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Abstract A novel data adaptive method named ensemble
empirical mode decomposition (EEMD) was used to recon-
struct past temperature and precipitation variability in two
2,328- and 1,837-year tree-ring chronologies from the Dulan
region, northeastern Qinghai–Tibetan Plateau. Our results
show that EEMD can be used to extract low-frequency signals
from the Dulan tree-ring data. The extracted low-frequency
temperature trends in the two chronologies correlate signifi-
cantly with Northern Hemisphere temperatures over the past
two millennia. In addition, the newly reconstructed precipita-
tion data have a higher standard deviation than that of data
reconstructed with the conventional ordinary least squares and
variance matching methods and yield the best amplitude
match to the instrumental data. This study shows that EEMD
is a powerful tool for extracting the full spectrum of climate
information in tree-ring chronologies.

1 Introduction

A major problem in modern dendroclimatology is that the
methods traditionally used for tree-ring climate reconstructions

are not well suited to reconstructing the low-frequency
signals of climatic variability (Moberg et al. 2005; Esper
et al. 2002). The traditional process of tree-ring climate
reconstruction includes two main steps. Firstly, a chro-
nology is established using the measured tree-ring
widths. Briffa et al. (1992, 2008) have applied a regional
curve standardization approach to improve the preserva-
tion of low frequency variances. This method was further
improved by Yang et al. (2012a, b) who introduced an eigen-
value analysis technique and byMelvin and Briffa (2008) who
used a signal-free approach to effectively exclude the effects
of tree age and microenvironments in their tree-ring chronol-
ogies. The second step is the calibration/verification process
based on established chronologies. The conventional methods
include the simple ordinary least squares (OLS) and variance
matching (VM) methods. Moberg et al. (2005) have tried to
extract low-frequency climate information from various
proxy-type data using wavelet analysis to establish a regres-
sion equation. The drawback of these “conventional”methods
is that, in theory, they can only be applied to linear and
stationary data, whereas long-term climate variability is usu-
ally characterized by non-linear and non-stationary behavior
(Lee and Ouarda 2011).

Recognizing this problem, Huang et al. (1998) proposed
a new method to handle nonlinear and non-stationary time
series called empirical mode decomposition (EMD). Later,
Wu et al. (2009) further developed the EMD model to
resolve the EMD mode-mixing problem, leading to the
ensemble empirical mode decomposition (EEMD) model.
In this study, we test the suitability of the EEMD method for
reconstructing past temperatures and precipitation in two
tree-ring series from the Dulan region on the northeastern
Qinghai–Tibetan Plateau.

Due to its high topography, the Qinghai–Tibetan Plateau
strongly affects the large-scale atmospheric circulation over
Asia and is thus an important region for climate change
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research in East Asia (Liu and Chen 2000; Webster and
Tomas 1998; Yang et al. 2010). The natural climate archives
on the Qinghai–Tibetan Plateau are very sensitive to past
climate changes (Feng et al. 1998). Furthermore, the oldest
trees in China, Qilian junipers (Juniperus przewalskii Kom,
better known in China as Sabina przewalskii), can be found
on the eastern part of the Tibetan Plateau. Of particular
interest for dendrochronological research, archaeological
wood is widespread in the region, allowing for the creation
of millennial-scale time series. Therefore, the Qinghai–Tibetan
Plateau has been an important region for dendroclimato-
logical research for many years (Sheppard et al. 2004;
Zhang et al. 2003; Liu et al. 2009, 2006; Zhu et al. 2008; Shao
et al. 2009; Shao et al. 2005; Zhang and Qiu 2007; Liu et al.
2005; Gou et al. 2006; Zhang et al. 2009; Trenberth 1984).
The first tree-ring chronology in the Dulan region was a
1,835-year series developed by Kang et al. (1997). Since
then, many other scholars have created tree-ring chronol-
ogies and climate reconstructions for the Dulan region
(Liu et al. 2009, 2006; Zhang et al. 2003). However,
despite the large number of high-quality tree-ring records
available from the region, to date, only few attempts
have been made to extract the low-frequency climate
signals from those series (e.g., Yang et al. 2012a, b).

Here, two Dulan tree-ring width chronologies as well as
instrumental temperature and precipitation data are decom-
posed by the EEMD method in different time frequency
domains. The low-frequency climate signals from the Dulan
tree-ring width chronologies are extracted by the EEMD
method and the climatic significance of the chronologies is
assessed.

2 Data and methods

2.1 Instrumental data

Dulan (ca. 35°50′ N–36°30′ N, 97°40′ E–98°20′ E) is locat-
ed on the northeastern Qinghai–Tibetan Plateau (Fig. 1).
The region is characterized by a continental arid climate
and is primarily influenced by the prevailing Westerlies.
However, because the region is located very closely to the
present northwestern boundary of the Asian summer mon-
soon, it is likely to be sensitive to variations in the strength
of both of these atmospheric circulation patterns (Yang et al.
2011). The China Meteorological Data Sharing Service Sys-
tem provided daily instrumental data from the Dulan mete-
orological station (36°03′ N, 98°01′ E, 3,192 ma.s.l.,
continuous data from 16 January 1954 to 30 June 2010).
In this study, we define the daily average temperature as the
arithmetic average of the daily maximum and minimum
temperatures to ensure homogeneity (Li et al. 2010; Tang
et al. 2009; Brohan et al. 2006). Mean annual total

precipitation in this area was 199.5 mm for the period AD
1955–2009, with 97% of the annual rainfall occurring
between May and September (Fig. 2). Mean annual air tem-
perature was 3.8°C during the same period.

2.2 Climatic proxy data

There are two available versions of the Dulan chronologies,
established by Zhang et al. (2003) and Sheppard et al. (2004)
(hereafter referred to as “Z03” and “S04”). Both chronologies
were revised by Shao et al. (2009), who found two missing
rings in the two series. Z03 combines living trees and archae-
ological wood and covers 2,328 years; S04 only uses living
trees and covers 1,837 years. The Pearson correlation coeffi-
cient of the two undecomposed chronologies over the over-
lapping period AD 157 to 1993 is r00.86 (p<10−5).

Correlation analyses with meteorological data were carried
out between the annual tree-ring chronologies and the annual
precipitation from July of the previous year to June of the
current year and between the annual tree-ring chronologies
and the mean temperatures of the preceding year (Liu et al.
2009, 2006; Zhang et al. 2003). The correlation coefficients
for S04 from AD 1955–1993 are 0.68 (p<10−5) for precipita-
tion and 0.22 (p>0.1) for temperature. Those for Z03 from
1955–2000 are 0.67 (p<10−5) and 0.13 (p>0.1), respectively.
The highly significant correlations with precipitation indicate
that the two standard (STD, i.e., not decomposed by EEMD)
chronologies can be used to reconstruct past precipitation.
There is also a weak positive, but non-significant, correlation
with the average temperature of the previous year. In this
paper, we use these statistical relationships to reconstruct
mean annual precipitation from previous July to current June
and the previous year’s temperature.

2.3 Statistical methods

The EMD was designed specifically for analyzing nonlinear
and non-stationary data. Therefore, it is well suited to long
tree-ring time series. EMD can be used to decompose any
data set into a finite and often small number of mono-
component signals, called intrinsic mode functions (IMFs,
e.g., Wu et al. 2011). The frequencies of the IMFs help in
identifying the nested structure of a data set and take full
account of the nonlinear characteristics of the original data
(Huang and Wu 2008; Huang et al. 1998). To overcome the
scale-mixing problem, a new noise-assisted data analysis
method was proposed: the EEMD (Wu et al. 2009, 2008).
The first step of this method provides a relatively consistent
reference size distribution by adding a white noise series to
the target data. In the second step, the data with white noise
is decomposed into IMFs. After several iterations of steps 1
and 2, the cumulative effect of the added white noise is
reduced to a negligible level, and finally the ensemble
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means of corresponding IMFs of the decompositions with
the same time scales are obtained.

Traditionally, instrumental data anomalies from several
climate stations are defined as the departure of a climate
parameter from its mean during a particular period (e.g., AD
1961–1990 for annual mean data anomalies) and represent
the climate variability at various time scales (Glickman and
Zenk 2000). However, this method does not effectively

account for the intrinsic nonlinearity of the climate system
(Wu et al. 2008). Therefore, Wu et al. (2008) proposed a
new anomaly reference frame named the modulated annual
cycle (MAC), which uses the amplitude of annual cycles
from year to year instead of a constant value (Qian et al.
2010; Wu et al. 2008; Huang and Wu 2008). Here, we use
the MAC anomaly reference frame to effectively extract
seasonal and annual cycles from the meteorological data

Fig. 1 Map of the tree-ring sampling sites and neighboring meteorological stations

Fig. 2 Climate diagram for
Dulan, northeastern
Qinghai–Tibetan Plateau,
during the period 1955–2009
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series. Note that the prerequisite for the use of the EEMD
method is that the considered tree-ring chronology is strong-
ly correlated to meteorological data in the calibration period.
The itemized steps are as follows:

Step 1. processing of instrumental data

We first decomposed the daily instrumental data (includ-
ing the precipitation and temperature data) using the EEMD
method. We stopped the EEMD calculations after 1,000
iterations since further iteration steps did not improve the
results significantly. A total of 14 IMFs for precipitation and
temperature data were detected. We excluded the sub-annual
IMFs before extracting seasonal and annual cycle signals
from the meteorological data series.

Step 2. processing of proxy data

We decomposed the two tree-ring chronologies (Z03 and
S04) using the EEMD method, again stopping calculations
after 1,000 iterations. The EEMD decomposed the S04
chronology into 10 IMFs and the Z03 chronology into 11
IMFs. Then, we applied a wavelet analysis (Torrence and
Compo 1998) for every IMF of the tree-ring chronology S04
to determine the number of cycles per IMF.

Step 3. regression of proxy data

We used the EEMD components of the two tree-ring
chronologies to reconstruct the past climate change using
the “variance matching method” (Lee et al. 2008; Jones
et al. 1998) in different frequency bands. For S04, the
calibration and validation periods were AD 1955–1984
and AD 1985–1993, respectively. We used the same
calibration period for the Z03 chronology and a valida-
tion period of AD 1985–2000. Where necessary, the p

values of the Pearson calibration were corrected for
autocorrelation following Trenberth (1984). To compare
the EEMD approach with the conventional regression
methods, the simple OLS and VM methods were also
used to calibrate the original (undecomposed) chronologies
following Jones et al. (1998).

Step 4. validation of reconstruction

We used the “leave-one-out” cross-validation approach
(Cook et al. 2010) to provide a goodness-of-fit measure.
Reconstruction quality was measured by the correlation
coefficient (r2) between the observed and reconstructed
temperatures during the verification period. Further recon-
struction skills were measured by the reduction of error and
the coefficient of efficiency statistics (Cook et al. 2010). We
calculated the uncertainties of the reconstruction using the
following equation (Mann et al. 2008):

uncert: ¼ std �
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� r2
p

ð1Þ

where “uncert.” is the uncertainty, “std” is the standard
deviation of instrumental data during the calibration period,
and r2 is the squared correlation coefficient during the
verification period. All statistical validation results for the
reconstruction, skill assessment, and uncertainty estimation
are shown in Table S4.

3 Results and discussion

The decomposed series of the two tree-ring chronologies
and instrumental records from Dulan are shown in Table S1.
The eighth IMF of the precipitation data and the sixth IMF

Fig. 3 a Daily precipitation
(mm) instrumental record at the
Dulan meteorological station
during AD 1955–2010. The
seven EEMD components are:
b the high frequency
component (1.5–4.0 years),
c a modulated annual cycle
component, d 2–4 year
component, e 6.0–9.0 year
component, f 10–16 year
component, g 20–70 year
component, and h trend
component (>100 years)
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of the temperature records represent the annual cycle.
According to the trend components (the final residual) of
the instrumental records, the temperature and precipitation
have monotonically increased since AD 1955.

The IMF analysis of the daily instrumental data shows
that the EEMD method was well suited to extracting high-
frequency signals with periods less than 20 years from the
original data set. However, instrumental data in Dulan only
cover the last 55 years; thus, it was not possible to extract
lower-frequency (>20 years) signals. In the millennial-scale
proxy data, it was possible to extract decadal and centennial
signals.

The quasi-period of each component is shown in
Table S2. Because of natural variability and non-linearity
in the system, the IMFs of the meteorological and tree-ring
data do not have exactly the same cycles. In order to de-
compose the tree-ring series, we therefore chose frequency
bands covering the range of detected quasi-periods. The

exact cycle frequencies of each analysis band were assessed
in a later step using wavelet analysis.

The first IMF of the two tree-ring chronologies had a 3-year
periodic oscillation. Similar components were detected in the
meteorological temperature (ca. 3.2 years) and precipitation
(ca. 3.5 years) data. However, temperature and precipitation
IMFs also had components with periods of ca. 2.1 and
1.5 years; therefore, we set the first frequency analysis band
to cover the range 1.5–4.0 years to include more inter-annual
variability (panel b in Figs. 3, 4, 5, and 6). The second
component of the two tree-ring chronologies was a ca. 6.5-
years periodic oscillation. Similar components were detected
in the temperature and precipitations data at around 7.6 and
8.7 years. Therefore, we set the second frequency band to
cover 6.0–9.0 years (panel e in Figs. 3, 4, 5, and 6). Next, the
third band was set to cover a frequency band of 10–16 years
(panel f in Figs. 3, 4, 5, and 6), given the third IMFs of the two
tree-ring series (ca. 13.3 and 14.2 year oscillations) and the

Fig. 5 a S04 tree-ring width
index at Dulan for AD
157–1993 and its five
components obtained using the
EEMD method: b the high
frequency component
(1.5–4.0 years), c 6.0–9.0 year
component, d 10–16 year
component, e 20–70 year
component, and f trend
component (>100 years)

Fig. 4 a Daily surface air
temperature measured at the
Dulan meteorological station
during AD 1955-–2009 and its
seven components obtained
using the EEMD method: b the
high frequency component
(1.5–4.0 years), c a modulated
annual cycle component,
d 2–4 year component,
e 6.0–9.0 year component,
f 10–16 year component,
g 20–70 year component, and
h trend component
(>100 years)
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10th and 12th IMFs of the temperature and precipitation data
(ca. 10.3- and 16.2-year oscillations, respectively). The fourth
frequency analysis band was set to 20–70 years (panel g in
Figs. 3, 4, 5, and 6) because the 13th IMF of the precipitation
data had a 37.8-year periodic oscillation, and the 11th to 13th
IMFs of the temperature data had periodic oscillations with
periods of >56.7 years, and the fourth and fifth IMFs of the
two tree-ring chronologies had periodic oscillations of 27.9,
28.3, 65.6, and 69.3 years (Table S2). The remaining compo-
nents were covered by the fifth frequency analysis band and
represent the 100-year to trend component (panel h in Figs. 3,
4, 5, and 6).

Figures 3 and 4 illustrate that, except for the high-
frequency signal, the annual cycle is the most prominent
component in the meteorological temperature and precipita-
tion data.

The wavelet analysis was used to detect cycles in the
decomposed frequency components of the tree-ring series.
Results from the wavelet analysis (Fig. 7) over the full
reconstruction period (AD 157–1993) showed that there
were several significant and stable periodic oscillations, plus
the trend (fifth component) reflecting a non-stationary fea-
ture. The first, second, and third components of the S04
STD revealed cycles with periods of ca. 3.0, 6.5, and

Fig. 7 Power spectra of the EEMD components in the S04 STD chronology: a first component, b second component, c third component, and d
fourth component

Fig. 6 a Z03 tree-ring width
index at Dulan for 328 BC–AD
2000 and its five components
obtained using the EEMD
method: b the high frequency
component (1.5–4.0 years),
c 6.0–9.0 year component,
d 10–16 year component,
e 20–70 year component, and
f trend component (>100 years)
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13.3 years, respectively, while the fourth component
showed two cycles, with periods of 28.3 and 69.3 years.

Table S3 shows the correlation analysis between the two
tree-ring chronologies and meteorological data in the five
time–frequency domains. The correlation coefficients be-
tween the two tree-ring chronologies over the period 157–
1993 for the first four components all exceeded 0.77 (p<
10−4), and the correlation coefficient of the trend term
reached 0.67 (p00.33). This indicates that the two chronol-
ogies were characterized by similar oscillation frequencies
in all the time–frequency domains.

The correlation between the annual average temperature
and precipitation data in the first four time–frequency
domains was not significant, but the correlation coefficient
of the last trend item was significant (r00.88, p00.05). This

indicates that annual temperature and precipitation in Dulan
follow the same trend at century or longer time scales and
that the Dulan climate likely follows a “warm–wet” and
“cold–dry” pattern over long time scales. The two STD
chronologies were significantly correlated with the precipi-
tation series (AD 1955–1993 and 1955–1999) in the first
three time–frequency domains but were not significantly
correlated with temperature. This indicates that the two
chronologies do indeed provide a good proxy for high-
frequency variations in annual precipitation. Thus, we have
a reason to believe that the two chronologies will also
respond to the lower-frequency characteristics of annual
precipitation. Nevertheless, because of the short instrumen-
tal data time series, the tree-ring chronology cannot be
properly matched in the low-frequency domain of the

Fig. 8 a Comparison of the
sum of the 8th to 10th IMFs of
S04 with the sum of the 8th to
11th IMFs of Z03. b
Comparison of centennial-scale
changes of the Z03 chronology
with the Northern Hemisphere
temperature curve reported by
Mann et al. (2008) for the
period AD 900–2000
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instrumental data series. It is worth noting that the summed
components of the eight to 10th IMFs (i.e., the low-
frequency signal) of S04 and of the eight to 11th IMFs of
Z03 show very consistent low-frequency variations
(Fig. 8a). Figure 8b also shows that the centennial-scale
variability in the Z03 chronology and in the Northern
Hemisphere temperature anomaly reported by Mann et al.
(2008), respectively, are linearly and significantly correlated
(r00.90, p00.10) during the period AD 900–2000.
More comparisons between the low-frequency Northern
Hemisphere temperature data and the two chronologies are
presented in Fig. S1.

The above comparisons show that the tree-ring widths of
the Dulan chronologywere wider during theMedieval Climate
Anomaly, narrower during the Little Ice Age, and wider again
during the twentieth century, thereby demonstrating that the
Dulan tree-ring chronology is able to capture low-frequency
climate variations (Liu et al. 2009).

A comparison of the EEMD reconstruction with the
conventional linear reconstructions (OLS and VM) in
Fig. 9 shows that the three reconstructions yielded similar
overall trends but that the standard deviations in the differ-
ent time–frequency domains were significantly different. To
test which one of the reconstruction techniques preserved
the most accurate low-frequency information, we compared
the standard deviation and mean values of the three recon-
structions with instrumental data over the period AD 1955–
1993. The mean and standard deviation of the precipitation
reconstruction using the OLS method were 230.2 and
23.1 mm, respectively, while the mean and standard devia-
tion of the reconstruction obtained using the direct variance
matching method were 250.5 and 40.4 mm, respectively. As
expected, the standard deviation of the EEMD method was
the highest (up to 51.9 mm, mean 243.8 mm). The “target”

standard deviation of the instrumental data is up to 51.7 mm,
with a mean of 236.9 mm. The results for S04 show that the
EEMD approach yielded the best results (Fig. 10). Further
details on the statistical validation of the reconstruction, as
well as skill assessments and uncertainty estimates, are
provided in Table S4.

Because the sample depth (number of samples per year)
was small before AD 1200 and the regional representation
was low, we focus our discussion on the period after AD
1200. Figure 11 shows a comparison between the recon-
struction of the last two components and the OLS recon-
struction for S04. It can be seen that the EEMD precipitation
reconstruction has a much higher low-frequency variation.
Periods with greatest precipitation occurred during AD
1350–1425, 1520–1580, and 1730–1785; the annual

Fig. 9 Comparison of the three
July–June precipitation
reconstructions (EEMD, OLS,
and VM) over the whole
reconstruction period (AD
157–1993). The sample depths
show the number of available
samples

Fig. 10 Comparison of the three SO4 July–June precipitation recon-
structions (EEMD, VM, and OLS) with instrumental data over the
period AD1955–1993
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precipitation has been more stable and at a relatively high
level since 1850; periods of low precipitation occurred
during AD 1270–1330, 1450–1480, and 1620–1700.

The correlation coefficient between the two tree-ring chro-
nologies was only 0.17 (p00.31) in the period AD 1955–
1993. According to the traditional linear fitting method ap-
plied to the instrumental data segment, the two tree-ring
chronologies represent climatic conditions in different
months. However, it can be seen that the two reconstructed
annual precipitation series, based on the two chronologies,
almost overlap after AD 1200 in Fig. 12. Because of the
different variability of the two chronologies during the cali-
bration period, the original authors of the Z03 reconstruction

considered that Z03 was mainly sensitive to spring (May–
June) precipitation variations (Zhang et al. 2003), while the
authors of the original S04 reconstruction considered that S04
was sensitive to annual (July–June) precipitation variations
(Sheppard et al. 2004). This indicates that care is needed when
assessing which season a single tree-ring record is used to
reconstruct, especially if the calibration period is short. A
sound understanding of the physiological response of the tree
to the changing climate should be seen as the key factor in
deciding which season to reconstruct and weigh more heavily
in the calibration statistics. Therefore, the EEMD method
might help to solve the problems related to the heterogeneity
of tree-ring chronologies during the calibration period.

Fig. 11 Comparison of the
summed 4th to 10th IMFs
reconstructed by linear fitting
(OLS) for the period AD
1100–1993. The sample depth
shows the number of available
samples

Fig. 12 Comparison of the S04
and Z03 EEMD July–June
precipitation reconstructions
(AD 157–1993 and 328
BC–AD 2000). The sample
depths show the number of
available samples
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4 Conclusions

Paleoclimate reconstruction methods rarely consider the
non-stationary and non-linear features of instrumental and
proxy data. Here, these features in data from a case study on
the Qinghai–Tibetan Plateau were analyzed using the
EEMD method. Based on the different time–frequency
domains identified, the Dulan precipitation series over the
past millennium was reconstructed using two tree-ring width
STD chronologies. Compared with the conventional recon-
struction results, the EEMD method better extracts the low-
frequency signals in the tree-ring chronology and better
reconstructs the low-frequency variability in the Dulan cli-
mate. Furthermore, the EEMD method can also be used as
an effective approach to reducing problems associated with
the different time scales of variability in tree-ring chronolo-
gies relative to those in accompanying meteorological data
during a calibration period. We believe that the EEMD
method could be applied to many existing records to extract
potentially valuable climate information.
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