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Aridity trend and response to vegetation restoration
in the loess hilly region of northern Shaanxi Province
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Abstract: Detecting variation trend in dry-wet conditions can provide information for devel-
oping strategic measures to mitigate the impacts of global warming, particularly in dry regions.
Taking the hilly region of northern Shaanxi on the Loess Plateau as a case area, this study
analyzed the trend of aridity variation during 1981-2012, and explored the effect of vegetation
restoration promoted by the Grain-for-Green (GFG) program implemented in 1999. The re-
sults indicated that the aridity in the region was non-significantly increased by 0.88% per year
during 1981-2012, showing a drying trend. This drying trend and amplitude were changed by
the influence of vegetation restoration promoted by the GFG program, based on two findings.
The first one was that the aridity variation tended to increase during 1981-1999 while it turned
to decrease during 2000-2012, with the regional mean relative change rate changed from
2.45% to -1.06%. This distinction was more remarkable in the loess gully region, where the
vegetation was improved more obviously. The second one was that the mean vegetation
coverage as indicated by EVI increased by 0.90% to 4.32% per year at county level, while the
aridity decreased by 0.14% to 2.32% per year during 2000-2012. The regression analysis
using the mean county data indicated that the change rate of aridity was negatively related to
that of EVI with the coefficient of determination (R?) of 0.56, illustrating that around half of the
aridity decline was explained by the EVI change. The mechanism of this effect was compli-
cated, but it was found that the wind speed decline induced by the vegetation improvement
could be an important contributor. It is concluded that the region became drier during
1981-2012, but the eco-restoration reduced the drying speed. However, this conclusion is
involved in uncertainties, and further study based on experiments is needed to confirm the
effect of the GFG-promoted vegetation restoration.
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1 Introduction

Understanding variation trend of dry-wet conditions is important for developing strategic
measures to mitigate the impacts of global warming, particularly in dry regions that are short
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of available water and sensitive to moisture changes. Observations and numerous studies
have indicated the wide existence of temperature rising from local to global levels (IPCC,
2013; Huang et al., 2012), however many studies have showed that changing trend in
dry-wet condition varied among different regions. For instance, during the past 30-50 years,
climate was becoming wetter in Xinjiang (Pu et al., 2011) and the Tibet Plateau (Wu et al.,
2005), while it was becoming drier in Northeast China (Wang et al., 2008) and in Hebei
(Yang et al., 2009). These reflect that although temperature rising accelerates rate of evapo-
ration (ACIA, 2004; USGCRP, 2009), the climate is not accordingly becoming drier, as
variation of dry-wet condition is also affected by changes of other climatic factors such as
precipitation, solar radiation and wind speeds. In addition, human induced changes of land
cover disturb the land surface energy budget (Pielke et al., 2002), and thus affect the climate
(Marlanda et al., 2003; Dirmeyer et al., 2010; Mahmood et al., 2010; Yao et al., 2013; Xie
et al., 2014). Recent studies in China indicated that vegetation variations had an important
influence on the temperature and precipitation with the effect varying among different cli-
mate conditions (Ma et al., 2013; Ge et al., 2014).

Northern Shaanxi is located in the center of the Loess Plateau, with a semi-arid to
sub-humid climate and a vulnerable ecosystem. It is a region sensitive to global changes and
heavily affected by human activities during the past decades. Due to over-cultivation of
sloping land, the region is suffering from serious soil erosion. To promote the ecological
restoration, the Chinese government implemented the Grain-for-Green program (GFG) by
converting sloping farmland to forestland or grassland in 1999. Up to 2012, this program has
been implemented for 13 years, which has resulted in a great change in the land use and land
cover (Zhou et al., 2006), promoted the restoration of vegetation (Xin et al., 2009; Zhou et
al., 2009; Li et al., 2013; Liu et al., 2013), and alleviated the soil degradation (Wang et al.,
2005; Xu et al., 2011). These variations influenced significantly the relative humidity, wind
speed, and evapotranspiration (Shi et al., 2007; Han et al., 2009) as a result of changes in
the land surface roughness/albedo, soil moisture regime, and thus the land surface energy
balance (Zheng et al., 2002).

This study has two aims: the first is to detect variation trend of aridity during the past
three decades in the region, and the second is to explore the effect of vegetation restoration
by comparing the variation trend of annual aridity before and after the GFG, and by analyz-
ing the relationship between changes of aridity and vegetation cover during 2000-2012. The
vegetation cover was indicated by EVI (enhanced vegetation index), one of the widely used
vegetation indices (Du Plessis, 1999; Piao et al., 2006; Zhou et al., 2009; De Jong et al.,
2011). EVI is better than NDVI to reflect the vegetation cover and its variation (Rocha et al.,
2009; Potithep et al., 2010).

2 Data and methods
2.1 Study area

The study area (Figure 1, 36°09'N-39°35’N, 107°14'E-111°16'E) is a typical hilly region on
the Loess Plateau, next to Shanxi in the east, to Gansu and Ningxia in the west, and to the
Ordos Plateau in the north. It has an altitude between 385 m and 1911 m, with highly dis-
sected loess terrain. It includes three prefectural cities of Yulin, Yan’an and Tongchuan, con-
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sisting of 25 counties and 3 districts, with an area of about 8.4x10* km?. The mean annual
temperature is 8.24-13.06°C, decreasing from south to north. Annual precipitation is above
600 mm in the south, gradually decreasing to below 400 mm in the northwest. The precipi-
tation varies seasonally and annually, with more than 60% of the annual total falling in rainy
season of July-September and relative variation (CV) of 20%-30%.
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Figure 1 Location of the study area

2.2 Data sources and processing

Weather observation and MODIS data were collected. Daily meteorological data for 11 me-
teorological stations in the study area were obtained from the China Meteorological Data
Sharing Service System (http://cdc.cma.gov.cn), including precipitation, temperature, sun-
shine duration, wind speed, relative humidity, etc. The data had a time span of 33 years
(1981-2012) for 8 stations, and 13-24 years for Dingbian (1989-2012), Tongchuan (1981-
1999), and Yaoxian (2000-2012). The data records are generally good and completed, but
have some missing values and anomalies in few years, which were replaced by the mean
value of the same day. MODIS data (MODOQ9A1) for the period of 2000-2012 were
downloaded from the website of NASA LAADS (http://ladsweb.nascom.nasa.gov/data/
search.html). The data have a spatial resolution of 500x500 m and a time resolution of 8
days, which were corrected for atmospheric, aerosol scattering, molecular and cloudiness.
The EVI was calculated based on three bands of red (preq), blue (poise), and near infrared (ppir)
for each of the total 46 phase images per year, of which the maximum EVI in the growing
season from April to October was considered as the annual EV1 for individual pixel, with the
following equation (Huete et al., 2002):

EVI — 25X pnir _pred (1)
Prir T (prred _7'5Xpblue)+1
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2.3 Calculation of aridity

Aridity (K) is defined as a ratio of annual potential evapotranspiration (ET,) to annual pre-
cipitation (P): K = ETy/P. In which, ET, was calculated using Penman-Monteith equation
(Allen et al., 1998), a widely used method (Gong et al., 2006; Yin et al., 2008; Yin et al.,
2010; Liu et al., 2012). Solar radiation is not available and thus was calculated using Ang-
strom equation (Angstrom, 1924): R,= Rgx(a+ bxn/N), where R, and Rs are terrestrial sur-
face and extraterrestrial radiation, and n and N are observed and maximum possible daily
sunshine duration, respectively. The coefficients a and b were valued as 0.18 and 0.55, based
on Li et al. (2004) of the Loess Plateau.

2.4 Trend detection and change amplitude estimation

Mann-Kendall (MK) is used to detect the trend of annual aridity for 1981-2012, 1981-1999,
and 2000-2012. The MK is a non-parametric statistical test, to detect the presence of a
changing trend within a time series in the absence of any seasonal variation or other cycles
(Partal et al., 2006; Deano et al., 2008), and widely used in detecting variation trend of hy-
drologic and climatic factors (Hamed and Rao, 1998; Yue and Wang, 2002; Fan et al., 2012;
Ahani et al., 2013). This method treats the values of time data series, X1, X,..., X, as a random
sample of n independent and identically distributed variables. The trend was determined
according to the test statistic Z or S, as calculated with the following equations:

= n

ST santx - %) @)

-1 j-k+1

+1 (X —%)>0

sgn(X; — %) = (Xj —=%)=0 3
-1 (X; —%)<0
var(s) :% n(n-1)(2n +5)—Zq:tp(tp -1)(2t, +5) @)
p=1
S-1
—V—ar(S) S>0
Z= 0 S=0 (5)
S+1
—V—ar(S) S<0

where x; and x, are observations in the year j and k (j>k), respectively, and t is the extent of
any given tier and g is the number of tier.

When time series are less than 10 values, the S test is used (Gilbert, 1987), otherwise the
Z test. A positive value of Z or S indicates an increasing trend and a negative value a de-
creasing trend. If the absolute value, |Z| < Za2 at the a significance level, a null hypothesis
Hois accepted, i.e., the observations xi are randomly ordered without significant trend, oth-
erwise, the alternative hypothesis Hiis accepted, i.e., the observations x;are monotonically
and significantly increasing or decreasing (Gilbert, 1987; Sicard et al., 2010).
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Sen’s estimator, a consistent non-parametric estimator for the coefficient of a linear re-
gression (Sen, 1968) is used to estimate the slope (amplitude) of data series:

Q=

- fori=1,2,..,N (6)

Qunay2 N is odd

Qmed = (7)

1 :
E(QN/Z +Qun+zy2)  Niseven

where X; and x, are the observed data at j and k (j>k), respectively; N=n(n+1)/2, and Qmeq is
the median of Q;, i.e., the amplitude of annual changes, which can be transformed to relative
change rate (%) by dividing the mean value of the time series (Xmean), Qmed/ Xmean-100.

A program was developed using the matlab software, to calculate the test statistic Z and
the Sen’s slope Qmeq Of annual aridity for each of the 11 meteorological stations and the an-
nual EVI for each grid. The spatial distribution of Z and Qmeq Values for the aridity were
mapped using the inverse distance weighting method (IDW) with a spatial resolution of
500%500 m based on the point data at the 11 stations. A regression method was applied to
identify the relevance of EVI change to aridity change during 2000-2012, with the county
data obtained using ArcGIS statistical tools based on the Qmeg maps of aridity and EVI by
overlaying the county map.

3 Results analysis
3.1 Spatial variation of annual aridity

The long-term mean aridity during 1981-2012 was 1.08-2.85 for different stations (Table 1),
showing an increasing trend from south to northwest due to a decrease in precipitation (Fig-
ure 2). In the northwestern part, a transitional zone between the Loess Plateau and the Ordos
Plateau, aridity was above 2.0 and annual precipitation was mostly below 400 mm. In the
loess gully region covering Hequ, Yulin, Suide, Wugi and Yan’an, aridity ranged from 1.2 to
2.0 and annual precipitation was 400-600 mm. In the southern part, climate was relative
humid, with the aridity decreased to around 1.2 and the precipitation increased to 600-650
mm. Taking 2.0 of aridity index as the criterion for semi-arid and sub-humid climate (Yang
et al., 2002), northern Shaanxi mostly falls into the category of sub-humid climate except
the northwestern part that has a semi-arid climate.

Table 1 Mean and coefficient of variation (CV) of aridity during 1981-2012

Hequ Yulin Yanchi Dingbian Wugi Hengshan Suide Yan’an Luochuan Tongchuan Yaoxian

Aridity  1.66 189 285 2.56 1.28 2.25 1.95 1.23 1.08 1.07 1.38
Ccv 0.27 024 0.25 0.26 0.24 0.25 0.24 0.23 0.23 0.38 0.22

Note: Dingbian, 1989-2012; Tongchuan, 1981-1999; Yaoxian, 2000-2012

3.2 Trend of annual aridity

During 1981-2012, aridity varied markedly from year to year, with the coefficient of varia-
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Figure 2 Spatial distribution of mean aridity (a) and precipitation (mm) (b) during 1981-2012

tion (CV) ranging from 0.22 to 0.38 in the region (Table 1), and showed a non-significant
and slight increase trend at most stations except Yanchi, as indicated by the test statistic Z
and the slope Q values (Table 2). This increasing trend was more obvious during 1981-1999,
as the Z and Q values were much higher at most stations. At three stations of Hengshan,
Suide, and Yan’an in the gully region, the increasing trend was significant at the 0.1 and 0.05
significance levels (Table 2 and Figure 3). During 2000-2012 when the GFG has been im-
plemented, aridity showed an opposite trend, tending to non-significantly decline at more
than half of the stations, including Hequ, Hengshan, Suide, and Yan’an in the gully region.

Table 2 Test statistic Z and slope Q values at different stations during 1981-2012, 1981-1999 and 2000-2012,
respectively

. 1981-2012 1981-1999 2000—2012
Station

z Q z Q z Q
Hequ 1.09 0.011 0.84 0.023 -0.79 —-0.010
Yulin 0.96 0.007 1.26 0.023 0.43 0.010
Yanchi -0.02 —0.001 —0.49 —0.011 -0.31 —0.049
Dingbian na na na na -0.67 —0.050
Wugqi 0.92 0.006 0.84 0.014 0.06 0.005
Henshan 0.18 0.003 2.38* 0.052 -0.92 —0.067
Suide 0.96 0.009 1.82+ 0.040 —-1.65+ —-0.051
Yan’an 1.28 0.007 1.96+ 0.030 —-0.92 —-0.015
Luochuan 0.76 0.003 1.47 0.020 0.31 0.004

Tongchuan na na 1.61 0.021 na na
Yaoxian na na na na —-1.40 —-0.031

Note: + and *: significant at the 0.1 and 0.05 significance level, respectively. na: not available
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Figure 3 Spatial distribution of Z values during periods of 1981-2012 (a), 1981-1999 (b) and 2000-2012 (c)

At Yulin, Wugi and Luochuan stations, the variation tendency was not changed, but the Z
and Q values were markedly decreased compared to those during 1981-1999, showing a less
significance and a lower speed in the drying trend (Table 2).

3.3 Change rate in aridity

Figure 4 presents the spatial distribution of annual relative change rate in aridity for the three
periods. It can be seen that the change rate varied spatially and differed obviously among the
three periods. During 1981-2012 and 1981-1999, the annual change rate ranged from 0.0%
to 3.5% in the most part (above 94%), with the regional average of 0.88% and 2.45%, re-
spectively, indicating that the increasing rate was much higher during the first 19 years than
the whole period from 1981 to 2012. However, it turned to be negative, mostly between
-3.08% and 0.0%, with the regional average of -1.06% during 2000-2012. This aridity de-
cline was more apparent at Hengshan, Suide and Yan’an stations in the gully region, the key
area of the GFG program. At these three stations, the variation rate was between -3.08% and
-1.22%, while it was 3.06% to 3.54% during 1981-1999, showing a distinct change ten-
dency between the two periods before and after the GFG.

3.4 Vegetation restoration and its effects on the aridity

During 2000-2012, 96.8% of the study area showed an increasing trend in the EVI (Figure
5), and the mean increase rate for the whole region was 1.72% per year. In 64.2% of the
study area, mainly distributed in the gully region, the EVI was significantly increased at the
0.05 significance level (Z=1.96). This implied that the vegetation was markedly improved
in the most part since the implementation of the GFG. This improvement was mainly attrib-
uted to the GFG program, which was also recognized by several studies (Ma et al., 2009;
Xin et al., 2009; Zhou et al., 2009; Li et al., 2013; Liu et al., 2013).

The trend of EVI variation was opposite to that of aridity in most parts of the region. At
county level, the variation rate was 0.90% to 4.32% per year for EVI, while it was -0.14% to
-2.32% per year for aridity (excluding Luochuan with a value of 0.09%). The regression
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Figure 4 Spatial distribution of the relative change rate (%) during 1981-2012 (a), 1981-1999 (b) and 2000-2012 (c)
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Figure 5 Spatial distribution of the trend of EVI varia-
tion during 2000-2012

(Decreased significantly, Z<-1.96; decreased non-sig-
nificantly, —1.96<Z<0; increased significantly, Z=1.96;
increased non-significantly, 0<Z< 1.96)

analysis based on these county level data
indicated that the change amplitude of
aridity was significantly and negatively
related to that of EVI during 2000-2012
(Figure 6), with the coefficient of
determination (R?) of 0.56 (N=25, P<0.01).
This illustrated that around half of the arid
ity decline could be attributed to the effect
of vegetation restoration, implying that the
GFG program indirectly reduced the dry
ness and stimulated the improvement of
moisture condition in this hilly region.

The mechanism for this effect is com-
plicated and difficult to have a clear ex-
planation due to limited data available.
Previous studies show that climatic effects
of vegetation variation exist (Dirmeyer et
al., 2010; Mahmood et al., 2010), as it dis-
turbs the land surface energy budget
(Pielke et al., 2002), and thus affects the
local climate (Marlanda et al., 2003). Some
research in China found that forest expan-
sion caused changes in local temperature
and precipitation (Ma et al., 2013; Ge et al.,
2014), and significantly affected wind
speed (Shi et al., 2007; Zhou et al., 2011).

In this study, we analyzed correlations of annual precipitation, temperature and wind speed
with annual EVI, respectively, using the regional mean yearly data from 2000 to 2012, and
found that the first two had no relationship with EVI, but the mean and maximum wind
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speed had a negative relationship (Figure 7). This implied that the improvement of vegeta-
tion reduced the wind speed. During the 13 years, the annual mean wind speed showed a
significant decreasing trend at the <<0.05 significance level, with a change rate of -0.014
m/s (-0.65% of the annual mean) per year. This decrease could be partly contributed by the
improvement of vegetation. As an important factor affecting evapotranspiration (Gong et al.,
2006; Yin et al., 2010), wind speed decline could certainly cause a reduction in the
evapotranspiration, and thus resulted in a decrease of aridity.
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Figure 6 Regression relationship between relative change rates of aridity and EVI at county level

230 @ . 11.20 (b) y=-10.744x + 14.096
o 230 yE-21922x+29194 g 11.00 . B =057
3 R =0.4771 £.10.80 =13
8 225 8 . N=13
& N=13 o .
2 10.60
5 2.20 g
§ s £ 10.40
: é 10.20
§ 2.10 - 10.00
<
2.05 S 9.80 .
: 6

2.00 9.60
028 030 032 034 036 038 040 0.42 028 030 032 034 036 038 040 042
EVI EVI

Figure 7 Regression relationship of mean (a) and maximum (b) wind speed (m/s) with EVI during 2000-2012

4 Conclusions

This study analyzed the aridity trend of northern Shaanxi on the Loess Plateau during
1981-2012 and the effect of vegetation restoration promoted by the Grain-for-Green (GFG)
program implemented in 1999. It is found that: (1) the hilly region of northern Shaanxi on
the Loess Plateau tended to be drier during 1981-2012, with the regional mean aridity in-
creased by 0.88% per year. This finding is in accordance with a previous study result that
climate tended to be drier in the semi-arid regions of northern China including the Loess
Plateau during 1961-2006, although China as a whole tended to be wetter (Yin et al., 2009).
(2) The drying trend and amplitude in the region seem to be changed by the influence of
vegetation restoration promoted by the GFG program. This conclusion was based on the two
findings: the first one was that the aridity variation tended to increase during 1981-1999
while it turned to decrease during 2000-2012, with the regional average relative change rate
of 2.45% turned to -1.06%. This distinction was more remarkable in the loess gully region,
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where the vegetation was improved more obviously because it, as the key region for GFG
program, had much higher investment than other areas; the second one was that the change
rate of aridity during 2000-2012 was markedly related to that of EVI (R?*=0.56), illustrating
that the vegetation restoration had a positive effect on the regional moisture condition by
reducing the dryness.

To detect the influence of vegetation restoration on the aridity needs long-term data, the
GFG program has been implemented for only 13 years, so, the time span and data may not
be long enough for revealing the effect. For this reason, we used a comparison method by
comparing the difference in the aridity trend before and after the GFG and a regression ap-
proach by analyzing the relationship between change rates of aridity and EVI, to explore the
effect of vegetation restoration. The study results indicated that this comparison approach
was efficient in revealing the effect of vegetation restoration. A further study based on field
observations and experiments is needed to confirm this effect.
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