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ABSTRACT

This study examines the expansion of drylands and regidinate change in northern China by analyzing the variations
in aridity index (Al), surface air temperature (SAT), prgitation and potential evapotranspiration (PET) from 1628008.
It is found that the drylands of northern China have expardetarkably in the last 61 years. The area of drylands of the
last 15 years (1994—2008) is6B x 10° km? (12%) larger than that in the period 1948—-62. The boundamyrgiinds has
extended eastward over Northeast China by abdwff Zongitude and by about’lof latitude to the south along the middle-
to-lower reaches of the Yellow River. A zonal band of expansf semi-arid regions has occurred, stretching from weste
Heilongjiang Province to southern Gansu Province, whilftsto the east of semi-arid regions in dry subhumid regizase
also occurred. Results show that the aridity trend of digdan northern China is highly correlated with the long-térend
of precipitation and PET, and the expansion of semi-ariébregplays a dominant role in the areal extent of drylandscivh
is nearly 10 times larger than that in arid and subhumid regio
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1. Introduction combination of climatic variability and imprudent land use
Drvlands are areas where precipitation is scarce and t&&" adversely alter the region’s climate (Nicholson, 2011)
y precip P~ Recent research has revealed that drying trends over dry-

ically unpredic_:table, a}nd_can be divided into _four S'Ubtypelsands under global warming can be detected from both obser-
hyper-arid, arid, semi-arid, and dry subhumid areas. Dryf'}\tions and model simulations (Ma and Fu, 2006, 2007; Fu

lands cover about 41% of Earth’s land surface, are home i o :
about 35% of the world’s population, and have some of theéoal" 2008; Overpeck and Udall, 2010; Dai, 2013), and in

highest levels of poverty (GLP, 2005; Millennium Ecosysterﬁzﬁ)snesv\'/?]i::hhece;r:egé 6;:3 igli/eedmt)(/) Obfoc:ﬁsgirg;?'gﬁazmieg; d
Assessment, 2005; Mortimore, 2009). Drylands are charac- ' 9

. : . uman activities (Sun, 2000; Wang et al., 2003; Yang et al.,
terized by a dry climate and a low nutrition content and Wat%'bOS' Wang et al., 2006). An important consequence of the
conservation capacity of soil. The ecosystems of drylands "’ g N ' b q

-~ : exI[i)ansion of drylands is desertification, which is a central
are vulnerable and sensitive to climate change and hun?sasue for sustainable development (Reynolds et al., 2007)
activities (Dietz et al., 2004; Reynolds et al., 2007; Reed P y \ )

al., 2012). Feng and Fu (2013) showed that global drylan Qreover, the loss of vegetation cover _may_exacerbate the
have expanded in the last 60 years, and will continue to éxm_pggts (.)f drought, and mcreas-ed aridity will promote the
pand in the 21st century. Expansions of drylands have atdir(rancopmzat'on of dust, further Ieang to frequent dust ster

ergmatmg from dust source regions (Wang et al., 2008k Th

consequence for desertification, defined as land degradal . .
effect of dust aerosols on climate over drylands will become

n arid, Sem""f‘”d an_d dry_sub_humlq areas resulting frorm Vahore evident (Huang et al., 2010; Xi and Sokolik, 2012;
ious factors, including climatic variations and human\acti

. . . ) .. . Huang, 2013). Therefore, research has been conducted on the

ities [United Nations Convention to Combat Desertification ) . )

~Impact of dust aerosols on climate in northern China by us-

(UNCCD), 1994]. Some form of severe land degradation . ) )
. . i ..~ 1ng satellite observations (Huang et al., 2007, 2010; Chen e

is present in 10%—20% of drylands, a figure that is likel .

to expand substantially in the face of climate change al  2010), ground-based measurements (Huang et al., 2008;
P y ge aid g et al., 2010: Bi et al., 2011; Wang et al., 2013b, 2014),

population growth (Reynolds et al., 2007). In drylands, thaend model simulations (Chen et al., 2013).

As we know, climatic fluctuations and human misman-
* Corresponding author: HUANG Jianping agement could initiate the process of desertification aed ev
Email: hjp@Izu.edu.cn a long-term degradation of the environment. Knowledge of
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how climate change and human activities will affect the exileton and Thomas, 1997; Mortimore, 2009). PET represents
tent of drylands is essential for the protection and proptire evaporative demand of the atmosphere. It is calculated b
management of these regions, in order to maintain drylartite Penman—Monteith algorithm (Maidment, 1993), which
as sustainable resources (Reynolds et al., 2007; Mortimadreludes the effects of temperature, humidity, solar réala
2009; Nicholson, 2011). Although globally drylands have aand wind. This algorithm is superior to other formulations,
ready been investigated by many studies (e.g. Hulme, 19981ich usually only consider the effect of temperature (Dono
Seager et al., 2007; Feng and Fu, 2013), only a few studrese et al., 2010; Dai, 2011; Feng and Fu, 2013).
have focused on the regional climate of drylands in East,Asia
especially northern China. For example, Ma and Fu (20 Data
and Ma and Dan (2005) studied climate change over drylands The monthly mean surface air temperature (SAT) and pre-
in northern China, demonstrating that the aridity trend hagpitation datasets from 1948 to 2008 developed by the Cli-
been further aggravated. Aridification has intensified overate Prediction Center (CPC) are used in this study (Chen
Northeast China due to regional climate changes relatedetoal., 2002; Fan and van den Dool, 2008). The datasets are
global warming as well as the anthropogenic effects of tigdobally gridded at (° x 0.5° resolution. To calculate PET
rapid development of the social economy and the expansigging the Penman—Monteith algorithm, SAT, specific humid-
of urbanization (Fu et al., 2008). The subsequent expansity) solar radiation and wind speed are needed. Owing to the
of drylands will cause an increase in the population afféctscarcity of observations for specific humidity, solar raidia
by water scarcity and land degradation. and wind speed, the datasets of these quantities are from the
In this paper, we examine the expansion of drylands ®lobal Land Data Assimilation System (GLDAS) (Rodell et
northern China and the regional climate variability ovey-dr al., 2004) starting from 1948. The resolution of the data is
lands by analyzing datasets of aridity index, surface airte 0.5° x 0.5°. The data of global surface vegetation types are
perature, precipitation, and potential evapotranspirdtiom from satellite Moderate Resolution Imaging Spectroradiom
1948 to 2008, and try to explain the possible reasons for ttez (MODIS) observations [ISLSCP 1l MODIS (Collection 4,
expansion. The methods and data used in this study are 2@10) IGBP Land Cover].
scribed in section 2, and results regarding dryland expansi
and climate change over drylands are presented in sections
3 and 4, respectively. Further discussion and a summary &e Results

provided in section 5. 3.1. Expansion of drylandsin northern China

The distribution of drylands, including the individual

2. Methods and data components in northern China for 1961-90 climatology, as
S identified by the two considered definitions of Al and annual
2.1, Aridity indices precipitation, are shown in Figs. 1a and b. The area of dry-

Aridity refers to the dryness of the atmosphere, whidand defined by Al (Fig. 1a) is smaller than that defined by
is essentially a climatic phenomenon that is based on avannual precipitation (Fig. 1b). The hyper-arid and arid re-
age climatic conditions over a region (Agnew and Andersogions match well, and the main differences are over serdi-ari
1992). Numerous numerical indices have been proposedattd subhumid regions. In northeastern Inner Mongolia and
quantify the degree of climatic dryness at a given locationost of Heilongjiang, the classification is subhumid based o
[see the review of aridity indices by Stadler (2005)]. Howannual precipitation, while itis humid based on Al. Aridisy
ever, there is a lack of agreement over the approaches uaddnction of the interplay between temperature, predipita
to delineate the exact boundaries between lands of differiand evaporation. The use of annual precipitation as an index
aridity. of aridity ignores the importance of temperature and evapo-

The simplest aridity index is based solely on precipitaation; therefore, the classification of drylands based on A
tion. A commonly used rainfall-based definition is that dryis more reasonable and reliable, and is used in the following
lands receive less than 600 mm of precipitation per year, amdalyses.
can be further divided into hyper-arid (annual precipdati As shown in Fig. 1a, semi-arid regions dominate the
<50 mm), arid (50 mmannual precipitation<200 mm), coverage of drylands, which are distributed in a northeast—
semi-arid (200 mmx annual precipitatiorc400 mm), and northwest zonal band, covering most of Inner Mongolia,
dry subhumid (400 mraannual precipitatiort600 mm) re- Hebei, northern Shaanxi, Ningxia, central Gansu, Qinghai
gions. and Tibet. There are also some small areas over Junggar

Aridity index (Al) is defined as the ratio of annual precipBasin and Tianshan Mountains. The total area of semi-arid
itation to annual potential evapotranspiration (PET), akhi regions is 214 x 10° km?, and these regions are mainly cov-
is a quantitative indicator of the degree of water deficiengred by grassland (Fig. 1¢). The hyper-arid regions maicly o
at a given location. Drylands are regions with AD.65, cur in Northwest China, mostly covering Xinjiang Province,
which are further divided into hyper-arid (A£0.05), arid some parts of Gansu, Qinghaiand Tibet, and the northwestern
(0.05<AI<0.2), semi-arid (0.2 Al <0.5), and dry subhumid edge of Inner Mongolia. The arid regions surround the hyper-
(or subhumid for simplicity) (0.&5AI<0.65) regions (Mid- arid regions and extend eastward to central Inner Mongolia.
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total and individual components over China have been ex-
panding during the last 61 years, except for the hyper-arid r
gions. Among those components, the expansion of semi-arid
regions is the fastest, byDl1x 106 km? (10 yr)~1, which
is about 10 times faster than those of arid and dry subhumid
regions [0013x 10° and 0017 x 10° km? (10 yr) %, respec-
tively]. However, the hyper-arid regions have shrunk dligh
from 1948 to 2008, at a rate of change ©D.002x 10°
km? (10 yr)"1. In summary, the total dryland area has
been expanding rapidly by D2 x 10° km? (10 yr)~1, driven
mainly by the rapid expansion of semi-arid regions.

We also compare the areas of drylands in northern China
in the last 15 years (1994-2008) with those in the earliest 15
years of the time series of the datasets (1948-62). All the
components of drylands expanded except for the hyper-arid
regions, and the expansion of semi-arid regions in northern
China is very significant. The drylands in northern China
have increased in units of $&m? by 0.06 for arid, 0.63
for semi-arid, and 0.03 for dry subhumid regions, relatve t
1948-62 (Table 1). These increases correspond to relative
increases of 4%, 33% and 3%, respectively. Note that the
expansion of semi-arid regions is the most severe during the
last 61 years, which is more than 10 times larger than those in

Snow/Ice

the other two regions. On the contrary, the area of hypek-ari
Baren regions has decreased by00x 10° km? (6%). The aver-

. ; . 2 L age area of all drylands of the last 15 years (1994-2008) is
80°E 90°E 100°E 110°E 120°E 130°E 6.07 x 10° km?, which is 065 x 10° km? (12%) larger than

Fig. 1. Distribution of drylands in northern China for 1961-90 that for 1948_62_‘
climatology based on (a) Al and (b) annual precipitation gmm __ 1€ boundaries of areal change of drylands from 1948
versus (c) corresponding surface vegetation types from MOD 62 t0 1994-2008 show that the expansion of drylands mainly

observations. occurs over Northeast China and the middle-to-lower resche
of the Yellow River (see Fig. 3). In Northeast China, dryland

The hyper-arid and arid regions are dominated by barrenexpanded eastward dramatically by abdubdRlongitude, es-
sparsely vegetated land. Moreover, the dry subhumid fgecially over the northwest of Inner Mongolia, and the arfea o
gions only distribute in a narrow band along the southesxpansion is almost equivalent to the entire area of Liagnin
edge of the semi-arid regions, where the MODIS surface veRrovince. A few patches in southern Heilongjiang Province
etation types are grassland and cropland (Liu et al., 2013a)
The areas of hyper-arid, arid and dry subhumid regions arc 7
1.06 x 10°, 1.42 x 10° and 100 x 10° km?, respectively.
Hence, the total area of drylands i$3x 10° km? in north- 6f
ern China. The derived spatial distribution of drylandgy(Fi
1a) generally matches well with the surface vegetationgype ~°|
over those regions from MODIS observations (Fig. 1c). How- £ ,|
ever, there is no exact match between the dryland subtype°
and the surface vegetation types. For example, barren ar
grassland may occur in different areas of the same drylan
subtype (i.e. arid); grassland even occurs in three diftere
dryland subtypes of arid, semi-arid and subhumid regions |
The presence of different surface vegetation types in eac
dryland subtype demonstrates that vegetation speciesndsp 0
not only to the overall moisture deficit but also to other en-
vironmental variables, such as soils, geomorphologicdl an

landscape features (Safriel and Adeel, 2005). Fig. 2. Temporal variations in areal coverage of drylands in

The temporal variations of dryland areas in northernnporthern China for the total and individual components iftsun
China, including the total and individual components of of 10 km2. Thick lines are 15-yr smoothed to emphasize the
hyper-arid, arid, semi-arid and dry subhumid regions areclimate change. Solid lines are the fit to the data of the totell
shown in Fig. 2. It can be seen that the drylands for theindividual component of drylands.
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Table 1. Areal changes of drylands in northern China for the total
and individual components of hyper-arid, arid, semi-andl ary
subhumid regions from 1948-62 to 1994—2008, in units 6fkiH?.

Area

Hyper-arid Arid Semi-arid Subhumid Drylands

1948-62 112 1.35 193 1.02 5.42 AtoHA
1994-2008 1.05 1.41 2.56 1.05 6.07
Difference -0.07 0.06 0.63 0.03 0.65
Relative
difference(%) —6% 4%  33% 3% 12% SHtoH

SAto SH

1948-62
50°N F m—— 1994-2008

AtoSA

HAto A

40°N

Fig. 4. Changes in coverage to (a) drier types and (b) wetter
types for 1994-2008 relative to 1961-90. H, SH, SA, A, and
HA represent humid, subhumid, semi-arid, arid and hypiek-ar
respectively.
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Fig. 3. The boundaries of areal change of drylands from 1948-arid to semi-arid regions can be seen to have mainly occurred
62 (green) to 1994-2008 (red). over central Tibet and in small patches on the edge of Jung-
gar Basin. Moreover, the coverage of the retreat of serdi-ari
and Liaodong Peninsula turned into drylands in the last {8ubhumid) to subhumid (humid) is even smaller and scat-
years. In addition, over the middle-to-lower reaches of thiered. Itis clear that the areas with reduced aridity arehmuc
Yellow River, drylands expanded southward by abcubfl smaller than those with intensified aridity (Fig. 4b).
latitude. In central Shaanxi Province in particular, the ex The total area of drylands has increased 50« 10
pansion reaches af latitude. The Shandong Peninsula hasm? between 1948-62 and 1994—2008 (Table 1). The con-
also turned into dryland in the last 15 years. The southwetibutions of different type transitions to the areal chang
ern boundary of drylands has remained relatively statignahave been calculated (Table 2). The area of hyper-arid re-
so the expansion is not obvious in the west between 194@ons has reduced by.@5x 10° km?. This change has
62 and 1994-2008. This result is consistent with a previotyso components, including the expansion of arid to hyper-
study by Ma et al. (2005), which shows that there is a trend affid regions (049x 10° km?) and the retreat of hyper-arid
the boundaries moving eastward or southward in the last 1carid regions (@14 x 10° km?). Hyper-arid is already the
years, and the trend is particularly pronounced for the atdiest type, so it can only expand from and retreat to wet-
and semi-arid boundaries during the last 50 years. ter type, which is arid. For the other components of dry-
Figure 4a shows the changes in coverage to drier tygesds, four situations have to be taken into account, since
for the last 15 years relative to 1961-90 climatology. hoth expansion and retreat have two transitions from/terdri
can be seen that the expansion of semi-arid regions occaimsl wetter types, respectively. For example, the arealgghan
over Northeast China, which shows a zonal band stretchigtysemi-arid regions is .625x 10° km? between 1948—62
from western Heilongjiang, Jilin and eastern Inner Mongoliand 1994-2008, calculated by considering two aspects. One
across most of Hebei, Shanxi and Shaanxi, and then to so@pect is the expansion of the two transitions from arid to
ern Gansu. Major expansions of dry subhumid regions has@mi-arid regions (from drier type,. @2x 10° km?) and
also occurred over Northeast China, to the east of semi-alidm subhumid/humid to semi-arid regions (from wetter type
regions, including western Heilongjiang, Jilin and Liaugi 0.638x 10° km?); and the other is the retreat, which also in-
and a large coverage in northeast Inner Mongolia. The extudes two transitions from semi-arid to arid regions (tedr
pansions of arid and hyper-arid regions are relatively kmatpe, Q084 x 10° km?) and from semi-arid to subhumid re-
and have mainly occurred in a narrow zonal band across c@iens (to wetter type, 021x 10° km?). The net expansion is
tral Inner Mongolia and on the western edge of the Kunluhen simply the total expansion minus the total retreatatt ¢
mountains, respectively. The expansion of drylands is noba seen that the expansion of semi-arid regions is verysgver
universal trend; some regions have experienced dryland eentributed mostly by the transitions from wetter type.(i.e
treat, suggesting they are getting wetter. As Fig. 4b shawssubhumid/humid). Note that the areal change of the expan-
retreat of hyper-arid to arid regions has occurred on thegdgion from subhumid/humid to semi-arid regions is 30 times
of the Tarim Basin and Tianshan Mountains, and a retreatlafger than that of the retreat from semi-arid to subhumid re
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Table 2. The contributions of different type transitions to the &nges between 1948-62 and 1994—2008, unifskas.

Areas (16 km?)

Arid to hyper-arid Semi-arid to arid Subhumid/humid to searid Humid to subhumid Drier land
0.049 0.084 0.638 0.606 1.377

Hyper-arid to arid Arid to semi-arid Semi-arid to subhumid ub8umid to humid Wetter land
0.114 0.092 0.021 0.047 0.274

gions. In addition, humid regions became drier and can evaln, 2011; Liu et al., 2013b; Wang et al., 2013a) that inves-
directly turn into semi-arid regions, which have contrémlit tigated the spatial and temporal variations of preciptatn
0.087 x 10° km? to the expansion of semi-arid regions. AllChina by using precipitation data from large amounts of me-
of these results indicate that aridity has intensified dtamaeorological stations. The temperature has increasedgluri
cally. Using the same method, the net expansions of arid ahé past 61 years over most of the drylands, except for sev-
subhumid regions are@7x 10° km? and 0029x 10° km?, eral small patches (Fig. 5b). Huang et al. (2012) examined

respectively. SAT trends and found that the warming trend was particu-
] larly enhanced over semi-arid regions. Ji et al. (2014htnt
3.2. Climate change over drylands supported this result by using the spatiotemporal multiim

We also analyzed the climate variations over the esional ensemble empirical mode decomposition (MEEMD)
panded drylands according to the boundary of drylands farethod. In summary, the trend of aridity is enhanced in
1994-2008. The spatial distributions of trends of Al, SAThorthern China, resulting from decreasing precipitatiod a
precipitation and PET are shown in Fig. 5. Al shows a posicreasing temperature in most of the areas in northernaChin
itive trend in the region to the west of 1@ and a negative which leads to the expansion of drylands.
trend to the east of 10& (Fig. 5a). Al decreases signif-
icantly over the eastern drylands, and the trend rate of Al . :
can reach-0.06 (10 yr) ! along the edge of drylands (e.g.ﬁ' Summary and discussion
in Hebei Province and northeast Inner Mongolia). This is the In this paper, we analyze the areal changes of drylands
result of decreasing precipitation and increasing PET theer in terms of Al, and the regional climate variability in north
eastern drylands. The strong negative trend of Al in the eash China, using historical records of SAT, precipitationl a
of northern China can lead to type transitions to drier typeBET from 1948 to 2008. The results indicate that semi-arid
like the transition from humid to subhumid, or even to semiegions dominate the coverage of drylands, which disteibut
arid, thus further resulting in the expansion of dryland®-P in a northeast—northwest zonal band, covering most of Inner
cipitation shows a “wet-west—dry-east” pattern over the ekMongolia, Hebei, Shanxi, northern Shaanxi, Ningxia, cantr
panded drylands, but even a slight increase in precipitatio Gansu, Qinghai and Tibet. The changes in precipitation pat-
the west cannot significantly mitigate the drought stresd, aterns and increase of PET have led to an increase in aridity
the decreasing trend can reacd0 mm (10 yry* in Hebei under global warming, and thus the expansion of drylands in
Province (Fig. 5c). The results are consistent with previorthern China in the last 61 years. The total area of dry-
ous studies (Gong et al., 2004; Zhai et al., 2005; Zhanglahds of the last 15 years is8% x 10° km? (12%) larger than

1

(b) SAT
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Fig. 5. Spatial distributions of trends of (a) Al [(10 yr}], (b) SAT [°C (10 yr) 1], (c) precipitation [mm (10 yry1],
and (d) PET [mm (10 yr)!] over the expanded drylands.
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