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a b s t r a c t

A database of 39 annually resolved, tree-ring width chronologies covering the Mongolian Plateau,
northeastern China region, and the Yellow River drainage was established to identify variations in sandy
desertification cycles over the past three centuries. Our results show that the arid, semiarid, and semi-
humid East Asia experienced multiple sandy desertification cycles over the past 300 years. The Mon-
golian Plateau experienced sandy desertification from the 1730s to the 1750s and the 1810s to the 1910s.
Northeastern China region was subject to sandy desertification from the 1700s to the 1720s, the 1770s to
the 1820s, and the 1830s to the 1860s. In the Yellow River drainage, sandy desertification occurred from
the 1700s to the 1730s, the 1750s to the 1780s, and the 1810s to the 1850s. The occurrence of sandy
desertification was closely related to weakened summer monsoon and enhanced winter monsoon
associated with decreases in precipitation and increases in aeolian activity during the Little Ice Age;
reversals of sandy desertification resulted mainly from increases in precipitation and decreases in aeolian
activity during the Current Warm Period. The sandy desertification cycles we reconstructed have been
verified by monitoring results of modern sandy desertification trends and evidence from ancient archives
and archaeological records.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Mongolian Plateau (MP), northeastern China region (NCR),
and Yellow River drainage (YRD), located in arid, semiarid, and
semi-humid regions of East Asia, are characterized by relative low
precipitation with high inter-annual variability (Huang et al., 2011).
Throughout the Holocene, frequent changes in the northern limit of
the East Asia summer monsoon (Zhang et al., 2008) resulted in
multiple climate changes (e.g., Cook et al., 2010; Shen et al., 2007).
Such climate changes impacted human inhabitants through
contributing to agricultural failures (Tao et al., 2004) and economic
losses (Nkonya et al., 2011), and also led to environmental degra-
dation through dust storms (Prospero and Lamb, 2003; Qian et al.,
2002; X.Wang et al., 2004b) and desertification (Sivakumar, 2007).
An important environmental issue, desertification currently jeop-
ardizes the livelihoods of nearly 200 million people (X. Wang et al.,
unming@lzb.ac.cn, xunming_
(L. Lang), zhangcaixia@lzb.ac.

All rights reserved.
2008; Zhu and Chen, 1994) and had significant impacts on the
subsistence of historical populations. Multiple desertification cycles
that occurred in these regions (e.g., Dong et al., 1995; Wang et al.,
2010) affected the livelihoods of inhabitants, impacted the pros-
perity and led to the abandonment of ancient cities (e.g., S.C. Wang
and Dong, 2001), and may have influenced the rise and collapse of
ancient Chinese dynasties (e.g., Wang et al., 2010).

The Convention to Combat Desertification and the United Na-
tions Environment Programme (UNEP) define desertification as
“land degradation in arid, semiarid and dry sub-humid areas
resulting from various factors, including climatic variations and
human activities” (UNEP, 1992, 1997). The term desertification
mainly relates to forms such as salinization and sandy desertifica-
tion (Wang, 2013). However, in China, because the areas of sandy
desertification is over 80% of the total area of desertification (Shen
et al., 2001), and because the key erosive force of sandy desertifi-
cation is aeolian activity (Mason et al., 2008; Wang et al., 2007), the
term sandy desertification and desertification are usually taken to
have the same meaning. In arid, semiarid, and semi-humid regions
of East Asia, the occurrence of sandy desertificationmainly includes
dune reactivation, coarsening of surface sediments, the desertifi-
cation of grassland, and other related processes (Zhu and Chen,
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1994), which are triggeredmainly by variations in aeolian activities.
In these regions the variations in aeolian activity can be caused by
short-term severe moisture deficits (i.e., at decadal scale,
Schlesinger et al., 1990), long-term aridity (e.g., Pickup, 1998), and
the strengthening of wind activity (e.g., X. Wang et al., 2008). In
addition, in arid, semiarid, and semi-humid regions of East Asia,
results of previous studies (e.g., Wang et al., 2006) have shown that
even in modern times, although human activities promoted sandy
desertification, climatic changes have had a much greater effects,
even though it is undeniable that human impacts have exacerbated
those effects (Wang et al., 2006).

Owing to the remarkable differences in the landscape in arid,
semiarid, and semi-humid East Asia, there are differences in the
factors that control aeolian activity in these regions. For instance, in
regions of northeastern China and the Yellow River drainage,
desertification occurred mainly in regions covered by vegetated
dunes, and increases in desertification was usually exhibited by
anchored or semi-anchored dunes/sand sheets being reworked into
mobile or semi-anchored dunes/sand sheets (Wang et al., 2008). In
the Mongolian Plateau, the dominant landscape is steppe where
only a few vegetated dunes are developed. Therefore, although
aeolian activity in this region is still mainly controlled by wind
activity, aeolian activity and the occurrence of sandy desertification
are more sensitive to aridity and extremely low temperatures in
winter (Sternberg et al., 2009).

In arid, semiarid, and semihumid East Asia, although the
occurrence of sandy desertification is controlled mainly by climate
change, its cycles in historical periods are still poorly understood. In
these regions, historical climate change has already been recon-
structed using natural proxies (e.g., Deng et al., 2006; Liu et al.,
2002) or through documentary evidences (Ge et al., 2003; Song,
2000). Among these, tree-ring width records have been
frequently employed as natural proxies (e.g., Cook et al., 2004;
Fig. 1. Map of the Mongolian Plateau (MP), northeastern China region (NCR), and
Mann et al., 1998) because of their high resolution, relatively low
dating error, wide distribution, and explicit indications of climate
change. Therefore, sampled tree-ring width indices from arid,
semiarid, and semi-humid areas of East Asia are of significance for
reconstructing the climate change of these regions. Based on an
integrated analysis of 39 annually-resolved tree-ring width chro-
nologies (Fig. 1; Supplementary material Table S1) and the associ-
ation of their variations with indications of desertification, we
report on the desertification cycles over the past three centuries in
arid, semiarid, and semi-humid East Asia, and discuss their asso-
ciation with climate change.

2. Tree-ring dataset

We established a database of 39 annually resolved ring-width
chronologies from the International Tree-Ring Data Bank (ITRDB)
(http://www.ncdc.noaa.gov/paleo/treering.html) and from previ-
ous literature as described in the supplementary materials. All the
chronologies in Mongolia were created using the ARSTAN program
(Cook and Holmes, 1999) based on the raw measurements down-
loaded from the ITRDB, and were detrended using a negative
exponential curve or linear regression. The detailed chronology
creation processes and detrending methods from other regions are
described in their source publications (Supplementary Material
Table S1). All source data are standard chronologies except for
chronologies ‘cbb’, ‘cbpi’, and ‘cbc’. The source data was unevenly
distributed throughout the MP, NCR, and YRD. Only those chro-
nologies exhibiting statistically significant (p < 0.10) positive cor-
relations with their adjacent aeolian activities index, calculated
from instrumental meteorological records, or the relative humidity
grid data from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) (Kalnay
et al., 1996) were retained for our analysis.
the Yellow River drainage (YRD), and sampling sites of tree-ring chronologies.
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We performed Pearson’s correlation tests using instrumental
records at or near the sampling sites to test the sandy desertifica-
tion signals included within the proxies. We used monthly mean
precipitation, evaporation, and wind records with spans of
approximately 50 years (1954e2000) for themeteorological data of
the NCR and YRD. Because instrumental records were unavailable
for the MP, we employed the NCEP/NCAR reanalysis monthly mean
near-surface relative humidity grid data from January 1948 to
December 2000 with a 2.5� � 2.5� spatial resolution. Since sandy
desertification processes in the MP are controlled mainly by
moisture conditions (e.g., Sternberg et al., 2009), it is reasonable to
consider relative humidity as an indicator of sandy desertification
(the details are provided in Section 3). As wewere concerned about
the positive correlation coefficients, we conducted one-tailed tests
as suggested by Mann et al. (2008) and others. Additionally, there
were significant temporal discrepancies in the responses of the
tree-ring widths to climatic and environmental conditions,
including aeolian processes, at the different sampling sites (Fritts
et al., 1971). Therefore, we performed correlation analyses be-
tween the tree-ring chronologies and the monthly, annual, and
seasonal instrumental records, as well as multiform monthly
combinations. The statistical tests showed that all of the records
were statistically significant at the 0.05 level, except for the ‘hvr’,
‘tcm’, ‘manz’, ‘zm’, ‘th’, ‘cbc’, ‘sxnw’, ‘hls’, and ‘tbs’ chronologies,
which were significant at the 0.10 level (Supplementary material
Table S2).

Some chronologies did not cover the entire period from 1700 to
2000, thus adjustments to bring them into phase with the longer
records over the common period were necessary. Here, we
employed principles described by Osborn and Briffa (2006), except
that we did not scale the chronologies using standardized devia-
tion, because the source data were of the same type of proxy with
certain ranges of variance. First, the longest chronologies, which
covered the full study period from 1700 to 2000, remained un-
changed. The other chronologies were adjusted successively, in
descending order in terms of the chronology length, using transi-
tion methods to ensure that they had the same means as the longer
chronologies during periods of overlap (Equation (1)). Conse-
quentially, all chronologies had identical means during periods that
overlapped other chronologies. The adjustment methods are
expressed as:

xadi;j
¼ xi;jþDxj; where Dxj ¼ xlongj

�xj ¼
Pnlongj

i¼1 xlongi;j
nlongj

�
Pnj

i¼1xi;j
nj

(1)

where xi,j denotes the source data; xadi;j
denotes the adjusted data; i

is the time counter (years); and j indicates the different chronolo-
gies. The subscript ‘long’ refers to chronologies with records longer
than that of chronology j; nj is the time span for chronology j; nlongj
is the product of the overlapped time span of the longer records for
chronology j multiplied by the numbers of all longer records for
chronology j; xlongj is the mean for all longer records for chronology
j in the period that overlapped chronology j; xlongi;j refers to the
values for the longer chronologies for chronology j; xj is the arith-
metic mean for chronology j; and Dxj is the difference between
xlongj and xj.

Because the original chronologies are scattered in different in-
dependent sources, all were assigned equal weights, as described
by Juckes et al. (2006) and Osborn and Briffa (2006). The chronol-
ogies in theMP, NCR, and YRDwere integrated into three sequences
and the low-frequency component was preserved using a fast
Fourier transform filter (e.g., Henriksson et al., 2012). We also
performed tests to check whether the variations in the three
integrated sequences were robust among the different selections of
adjusted chronologies by excluding each in turn, as suggested by
Juckes et al. (2006), and Osborn and Briffa (2006). The outcomes
showed only slight differences among the sequences and showed
no substantial changes throughout the study period (Fig. S1eS3),
indicating that our statistical results had high reliability. In addi-
tion, we used the bootstrap technique (Efron, 1979) to estimate the
confidence intervals for the three sequences, as suggested by Cook
et al. (2004), Esper et al. (2002), and others. Due to limitations in
sample sizes, it was difficult to determine a true sampling distri-
bution from the available chronologies; the finite values available in
each year were randomly resampled 1000 times with replacement
with equal probabilities for using the true data, yielding 1000
bootstrap samples, from which the confidence intervals for the
three sequences were estimated (Fig. 2).

3. Relationships between tree-ring width indices and modern
sandy desertification cycles

Generally, in arid, semiarid, semi-humid East Asia regions,
especially in the NCR and YRD, the sandy desertification is
controlled by aeolian processes (e.g., Zhu and Chen, 1994), which
are mainly revealed by variations in dune activity (e.g., X. Wang
et al., 2008, 2009). To identify the historical sandy desertification
cycles based on variations in tree-ring width indices, we examined
initially the results of monitoring sandy desertification and trends
of dune activity over the past 50 years (1950e2000) to determine
relationships between the integrated tree-ring records and sandy
desertification cycles. The Lancaster (1988) dune mobility index,
which is one of the most reliable indices for measuring dune ac-
tivity and sandy desertification cycles (e.g., Lancaster, 1988;
Lancaster and Helm, 2000; X. Wang et al., 2009) was employed,
and it is calculated as follows:

M ¼ ðW=ðP=PEÞÞ (2)

where M is the dune mobility index; W is substituted by U3as
suggested by previous studies (Thomas et al., 2005) (where U is the
mean monthly wind speed), P is the arithmetic average of P�1 and
P0 (where P�1 is the precipitation of the formermonth, and P0 is the
precipitation of current month), and PE is the potential evapo-
transpiration. Increases in the mobility index indicate increased
desertification, while decreases indicate a reversal of desertifica-
tion (e.g., X. Wang et al., 2009). This approach has been successfully
employed in the western United States (e.g., Woodruff and
Armburst, 1968) and in South Africa (e.g., Thomas et al., 2005),
particularly when high-resolution data is not available or might
require prohibitive amounts of computation.

Because sandy desertification occurred mainly in spring (e.g., X.
Wang et al., 2008) and the precipitation, evaporation, and wind in
this season are closely related to tree-ring growth as suggested by
Yuan et al. (2002), Liang et al. (2001), Yin et al. (2008), and Li et al.
(2003) among others, the mobility index in our study is the areal
average of all the instrumental records covering either the NCR or
the YRD in spring (March to May). We filtered both the mobility
index (M) and ring-width index (RWI) sequences to remove varia-
tions on timescales of less than 10 years in order to maintain
identical timescales to that of the sandy desertification monitoring
results. Our results show that modern sandy desertification trends
and variations in ring-width index, as well as the mobility index
(Fig. 3a) are closely related. The RWI and M series exhibited signif-
icant anti-correlations in both the NCR and YRD (p < 0.05). For
instance, the RWI record indicated that the NCR experienced sandy
desertification from the 1950s to 1980s and reversal of desertifica-
tion from the 1980s to 2000s, which appear consistent with the



Fig. 2. The tree ring-width index sequences (black lines) and two-tailed 95% bootstrap confidence intervals (green shading) for (a) MP, (b) NCR, and (c) YRD regions from 1700 to
2000. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Variations in the integrated RWI (black lines) and areal averages MI/relative humidity (red lines) for (a) NCR, (b) YRD, and (c) MP regions from 1950 to 2000; the decadally
smoothed sequences are shown in solid lines, and their non-smoothed sequences are shown in dashed lines. The sandy desertification trends in the NCR, YRD, and MP regions were
after the monitoring results of T. Wang et al. (2004), Wu (2001), and Bayarjargal et al. (2000), respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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sandy desertification trends acquired by monitoring methods (e.g.,
T. Wang et al., 2004). From the 1950s to the 2000s the monitoring
results of the YRD (e.g., Wu, 2001) show that sandy desertification
and reversal of desertification occurred in the 1970s to the 1980s
and in the 1990s to the 2000s, respectively; these findings are also
consistent with the RWI trends in this region (Fig. 3b). In the MP
regions, because sandy desertification is more sensitive to variations
in moisture conditions (Batjargal, 1996), and because of absences of
data in this study, correlations between the M and the RWI are
unavailable. However, our results show that variations in RWI and
the relative humidity average of all grids covering the MP are closely
related (p < 0.1) and are consistent with modern trends of sandy
desertification (Fig. 3c), as suggested in previous studies (e.g.,
Bayarjargal, et al., 2000). Therefore, based on the integrated analyses
of the RWI and its relationship to sandy desertification trends, his-
torical cycles of sandy desertification that occurred during the past
three centuries in the NCR, YRD, and MP can be reconstructed.

4. Results and discussion

Variations in the RWI of the MP, NCR, and YRD over the past
three centuries are shown in Fig. 4. Although the adjusted ring-
width index did not indicate the absolute amount of the radial
width of the tree rings, its variations indicated relative changes in



Fig. 4. Integrated tree ring-width index (RWI) records (black lines) and their decadally smoothed lines (red lines) in the MP (a), NCR (b), and the YRD (c) regions over the past three
centuries. Key phases of sandy desertification and reversals of desertification derived from RWI (historical records) are indicated by yellow and green shading (arrow), respectively.
The sandy desertification trends in the NCR region were after Ren and Xiao (1997). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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aeolian processes over time. Our results showed that the MP
experienced multiple sandy desertification cycles (Fig. 4a). Be-
tween the 1700s and 1910s, sandy desertification occurred from the
1730s to the 1750s and from the 1810s to the 1910s, while reversals
of desertification occurred from the 1750s to the 1770s and from
the 1780s to the 1810s. From the 1910s to the 2000s, reversal of
desertification generally occurred throughout the MP despite some
fluctuations.

From the 1700s to the 1860s, the NCR generally was subject to
sandy desertification despite short-term reversals of desertification
in the 1720s, from the 1740s to 1750s, and in the 1760s (Fig. 4b).
From the 1860s to the present, this region was dominated by
reversal of desertification, although some increased sandy desert-
ification occurred, particularly in the 1910s to the 1920s and the
1960s to the 1990s. Our reconstructed results have been well vali-
dated in previous studies. For instance, Ren and Xiao (1997) sug-
gested that sandy desertification occurred from 1837 to 1869 and
from 1901 to 1920 in the Horqin Desert of the NCR; and reversals of
desertificationmainly occurred from 1869 to 1901 and from 1971 to
1990. In general, the sandy desertification cycles indicated by RWI
records are highly consistent with these results; however, due to
the relatively low resolution of the sandy desertification evidence,
there are some slight inconsistencies in the reconstructed sandy
desertification cycles.

In the YRD, sandy desertification occurred primarily during the
1700s to the 1730s, the 1750s to the 1780s, and the 1810s to the
1850s (Fig. 4c). The sandy desertification processes were triggered
mainly by water shortages; this is evident because, compared with
the other periods, there were significant increases in famine events
during these periods (e.g., Yuan, 1994). Reversal of desertification
began after the 1860s and continued into the early 2000s, except
for the severe sandy desertification cycles occurring from the 1920s
to the 1930s, which were also recorded in previous studies (e.g.,
Liang et al., 2006). Our reconstructed results for the YRD were also
verified by other proxies. For instance, the Ordos Plateau of the YRD
suffered sandy desertification before 1730 and reverse of deserti-
fication from 1730 to 1985 (Yang and Zhang, 1997).

Themulti-tapermethod spectrumanalysis (MannandLees,1996)
of three integratedRWI records in theMP,NCR, andYRDof theperiod
from 1700 to 2000 is shown in Fig. S4. Several significant spectra
peaks are identified (p < 0.10) at 2.3, 4.3, and 40 years in the MP
(Fig. S4a); at 2.2, 3.2, and 4.2 years in the NCR (Fig. S4b); and at 2.6,
3.5, and 22e24 years in the YRD (Fig. S4c). The ManneKendall test
shows a significant (p < 0.05) increasing trend in RWI records of all
three regions over thepast three centuries,with significant (p<0.05)
discrepancies between the averages before and after the start years
of the abrupt change, possibly corresponding to the climate change
fromtheLittle IceAge (LIA) to theCurrentWarmPeriod (CWP). These
results confirm that most of the sandy desertification phases
occurred in the LIA and reversals of desertification occurred in CWP.
One possible reason for these sandy desertification cycles is that,
during the LIA, weakened summer monsoons and increased winter
monsoons resulted in lower precipitation (Chan and Li, 2004) and
increased aeolian processes (Ding et al., 1995), and, as a result, sandy
desertification occurred throughout most of arid, semiarid, and
semi-humid Asia (Ci and Yang, 2004). However, during the CWP,
enhanced summer monsoons and weakened winter monsoons
increased precipitation (Fu and Wen, 1999) and decreased aeolian
processes (e.g., Meehl et al., 1996), thus leading to reversals in
desertification.

Our reconstructed results show that, over the past three cen-
turies, there are differences in the temporal trends in the MP, NCR,
and YRD. For instance, the ManneKennall test shows that the
beginning of the abrupt change toward reversal of desertification
occurred in 1939 in the MP, 1886 in the NCR, and 1797 in the YRD.
Additionally, the MP experienced severe sandy desertification from
the 1800s to the 1900s, while the NCR and YRD experienced re-
versals of desertification during most of this period (Fig. 4). Some
studies (e.g., Mason et al., 2008; X. Wang et al., 2004a) suggest that
responses between the landscape evolution and climate change lag
in arid, semiarid, and semi-humid areas, and these lagged effects
vary from area to area. Overall, however, the mechanism to account
for the variations in temporal trends is poorly understood.

Previous studies (e.g., Cook et al., 2004, 2010) emphasize the
close relationships between tree-ring width indices and moisture
conditions. Because the dataset of this study consists of samples
taken in or around the arid, semiarid, semi-humid regions of East
Asia, the ring-width indices are indicative not only of the dryewet
relationship, but also illustrate significant responses to regional
aeolian processes, and help identify sandy desertification cycles.
Drawing on historical documents and archaeological records, S.
Wang (2000), and Hou et al. (2001) among others, were able to
identify sandy desertification and its reversal during certain his-
torical periods. Our reconstructed results provide an alternate
approach, which can be further refined in future studies, to iden-
tifying distinct sandy desertification cycles over the past three
centuries in arid, semiarid, and semi-humid regions of East Asia.

5. Conclusions

Based on a database of 39 tree-ring width chronologies and
their association with aeolian processes and historical sandy
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desertification evidence, we reconstructed sandy desertification
cycles over the past three centuries in regions representative of
arid, semiarid, and semi-humid East Asia. Our results show that the
MP experienced sandy desertification from the 1730s to the 1750s
and the 1810s to the 1910s; the NCR experienced sandy desertifi-
cation from the 1700s to the 1720s, the 1770s to the 1820s, and the
1830s to the 1860s; and the YRD experienced sandy desertification
generally in the 1700s to the 1730s, the 1750s to the 1780s, and the
1810s to the 1850s. Sandy desertification in these three areas over
the past 300 years appears closely related to weakened summer
monsoon and enhanced winter monsoons; the reversal of desert-
ification, to some degree, resulted from enhanced summer
monsoon and weakened winter monsoon. In addition, our recon-
structed results also show differences in the temporal trends of
sandy desertification in the MP, NCR, and YRD, the mechanisms
behind these differences needs to be addressed in future studies.
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