100e190),
extended intervals when the snow amplitude is much weaker than
the ENSO amplitude can also be found (see 190e300 years). The
weak amplitude of snow depth in this SSA-reconstruction leads to
a reduced correlation in the original data: in the first period
(100e190 years) the correlation in the data is r ¼ 0.21, and in the
second period (190e300 years), r¼ 0.16. This result is in agreement
with findings denoted as unstable or conflicting correlations
0
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4
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Fig. 5. (a) Singular values of the singular spectrum analysis (SSA) for ENSO and snow depth o
singular vectors for both variables.
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between ENSO and other indices (for example Ju and Slingo, 1995;
Gershunov et al., 2001; Wu and Wang, 2002).

5. Summary and discussion

This study analyses the variability of the Yangtze runoff and the
embedding in regional and remote teleconnections in a model
environment without variable external forcing. The data is based on
2800 years of a control simulation for 800 AD climate conditions
with a complex atmosphereeocean general circulation model
(ECHAM5/MPIOM) coupled to modules for land vegetation and
ocean biogeochemistry. In the Yangtze catchment (YC) precipita-
tion, soil wetness, and atmospheric near surface temperature, and
on the Tibetan Plateau (TP) snow depth and melt are included. The
large scale circulation indices considered are the East Asian
summer monsoon (EAMI), the South Asian summer monsoon
(MHI), and the El Nino/Southern Oscillation (ENSO).

A first part of the study determines short and long term vari-
abilities. Runoff, soil wetness, and temperature showmemory up to
decades with a scaling behavior (exponent b z 0.6), while
precipitation reveals no memory. For longer time scales runoff, soil
wetness, and temperature showweak long termmemory similar to
snow depth and snow melt on the TP. The variability of the
monsoon is controlled by the ENSO mode. The ENSO cycle is
detectable in the TP snow depth and snow melt, but not in the
Yangtze catchment hydrology.

A second part is given by significant and dynamically consistent
relationships between the Yangtze runoff, the catchment
hydrology, TP snow cover, Asian summer monsoon, and ENSO.
Thanks to the long simulation period highly significant (99%)
correlation coefficients for annual data, and significant (95%)
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indices are retrieved for decadal means with jrj > 0.1 threshold. On
an annual basis there are significant correlations between YC
temperature and MHI, and between TP snow depth and ENSO.
Noteworthy are the high correlation coefficients between decadal
means of TP snow melt and Indian summer monsoon (MHI), and
between YC temperature and ENSO. For annual means the Indian
summer monsoon dominates the YC climate while for decadal
means the East Asian summer monsoon dominates, i.e. there is
a shift from a tropical to a subtropical influence depending on the
time scales. Temperature is anticorrelated with precipitation and
soil wetness in the YC for annual and decadal means.

The ENSO mode with the 3e4 year cycle exerts a dominating
influence on the East Asian climate. The Singular Spectrum Analysis
(SSA) reveals that the monsoon indices, precipitation in the YC, and
snow depth and melt on the TP show the ENSO mode in the first
two singular vectors. The correlations between the reconstructed
ENSO modes in these time series are distinctly higher than for the
annual and decadal means of the original data. To study time-
varying relationships the TP snow depth is analyzed as an example
for one of the most relevant forcings for the YC. While the recon-
structed snow depth and ENSO are in phase, the amplitudes show
long term variations explaining conflicting results in short data
sets. This long term variability could have its origin in compart-
ments with long term memory such as soil wetness or the sea
surface temperature in the adjacent oceans.

The relationships identified by the correlation analysis might
have implications for climate reconstruction based on proxy and
documentary data. The high significance allows extracting rela-
tionships which can be masked by trends and long term variability
in shorter data sets. The dynamically consistent relationships
enable validation of climate reconstructions based on statistical
approaches applied to proxy data.

The study focuses on annual data to determine the long term
variability and to provide a basis for the comparison with climate
reconstructions, for which annual and long term mean data are
available. For most of the variables considered, for example, the
Yangtze runoff, the attribution of the annual values to the season
with maximum contribution is feasible. For a further analysis of the
processes in East Asia a higher resolution atmospheric model
version is preferable with a more detailed representation of the
complex orography.
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