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Abstract: Human transformation of landscapes is pervasive and accelerating across the Earth.
However, existing studies have not provided a comprehensive picture of how precipitation frequency
and intensity respond to vegetation cover change. Therefore, this study took the Loess Plateau as a
typical example, and used satellite-based Normalized Difference Vegetation Index (NDVI) data and
daily gridded climatic variables to assess the responses of precipitation dynamics to human-induced
vegetation cover change. Results showed that the total precipitation amount exhibited little change at
the regional scale, showing an upward but statistically insignificant (p > 0.05) trend of 7.6 mm/decade
in the period 1982–2015. However, the frequency of precipitation with different intensities showed
large variations over most of the Loess Plateau. The number of rainy days (light, moderate, heavy,
very heavy and severe precipitation) increased in response to increased vegetation cover, especially
in the central-eastern Loess Plateau. Anthropogenic land cover change is largely responsible
for precipitation intensity changes. Additionally, this study also observed high spatially explicit
heterogeneity in different precipitation intensities in response to vegetation cover change across
the Loess Plateau. These findings provide some reference information for our understanding of
precipitation frequency and intensity changes in response to regional vegetation cover change in the
Loess Plateau.

Keywords: land use and land cover change; precipitation; remote sensing; afforestation;
The Loess Plateau

1. Introduction

Human transformation of landscapes is pervasive and is accelerating across the Earth [1–4].
Human activities have also strongly contributed, at least from the second half of the 19th century,
to global warming and to its consequences. In 2000, the term ‘Anthropocene’ was introduced just to
denote the present epoch, in which many conditions and processes of the Earth have been altered
by human activities, as well as to guide scientists and engineers toward environmentally sustainable
management [4,5]. In this context, it is important to better understand and quantify the anthropogenic
contributions to climatic and environmental changes. Especially, some typical case analyses are
more likely to improve our understanding of the effects of human activities on the climatic and
environmental changes.
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The Loess Plateau, one of China’s four plateaus, together with the Tibetan Plateau, the Inner
Mongolia Plateau and the Yun-Gui Plateau, is one of the most ecologically fragile regions in the world.
Unreasonable land use and severe soil erosion have limited the regional sustainable development of
the Loess Plateau and worsened its environment [6–10]. Since the year of 1999, the ‘Grain for Green’
(also regarded as ‘conversion from slope croplands to forests or grasslands’) project was carried out,
which evidently led to reductions in the area of slope croplands and the amount of soil erosion by means
of revegetation (e.g., afforestation and natural restoration) in the Loess Plateau [11,12]. Comparing land
use maps in 2000 and 2015, past satellite-based studies showed that the net amount of cultivated land
dropped across the entire Loess Plateau over the last 15 years [13,14]. Large-area afforestation was
shown to reduce runoff of the Loess Plateau due to increased evapotranspiration demand [15,16].
Annual runoff observed data from the Tongguan station showed that annual sediment load decreased
from 1.6 billion tons per year (average in 1950–1960) to less than 0.3 billion tons per year (average in
2000–2010) [12]. Increased vegetation cover plays the primary role in decreased soil erosion and
increased evapotranspiration [8,11]. Similar to most regions of the world, vegetation greening trends
are widely observed in the Loess Plateau over the past decade [17–19]. Earlier studies report that
climate change, land management, carbon dioxide concentration increase, and dry and wet atmospheric
depositions of nitrogen are regarded as the main reasons of vegetation greening trends at the global
and regional scales [18–20]. A previous study of ours showed that human activities contributed more
to the increase of vegetation cover in the Loess Plateau than climatic and other factors [18]. In the
context of climate change, extreme events are increasing worldwide [21–26], and the Loess Plateau
does not constitute an exception. Recently, extreme precipitation events in some regions of the Loess
Plateau, such as extreme precipitation events in Yan’an city (in July 2013) and Suide county of Yulin city
(on 26 July 2017 and in August 2018) [27,28] have severely threatened the safety of local people’s life
and property. However, whether human activities have potential relationships with these phenomena
is still unknown.

In recent years, vegetation cover change in the Loess Plateau has attracted high attention,
especially within the ecological and remote sensing communities [8,17,18,29,30]. Many previous
studies have focused on the biological and hydrological effects of vegetation cover change [8,30,31].
For example, Ouyang et al. (2016) reported that human-induced vegetation cover increase promoted
ecosystem services of the Loess Plateau, especially in carbon sequestration and soil conservation.
Fu et al. (2017) reported that increased vegetation cover reduced both runoff and sediment load
from the Loess Plateau. These studies have improved our understanding on how vegetation cover
change impacts carbon cycle, runoff and soil conservation. Additionally, there are some studies
paying more attention to the causes of vegetation cover change. For example, studies from Sun et al.
(2015) and Cao et al. (2018) employed long-term satellite-based Normalized Difference Vegetation
Index (NDVI) to investigate the impacts of human activities and climate change on vegetation cover
change and stated that human activities and climate change (precipitation and temperature changes)
evidently increased vegetation cover. However, the biophysical effects induced by increased vegetation
cover, in particular, the impact of vegetation cover change on precipitation, still remain poorly
understood [32,33]. Recent studies have discussed the regulating effect of vegetation cover change on
the regional temperature [33,34], but the effects on regional precipitation have rarely been reported.
Some studies indicate that precipitation response to vegetation cover change is often ignored by
observation-based analyses [16,24]. Currently, there is rarely a clear and comprehensive picture of the
relationship between precipitation dynamics and vegetation cover change, especially when different
precipitation frequency and intensity are taken into account. This limits our understanding of the
interaction between precipitation and vegetation cover changes.

Therefore, the objectives of this study are (1) to analyze land use and land cover change (LUCC)
over the past three decades and its corresponding driving factors; (2) to investigate long-term
(1982–2015) precipitation frequency and intensity changes; and (3) to clarify the relationships between
precipitation frequency/intensity changes and LUCC; and attempt to explain their potential reasons.
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2. Materials and Methods

2.1. Study Area

The Loess Plateau is located in northern China, covering an area of ~62.4 × 104 km2. There are
~108 million people living in the Loess Plateau [11]. The region is primarily dominated by a semi-arid
continental monsoon climate with annual mean air temperature ranging from 0 to 13 ◦C and annual
mean precipitation gradually decreasing from ~700 mm in the southeast to ~50 mm in the northwestern
Loess Plateau [35]. The study area includes six natural zones, and these are: (I) the Loess gully region;
(II) the irrigation region; (III) the sand and desert regions; (IV) the Loess hilly and gully regions; (V) the
valley plain region and (VI) the earth-rock mountain region (Figure 1).
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Figure 1. Location of the Loess Plateau and its digital elevation model (DEM). The Loess Plateau covers
six natural zones, including (I) the Loess gully region; (II) the irrigation region; (III) the sand and
desert regions; (IV) the Loess hilly and gully regions; (V) the valley plain region and (VI) the earth-rock
mountain region.

2.2. Data and Processing

Data used in this study covered the third-generation Global Inventory Modeling and Mapping
Studies (GIMMS3g) NDVI, daily gridded climatic variables (precipitation, air temperature and solar
radiation), land use and land cover data and the digital elevation model (DEM).

The 15-day GIMMS3g NDVI data with the 1/12-degree spatial resolution, covering the 1982–2015
period, were collected from NASA Earth Exchange (NEX). GIMMS3g NDVI data were assembled from
different AVHRR sensors onboard several NOAA satellites. Corrections were made to harmonize the
different sensors and physical conditions, including the effects of latitudinal variations and calibration
loss in the solar zenith angles due to volcanic eruptions and orbital drift [36]. The data were widely
used to investigate global environmental changes [37–39]. Certainly, the noise induced by cloud
contamination and poor atmospheric conditions is inevitable in remote sensing data. Previous studies
have suggested that the modified Savitzky-Golay (mSG) filter has more robust ability in reconstructing
a high-quality NDVI [40,41]. To allow more accurate assessment of vegetation cover change, this study
first used the mSG filter with smoothing window size of 2m + 1 (m is a parameter here, and m = 4) and
quartic polynomial to smooth all GIMMS3g NDVI data [37]. By using the maximum value composite
technique [42], 15-day GIMMS3g NDVI were then aggregated to monthly data, as shown in the
following equation.

NDVIi = max(NDVIai, NDVIbi) (1)
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where, NDVIi is the ith month NDVI; NDVIai and NDVIbi represent NDVI in the first half and the
second half of ith month, respectively. Finally, based on monthly NDVI and the maximum value
composite technique, this study obtained maximum NDVI of each year. Annual maximum NDVI
values were used in the final analyses.

Daily gridded precipitation and temperature data with the resolution of 0.25◦ longitude by 0.25◦

latitude for the period of 1982–2015 were collected form National Meteorological Administration
of China (CMA). The gridded data were derived from the records of 2416 meteorological stations
(termed as CN05.1) [43]. Thin-plate smoothing splines (ANUSPLIN, a widely used meteorological
interpolation technique) method [44], as well as DEM, as the covariate was used for the gridded
interpolation [24]. The detailed steps of interpolation are described in some previous references [43,45].
The number of the observed stations of CN05.1 data is significantly greater than the 751 freely shared
basic meteorological stations. Theoretically, CN05.1 data thus have a more robust performance due to
employing a larger number of meteorological stations, and therefore they were used in the present
study. Daily gridded ERA-interim solar radiation data were collected form the European Centre
for Medium-Range Weather Forecasts (ECMWF) [46]. To match the spatial resolution of GIMMS3g
NDVI, the datasets of daily climatic factors were first interpolated into 1/12 degree by using the
ANUSPLIN method in combination with NASA Shuttle Radar Topographic Mission (SRTM) DEM as
the concomitant variation.

The 1-km spatial resolution land use data in 1990, 2000 and 2010 derived from Landsat TM/ETM+,
OLI and HJ-1 sensors were collected from Data Center for Resources and Environmental Sciences,
Chinese Academy of Sciences [13]. These datasets and related methods were widely used for related
studies of China’s land use [13,47–51].

2.3. Statistical Analyses

The overlay analysis, allowing users to perform an analysis of multiple inputs, was used to
investigate land use change in two different periods (1990–1999 and 2000–2010).

By using the pixel-based residual analysis method, human-induced NDVI was separated from
satellite-based NDVI [18]. Specifically, the equation is listed as follows [52].

NDVIr = NDVI − NDVIc (2)

where NDVIr, NDVI and NDVIc are human-induced NDVI, satellite-based NDVI and climate-based
NDVI, respectively. Please note that estimation of NDVIc plays the most important role in the above
equation. Thus, this study first computed contributions of climatic variables on NDVI. As our recent
study stated [18], this study also separated the entire period into two key periods (before and after
the year 1999) in view of large-area applications of ecological engineering (the ‘Grain for Green’
project) since 1999 in the study area. By using satellite-based NDVI and assembled climatic variables
for the period of 1982–1999 at the pixel scale, the study introduced the climate-based NDVI model,
as Equation (3) shows. A recent study [18] reported that the assembled climatic variables could
make the climate-based NDVI model more robust. Thus, by using the methods of Liu et al. (2018),
this study calculated the assembled monthly temperature (Ta), assembled monthly precipitation (Pa)
and assembled monthly solar radiation (Ra).

NDVIc = p0 + p1Ta + p2Pa + p3Ra (3)

where, p0, p1, p2 and p3 are the regression coefficients. Specifically, this study employed the least
square method to derive the regression coefficients of each pixel with the help of Matlab tools [18,37].
In addition, then, this study used these regression coefficients obtained from the period of 1982–1999,
as well as the assembled monthly climatic variables in 2000–2015 to compute annual climate-based
NDVI in the second period after the year 1999. Finally, based on the annual satellite-based NDVI
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and annual climate-based NDVI for the period of 2000–2015, human-induced NDVI of each year was
derived according to Equation (2).

A frequency analysis was used to count days with different precipitation intensities in each
year. Traditionally, light, moderate, heavy, very heavy and severe precipitation are defined as daily
precipitation amounts greater than 0.1, 10, 25, 50 and 100 mm, respectively (Table 1). In particular, heavy,
very heavy and severe precipitation are usually regarded as extreme events [53,54]. The Theil-Sen
estimator, which is a robust trend analysis method based on non-parametric statistics [55,56], was used
to spatially compute the precipitation trend for each intensity category. The significance is computed
by using the Mann-Kendall nonparametric statistical method [35]. A significant difference is attained
when the observed p-value is less than 0.05 (the significance level). Conversely, when the p-value is
greater than 0.05, the difference is of no statistical significance. The Pearson correlation (r) was used to
explain the relationships of different precipitation intensities and LUCC. The corresponding significant
difference (p < 0.05) was also computed based on the nonparametric statistical method.

Table 1. Classifications of precipitation intensities and their corresponding daily precipitation
amount (P24h).

Classification Daily Precipitation Amount (mm)

No precipitation P24h < 0.1
Light precipitation 0.1 ≤ P24h < 10

Moderate precipitation 10 ≤ P24h < 25
Heavy precipitation 25 ≤ P24h < 50

Very heavy precipitation 50 ≤ P24h < 100
Severe precipitation P24h ≥ 100

3. Results

3.1. Land Use Change and Its Major Driving Factors

Figure 2 shows the major land use changes, with the overall change area being greater than 0.5% of
the entire study area during the period 1990–1999 and the period of 2000–2010. Before the year 2000,
the increase in croplands (+0.29% of all pixels, and similarly thereafter) and urban and built-up land
(+0.15%), and the decrease in barren or sparsely vegetated (−0.2%), grasslands (−0.16%), forests
(−0.04%) and water bodies (−0.04%) were major land use changes in the Loess Plateau. Particularly,
conversion from grasslands to croplands was the major land use change type in the Loess Plateau,
accounting for 0.67% of entire study area. These were mainly located in Ningxia Province of western
Loess Plateau. Certainly, there were also some small-area conversions from grasslands to croplands
scattered across the entire Loess Plateau. After the year 2000, larger land use changes were observed
across the entire Loess Plateau, but these land use conversions were very fragmented (Figure 2b).
The increase in forests (+0.71%) and urban and built-up land (+0.50%) and the decrease in croplands
(−0.71%), barren or sparsely vegetated lands (−0.32%), and grasslands (−0.22%) were major land
use dynamics in the Loess Plateau. Specifically, in the land use dynamic process, conversion from
croplands to grasslands and conversion from grasslands to croplands were major land use change types,
accounting for 1.52% and 1.51% of the entire study area, respectively. The second were conversion from
grasslands to forests, conversion from barren or sparsely vegetated lands to grasslands, and conversion
from croplands to forests, accounting for 0.74%, 0.73% and 0.57%, respectively. One can see that land
conservation dominated land use dynamics in the context of the ‘Grain for Green’ project [11,57].
In addition, there are also some regions with grassland degeneration (0.47%, mainly located in the
northwestern Loess Plateau; the Mu Us Sandy Land). Please note that urban expansion mainly
occupied croplands around urban and build-up land (0.40%).
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Figure 2. Major land use changes, with overall change area being greater than 0.5% of the entire study
area during the periods 1990–1999 (a) and 2000–2010 (b). C2F represents conversion from croplands
to forests; C2G represents conversion from croplands to grasslands; G2C represents conversion from
grasslands to croplands; G2F represents conversion from grasslands to forests; and B2G represents
conversion from barren or sparsely vegetated land to grasslands.

3.2. Anthropogenic Contributions to Land Cover Change

To clarify the contributions of anthropogenic land use change, we used a climate-based NDVI
model to derive climate-based NDVI. Figure 3a–g show the long-term trends of satellite-based NDVI
and climate-based NDVI in six different natural zones and entire Loess Plateau. For the entire Loess
Plateau (Figure 3g), satellite-based NDVI presented a very significant upward trend, with a slope of
0.022/decade during the period 1982–2015 (p < 0.05). However, a significant trend was not observed in
the climate-based NDVI, which only showed a very weak upward trend, with a slope of 0.001/decade
for the corresponding period (p > 0.05). It is worth noting that the change curves of satellite-based
NDVI and climate-based NDVI showed a large difference after 2006, suggesting that anthropogenic
contributions started to have good effects for the increase of vegetation cover. Similarly, in six natural
zones, anthropogenic contributions all showed positive effects for the increase of vegetation cover,
but satellite-based NDVI and climate-based NDVI exhibited different trends. Trends of climate-based
NDVI in six natural zones turned out to be statistically insignificant (p > 0.05). Also, we noted that
the irrigation region, the sand and desert regions and the earth-rock mountain region even showed
negative trends, with slopes of −0.005/decade, −0.004/decade, and −0.0004/decade, respectively
(p > 0.05). In contrast, the satellite-based NDVI of six natural zones all displayed very significant
upward trends (p < 0.05). Among them, the increased trend of satellite-based NDVI in the loess hilly
and gully regions (0.036/decade, p < 0.05) was evidently greater than those in the other five regions.
Particularly, anthropogenic contributions in the Loess hilly and gully regions made NDVI increase by
~0.15 over the last five years. The valley plain region displayed the weakest upward trend, with a slope
of 0.011/decade (p < 0.05), and the lowest anthropogenic contribution to the increase of NDVI (<0.05).
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Figure 3. Trends of satellite-based observed NDVI (RS) and climate-derived NDVI (CL) during the
period 1982–2015. Green shaded area represents human-induced NDVI, of which subfigures (a) the
Loess gully region; (b) the irrigation region; (c) the sand and desert regions; (d) the Loess hilly and
gully regions; (e) the valley plain region; (f) the earth-rock mountain region and (g) entire Loess Plateau
present trends of RS and CL NDVI in each corresponding region, respectively. The symbol * represents
the significance at the 95% statistical level (p < 0.05).

3.3. Frequency Changes of Different Precipitation Intensities

In the past three decades, averaged annual precipitation of the entire Loess Plateau was
420 ± 50 mm, and annual precipitation remained a relatively stable trend (slope of 7.6 mm/decade,
R2 = 0.03, p > 0.05). Yet annual fluctuations in precipitation were evidently observed. The total
precipitation amount had little change at the regional scale, but the frequency of different precipitation
intensities and spatially distinct patterns showed large variations. Figure 4 shows spatially distinct
distributions, long-term trends and the corresponding significance of different precipitation intensities.
Days of no precipitation (or, to be more precise, with daily precipitation lower than 0.1 mm) gradually
increased from the southern and eastern (~170 days) to the northwestern Loess Plateau (~250 days).
In the southern and northwestern Loess Plateau, days of no precipitation exhibited significantly
increased trends, with slopes greater than ~10 days/decade (p < 0.05). However, a significantly
decreasing trend was observed in most regions of the eastern Loess Plateau. Please note that the
decreasing trend was greater than 10 days/decade (p < 0.05) in some regions of the Loess hilly and
gully regions. In contrast, light precipitation with a daily precipitation amount ranging from 0.1 to
10 mm exhibited the opposite spatially distinct patterns and trends to no precipitation. Moderate
precipitation, heavy precipitation, very heavy precipitation and severe precipitation all exhibited
decreased days from the southeastern to the northwestern Loess Plateau, but their corresponding
trends evidently exhibited spatial differences. It is worth noting that increased days of different
precipitation intensities were mostly observed in the central-eastern Loess Plateau. For example,
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moderate precipitation showed significantly increased days in the central Loess hilly and gully regions
of the Loess Plateau, with trends of 1 days/decade (p < 0.05). Heavy precipitation showed increased
days in the eastern Loess gully region and the western earth-rock mountain region of the Loess Plateau,
with trends of 5 days/100a (100a represents a hundred years in this study). Very heavy precipitation,
defined as daily precipitation ranging from 50 to 100 mm, showed increased days in the central Loess
Plateau, with trends of 5 days/100a. This represents an increase in days of severe precipitation of
1 day/100a, but most of these were not significant at the 0.05 statistical level.

Remote Sens. 2018, 10, x FOR PEER REVIEW  8 of 14 

 

mostly observed in the central-eastern Loess Plateau. For example, moderate precipitation showed 
significantly increased days in the central Loess hilly and gully regions of the Loess Plateau, with 
trends of 1 days/decade (p < 0.05). Heavy precipitation showed increased days in the eastern Loess 
gully region and the western earth-rock mountain region of the Loess Plateau, with trends of 5 
days/100a (100a represents a hundred years in this study). Very heavy precipitation, defined as daily 
precipitation ranging from 50 to 100 mm, showed increased days in the central Loess Plateau, with 
trends of 5 days/100a. This represents an increase in days of severe precipitation of 1 day/100a, but 
most of these were not significant at the 0.05 statistical level. 

 
Figure 4. Changes of different precipitation (P.) intensities during the period 1982–2015. (a–c) No P. 
is no precipitation (or, to be more precise, daily precipitation lower than 0.1 mm); (d–f) daily 
precipitation ranging [0.1, 10) mm represents light precipitation; (g–i) daily precipitation ranging  
[10, 25) mm represents moderate precipitation; (j–l) daily precipitation ranging [25, 50) mm represents 
heavy precipitation; (m–o) daily precipitation ranging [50, 100) mm represents very heavy 
precipitation; and (p–r) daily precipitation greater than 100 mm represent severe precipitation, 
respectively. Sig. is the significance level, and N.S. is no significance at the 0.05 statistical level. 

Figure 4. Changes of different precipitation (P.) intensities during the period 1982–2015. (a–c) No P. is
no precipitation (or, to be more precise, daily precipitation lower than 0.1 mm); (d–f) daily precipitation
ranging [0.1, 10) mm represents light precipitation; (g–i) daily precipitation ranging [10, 25) mm
represents moderate precipitation; (j–l) daily precipitation ranging [25, 50) mm represents heavy
precipitation; (m–o) daily precipitation ranging [50, 100) mm represents very heavy precipitation;
and (p–r) daily precipitation greater than 100 mm represent severe precipitation, respectively. Sig. is
the significance level, and N.S. is no significance at the 0.05 statistical level.
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3.4. Relationships between Precipitation Intensity Changes and LUCC

This study further investigated the correlations between different precipitation intensity changes
and human-induced land cover change (Figure 5). Days of no precipitation and NDVImax were
significantly correlated in 45.5% of regions of the Loess Plateau (p < 0.05), of which 37.8% of regions
showed significant negative correlations, with r values of −0.485 ± 0.089 (p < 0.05), and 7.7% of
regions significant positive correlations, with r values of 0.493 ± 0.103 (p < 0.05). In contrast, days
of light precipitation and NDVImax exhibited the opposite correlation patterns. 33.0% of regions
showed significant positive correlations, with r values of 0.470 ± 0.084 (p < 0.05), and 9.0% of regions
showed significant negative correlations, with r values of −0.493 ± 0.104 (p < 0.05). Significant positive
correlations between days of moderate precipitation and NDVImax, with r values of 0.443 ± 0.077
(p < 0.05), were mainly found in the northern and southwestern Loess Plateau, accounting for 20.0% of
all pixels. Significant positive correlations between days of heavy precipitation and NDVImax, with r
values of 0.415 ± 0.060 (p < 0.05), were mainly found in the central Loess Plateau, accounting for 12.8%
of all pixels. Compared to the first four correlations, Figure 5e,f also show relatively high r, with values
of 0.409 ± 0.067 and 0.404 ± 0.045 (p < 0.05), but only in relatively small-area regions, accounting for
6.4% for very heavy precipitation and 0.9% for severe precipitation.
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4. Discussion

4.1. Precipitation in Relation to Warming Air and Increasing Evapotranspiration

The warming global air temperature could widen land-sea thermal contrast, and further enhance
general atmospheric circulation [58,59]. This could speed up the water cycle at the global and regional
scale, and could alter precipitation patterns and trends [54]. Warming air temperatures could improve
the ability of the atmosphere to store water [60,61]. IPCC reports indicate that if the air temperature
increases by 1 ◦C, the ability of the atmosphere to store water will likely increase by ~5%. Therefore,
warming climate could increase either precipitation frequency or precipitation intensity, or perhaps
both. In addition to the impact of the general atmospheric circulation, our study suggests that
increased evapotranspiration induced by increased vegetation cover is also responsible for changes of
precipitation patterns and trends. Previous studies have consistently indicated that increased vegetation
cover evidently increases the amount of evapotranspiration, although the impacts of human-induced
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vegetation cover change on soil moisture dynamics in the Loess Plateau are still disputed [15,16,62]. It is
undeniable that increased evapotranspiration induced by high vegetation cover makes a substantial
contribution to the increase of water vapor in the atmosphere. In theory, water phase change from
land surface water to atmospheric water vapor needs to soak up abundant heat from the surrounding
air. When humid air rises to the condensation level, water vapor starts to condense into droplets
or ice crystals, and also forms clouds. In the process of cloud formation, water phase change from
water vapor to droplets or ice crystals can release heat, which warms the surrounding air. At the same
time, warming air can rise again. The aforementioned processes are repeated again. The repeated
processes provide more energy for the formation of extreme precipitation events. Certainly, if there is
not enough humid air supply, the aforementioned processes will be significantly weakened. Conversely,
however, increased evapotranspiration induced by high vegetation cover provides sufficient humid air
supply [16,32,63]. Therefore, increased evapotranspiration induced by high vegetation cover, along with
warming air temperature, could drive the formation of extreme precipitation events, to some extent.

4.2. Interactions between Land Cover Change and Precipitation Dynamics

Our analyses highlight that anthropogenic contributions dominate the significant upward
trends of NDVI compared to climatic contributions. In the Loess Plateau, the ‘Grain for Green’
project has played an important role in the increase of forests and the decrease of slope croplands.
Land conservation policies have allowed more local people to transfer abundant cultivated land from
some regions with a slope greater than 25◦ to the nearby gentle slope regions and valleys. These land
use policies and ecological engineering approaches are mainly responsible for the land greening in
this region.

Previous studies have focused more on the responses of vegetation cover change to precipitation
dynamics and the impacts of climate change on precipitation [16,20,64]. Distinct from these studies, our
study investigates the relationships between different precipitation intensity changes and vegetation
cover change, and highlights the analysis of the impact of vegetation cover change on precipitation
dynamics. This study observes that annual precipitation amount of the entire Loess Plateau remains a
relatively stable or weak increased trend in the fluctuations, with a slope of 7.6 mm/decade (R2 = 0.03,
p > 0.05), suggesting a weak impact of vegetation cover change on annual total precipitation amount.
Interestingly, this finding is also confirmed by a previous model-based study, which reports that
increased vegetation cover change and increase forest area have an insignificantly positive effect on
precipitation of North China [16]. However, it is worth noting that our study finds that human-induced
vegetation cover change significantly alters precipitation frequency in most of the Loess Plateau,
although there are some differences with regard to different precipitation intensities in various
regions. Vegetation cover change regulating the regional hydrological cycle is likely responsible
for this phenomenon [8,16]. These findings could greatly enrich our understanding of interactions
between vegetation cover change and precipitation dynamics in the Loess Plateau.

4.3. Importance and Limitations of This Study

An expanded ‘Grain for Green’ project could be an effective way of reducing soil erosion and
carbon dioxide emission [6,8,11]. Yet, the findings of our study suggest that we should consider
the biophysical feedback of abundant revegetation (especially in the feedback of precipitation
dynamics), thereby maximizing ecological, climatic and socio-economical service values. From this
viewpoint, the findings of this study could have crucial policy implications. As previous studies have
stated, continued expansion of revegetation could cause more harm than good to communities and
environments [6,11].

Certainly, there are some limitations to this study. For example, the study only investigates
the impacts of human-induced land surface vegetation cover change on precipitation intensity and
frequency changes. It is undeniable that the distance from the sea, topography, general atmospheric
circulation, atmospheric pressure, wind zone, monsoon, ocean current, greenhouse gases and aerosol
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change also play very important roles in regulating precipitation dynamics at global and regional
scales. As we know, precipitation is a complex process. Further studies need to comprehensively
consider precipitation intensity and frequency changes in response to more driving factors. They will
also be valuable for understanding the non-linear relationships and feedbacks between vegetation
and precipitation. In addition, precipitation feedbacks from vegetation greening may have altered
precipitation, either locally or remotely, in downwind regions. However, this study only presents
the feedback at the pixel scale. Thus, a regional- or larger-scale study could further improve our
understanding for the feedbacks between precipitation and vegetation greening in depth. Also, a series
of more comprehensive and process-based modeling studies are highly imperative, and will help us
deeply understand the mechanism in the impacts of LUCC on precipitation events.

5. Conclusions

Satellite-based data can greatly assist in the monitoring of large-area anthropogenic landscape
changes, and in analyzing the effects of human activities on climatic and environmental changes.
In this study, by using GIMMS3g NDVI data and daily gridded precipitation, the potential responses
of precipitation dynamics to human-induced vegetation cover change in the Loess Plateau were
investigated. The present study showed that precipitation frequency is increasing in most of the
Loess Plateau. In most regions with revegetation, significant negative correlations between days of
no precipitation and NDVImax suggest that increased vegetation cover was largely responsible for
the precipitation frequency change. Significant positive correlations between increased vegetation
cover and increased light, moderate, heavy, very heavy, severe precipitation were spatially observed,
and their corresponding areas accounted for 33%, 20%, 12.8%, 6.4% and 1% of the entire Loess Plateau,
respectively. These findings highlight that anthropogenic land use change is largely responsible for
changes of precipitation frequency and intensity over the Loess Plateau. This study only provides
some preliminary findings, which could be, however, helpful for improving our understanding of
precipitation frequency and intensity change in response to regional vegetation cover change in the
Loess Plateau. Importantly, these findings could provide some valuable information for decision
makers in sectors of watershed management, agricultural management and disaster prevention.
Furthermore, these preliminary findings also imply that further studies with the help of global/regional
climate models, as well as dynamic vegetation models, will be very useful in improving our
understanding of the biophysical effects of regional vegetation cover change.
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