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Abstract Long tree-ring chronologies can be developed by
overlapping data from living trees with data from fossil
trees through cross-dating. However, low-frequency cli-
mate signals are lost when standardizing tree-ring series
due to the “segment length curse”. To alleviate the seg-
ment length curse and thus improve the standardization
method for developing long tree-ring chronologies, here we
first calculated a mean value for all the tree ring series by
overlapping all of the tree ring series. The growth trend of
the mean tree ring width (i.e., cumulated average growth
trend of all the series) was determined using ensemble
empirical mode decomposition. Then the chronology was
developed by dividing the mean value by the growth trend
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of the mean value. Our improved method alleviated the
problem of trend distortion. Long-term signals were better
preserved using the improved method than in previous
detrending methods. The chronologies developed using the
improved method were better correlated with climate than
those developed using conservative methods. The
improved standardization method alleviates trend distor-
tion and retains more of the low-frequency climate signals.

Keywords Standardization methods - Tree rings - Segment
length curse - Detrending

Introduction

Millennia-long tree-ring chronologies can be developed by
overlapping tree ring series from living trees with dead
wood, construction wood or sub-fossil material through
cross-dating, extending the records of living trees back in
time. The intrinsic growth trends of trees need to be
removed from measurements of the width of tree rings to
reflect the long-term climate signals recorded within the
tree-ring series. In dendrochronology, the methods used to
remove growth trends from raw measurements of tree rings
are referred to as standardization methods and classified as
determination or data adaptive methods. In determination
methods, such as the linear regression line and modified
negative exponential curve methods (Fritts et al. 1969), a
previously defined mathematical model is used to describe
the radial growth of trees. Data adaptive methods, such as
the smoothing spline method (Cook and Peters 1981), fit
the behavior of the observed tree ring width. However,
climatic variations or cycles that occur at wavelengths
longer than the length of tree ring series are not captured by
standardized chronologies because they are identified as
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part of the biologically based growth trend (Granger 1966;
Cook et al. 1995). Hence, long-term climate signals are lost
when developing millennia-long tree ring chronologies
using these standardized methods as a result of the segment
length problem (Cook et al. 1995).

Cook et al. (1995) described two ways to preserve long-
term climate signals in millennia-long tree-ring chronolo-
gies. One is simply averaging all the raw ring-width
measurements for trees without any age-related trend. For
instance, tree-ring series from bristlecone pine, which has a
strip-bark growth form, show no age-related growth trend
(LaMarche 1974). However, the rarity of strip-bark growth
forms has restricted the application of this method to other
tree species. Another method is regional curve standard-
ization (RCS; Briffa et al. 1992), although there are many
deficiencies in this procedure, which have been addressed
by Cook et al. (1995). A signal-free approach was devel-
oped to alleviate trend distortion at the end of chronologies
(Melvin and Briffa 2008). However, its performance for
preserving long-term climate signals is not known. A new
method to alleviate the segment length problem and pre-
serve long-term climate signals is thus urgently needed. In
addition, part of high-frequency climate signals may be
removed by traditional detrending methods. We aim to
develop a new method to clearly show that only the lowest
frequency signal that is identified as age trend is removed,
while frequency signals that are identified as climate sig-
nals are retained.

Two authors of the present study, Zhang and Chen
(2017), developed a standardization method based on
ensemble empirical mode decomposition (EEMD) to pre-
cisely remove the tree growth trend. EEMD is an adaptive,
data-driven algorithm used to decompose non-stationary
signals into their intrinsic modes of oscillation and mean
trends (Wu et al. 2011). The mean trend of tree-ring series
identified by EEMD can be regarded as the growth trend of
the series (Zhang and Chen 2017), but the segment length
problem is not resolved by the EEMD-based detrending
method of Zhang and Chen (2017). We therefore set out to
improve the EEMD-based standardization method to alle-
viate the segment length problem.

Materials and method
EEMD method

Huang et al. (1998) developed the empirical mode
decomposition (EMD) method to decompose non-linear
and non-stationary time series into their intrinsic modes of
oscillation. The EEMD method alleviates some of the
common problems of the EMD method, such as mode
mixing, and increases its robustness (Wu and Huang 2009).
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The EEMD method is widely used as an effective
decomposition method in geophysical studies (e.g., Wu
et al. 2007, 2011; Huang and Wu 2008; Fang et al. 2013;
Zhang and Yan 2014).

The EEMD procedure is implemented through a three-
stage sifting process. (1) All the local extremes in the time
series x(f) are identified, and the upper (lower) envelope is
obtained by connecting all the local maxima (minima) with
a cubic spline. (2) The first component %, is calculated as
the difference between the data x(#) and the local mean of
the upper and lower envelopes. (3) Treating h; as the
original data, steps 1 and 2 are repeated until the upper and
lower envelopes are symmetrical with respect to the zero-
mean under certain criteria. The final A, is then designated
as an intrinsic mode function (IMF,), the residue of x(7) and
h, as a new time series, and a second sifting process is
applied on the new series. The sifting process is completed
when the residual r, becomes a monotonic function. The
time series x(f) can be decomposed into a finite and often
small number of IMFs based on the EEMD method:

x(t) = zn:IMF_i + ra, (1)

j=1

where r,, is the residue of the time series x(#) and reflects
the mean trend of x(¢). Different IMFs represent high- to
low-frequency oscillations of the data (Wu and Huang
2009).

A non-stationary time series can be regarded as a mixed
signal series and can be decomposed into IMFs on different
timescales. Each IMF, involving only one mode of oscil-
lation, represents the intrinsic oscillation mode imbedded
in the data. The mean trend remains when all the intrinsic
oscillations have been extracted. For a tree-ring series,
IMFs represent the external forces at different timescales.
The expected growth trend of the tree can be identified
when all the external signals have been extracted.

The EEMD method involves averaging numerous EMD
runs with the addition of some Gaussian noise. The noise is
averaged out by averaging the different decompositions
and an estimate of the true decomposition is calculated,
together with a confidence estimate. The ensemble number
and the standard deviation of the added noise should be
assigned in the EEMD procedure (Wu and Huang 2009).
The sensitivity of the decomposition of the data to the
amplitude of the noise is often small within a certain
window of noise amplitude (Wu and Huang 2009). Added
noise with a standard deviation of 0.2 and an ensemble size
of 500 were used in this study.
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Improving the EEMD-based standardization
method

Identification of growth trends by the EEMD method

The tree-ring width series could be decomposed by the EEMD
method into n IMFs and mean trends (Zhang and Chen 2017):
x= IMF; + 7, (2)

j=1

where x is the tree-ring width series, IMF; is the intrinsic
mode function and r,; is the mean growth trend of the tree.

Growth trend of the mean value
The length of whole tree-ring series overlaps the length of

each segment (Fig. 1a). We used letter G to represent the
growth trend of a long tree-ring series, and letter S represents a

=+ +x)/k= [(

J

1%

IMF;; + rn1> +o 4 (Z IMFEj; + rnk>
=1 =1
(ZIMFjl +---+ZIMij>/k+~--+ (rwt + -+ 4 ruc) /K,
j=1 j=1

Year

segment of this long tree-ring series. The growth trend of
S should be a segment of G (Fig. 1b). In realistic examples, a
long tree-ring series overlaps tree ring series from different
periods. The growth trend of this long tree-ring series reflects
the growth trend of trees across different periods. The growth
trend of each segment is a segment of the growth trend of the
long tree-ring series, and the growth trend of each series
should vary at the same timescale with the growth trend of the
long tree-ring series. If the growth trend of each series varies at
the same timescale with that of the long tree-ring series (e.g.
the growth trend of each short series varies at the same
timescale with the growth trend of the long series in Fig. 1b),
then theoretically, each series could be decomposed into the
same number of IMFs as that of the long tree-ring series.
Suppose there are k tree cores, each tree ring series x;
can be decomposed into n IMFs and a mean trend r,,, then
the mean value of K tree ring widths can be calculated as:

/k
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where IMFj, is the IMF; of the kth core and r,, is the mean
trend of the kth core.

The mean value of K tree ring widths can be decom-
posed into n IMFs and a mean trend ry:

£=Y IMFj +r,. (4)
s=1
Combining Eqgs. 3 and 4, we get:

ZIMFj1+~--+ZIMij k44 (ra+--
j=1 j=1

o~ Z IMF;, + r;

J=1

hence, ry =2 (ry + -+ ru) /k (6)

The mean of the growth trends of K cores were
approximately equal to the mean trend r, identified for the
mean value of k tree-ring widths using the EEMD method.

Development of chronology

The chronology was developed by dividing or subtracting
the mean value of k tree-ring widths by the mean trend r,.
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Fig. 2 a The segment length problem with sine waves: three pure
sine waves with periods of 1000, 500 and 250 years and their
combined series. b The trend identified with the ensemble empirical
mode decomposition method for the combined series and the
residuals calculated by removing the trend from the combined series
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Illustrative examples of the preservation of long-
term climate signals

Cook et al. (1995) used three sine waves to illustrate the loss
of low-frequency climate signals. The three sine waves, with
periods of 1000, 500 and 250 years, had same amplitude
(Fig. 2a) and each harmonic had a correlation of 0.577 with
the combined series. However, most of 1000-year variance
was removed when the whole length of the combined series
was fitted by a linear regression curve. The correlation
between the residues and the 1000-year harmonic was 0.059.
However, the correlation increased to 0.1575 when our
improved method was used (Fig. 2b); that is, the 1000-year
variance was better preserved when our method was used
than when the regression method was used.

The correlation between individual 500-year harmonics
obtained with the improved method and the residual is 0.53
(Fig. 2b), which is close to the expected value (0.577) and
much higher than that obtained with the linear regression
method (0.439). The comparison was conducted when the
curve-fitting method was used in ideal situations. Cook

et al. (1995) showed that the 1000-year variance was
completely lost when the curve-fitting method was used for
the three overlapping 500-year segments. The segment
length is generally shorter than the whole length of the
chronology. Low-frequency climate signals are difficult
preserve with curve-fitting methods, and better results were
achieved with our improved method.

We used a more realistic example to address the
preservation of long-term climate signals using our
improved method. Bristlecone pine has a strip-bark growth
form and is assumed to have no age-related trend (La-
marche 1974; Cook et al. 1995). A bristlecone pine ring
width series (nev516) was downloaded from the Interna-
tional Tree Ring Data Bank (www.ncdc.noaa.gov/data-
access/paleoclimatology-data/datasets/tree-ring). The tree
ring series was detrended using conservative methods (a
linear regression method or modified negative exponential
curve; STD), RCS, a signal-free method (SSF; Melvin and
Briffa 2008), the previous version of our method (pre-
EEMD) and our improved method (EEMD). The results
showed that there was a loss of long-term signals with the
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STD, SSF and pre-EEMD methods (Fig. 3). Low-fre-
quency signals were well preserved with the RCS and
EEMD methods. However, the long-term trend obtained
with the EEMD method had a higher correlation (r = 0.89)
with that of the raw series than the RCS method (r = 0.76).
Therefore, the EEMD method showed the best perfor-
mance among these methods in preserving long-term
signals.

Long-term climate signals are the target of century- or
millennia-long climate reconstructions based on correlation
analysis. The correlation between climate signals and the
outputted chronologies determine how the climate signals
are reflected in the chronologies. Comparison among five
detrending methods (STD, RCS, SSF, pre-EEMD and
EEMD) is illustrated by two examples of tree-ring series.
One tree-ring series from Moerdaoga (MRD) had previ-
ously been used in a temperature reconstruction (Zhang
et al. 2011), and another tree-ring series from Haiyagou
(HYG, chin070) was selected from the tree-ring data used

correlation was calculated between the site chronologies
obtained with the five detrending methods and the climate
records from nearby climate stations at each site. Although
the correlations were similar among the chronologies
obtained with different methods, the EEMD chronology
had a higher correlation coefficient with the monthly
temperature than the other chronologies in most months
(Fig. 4). In addition, The EEMD chronology had good
performances in preserving seasonal precipitation signals
when compared with other chronologies (Fig. 5). The
correlation coefficients between tree growth and climate
variables should be at least higher than 0.6 to reconstruct
past climate changes using tree-ring series. The improve-
ment in correlation between tree growth and climate vari-
able could make some climate reconstructions possible.
Long-term climate signals are seen as noise in some
dendroecological studies (e.g., fire studies), and it is easy to
remove long-term climate signals from the chronologies to
obtain high-frequency signals. The tree-ring series from
HYG (chin070) was used to illustrate how the raw series
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can be decomposed into signals at different frequencies
(Fig. 6). IMFs at different timescales can be composed of
long-term signals (Fig. 6b) and high-frequency signals
(Fig. 6¢). Different IMFs can also be used to detect the
influence of climate oscillations on tree growth. For
instance, Lo et al. (2016) used the correlation between
IMFs and decadal oscillations in climate (e.g., the Pacific
Decadal Oscillation and the El Nifio Southern Oscillation)
to show how climate influences tree growth at the decadal
scale.

Discussion
The previous version of the EEMD-based standardization

method was improved to alleviate the segment length
problem when fitting curves to different lengths of tree

cores (Cook et al. 1995). In the commonly used curve-
fitting methods, a curve is fitted to a tree ring series to
identify the growth trend of the tree core. However, long-
term climate signals at wavelengths longer than the seg-
ment length of tree ring series are lost due to the segment
length problem (Cook et al. 1995).

The EEMD method has advantages in identifying
intrinsic variations and mean trend (Huang and Wu 2008).
The IMFs identified by the EEMD method are the external
signals at different timescales. The mean trend has no
intrinsic oscillation and varies on a longer timescale than
the IMFs. Based on the improved standardization method,
the trend for the mean of the raw measurements was
obtained by integrating all the trends of the tree ring series.
These trends are regarded as segments of the growth trend
of the mean value of whole series. These trends can be
averaged as the stacked mean trend because they have
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similar timescales. The stacked mean trend can be identi-
fied by the EEMD method because it varies on the longest
timescale and can be separated from the IMFs.

The RCS method preserves long-term climate trends in
long tree-ring chronologies (Esper et al. 2002, 2003), but
problems such as pith offset, species composition and site
composition influence the robustness of this method (Esper
et al. 2003), and the segment length problem addressed by
Cook et al. (1995). These problems do not appear in our
improved method. Moreover, the mean trend identified by
the EEMD method is not the regional common growth
trend of trees identified in the RCS method. The mean
trend cannot be identified by fitting a curve to the mean of
the raw measurements because the mean trend should be a
mixed signal of all the trends at similar timescales.

Our improved standardization method using EEMD,
proposed to alleviate the segment length problem and to
retain as much of the low-frequency signal as possible, is a
simple method that can be easily applied in dendroclimatic
research. A MATLAB program (EemdCrn.m, Appendix
S1) and an R software procedure (EemdCrn.R, Appendix
S2) to perform the analysis are available as supplementary
materials. The codes were also available from the website
https://www.researchgate.net/publication/331639377_Detr
ending_code_for_Matlab_and_R_user.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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