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Abstract: Global greening and its relationship with climate change remain the hot topics in recent
years, and are of critical importance for understanding the interactions between the terrestrial
ecosystem carbon cycle and the climate system. China, especially north China, has contributed a
lot to global greening during the past few decades. As a water-limited ecosystem, human activities,
not precipitation amount, were thought as the main contributor to the greening of north China.
Considering the importance of precipitation event characteristics (PEC) in the altered precipitation
regimes, we integrated long-term normalized difference vegetation index (NDVI) and meteorological
datasets to reveal the role of precipitation regimes, especially PECs, on vegetation growth across
temperate grasslands in north China. Accompanied with a significantly decreased growing season
precipitation (GSP), NDVI increased significantly in the largest area of the temperate grasslands
during 1982–2015, i.e., greening. We found that 28.44% of the area was explained by PECs, including
more heavy or extreme precipitation events, alleviated extreme drought, and fewer light events,
while only 0.92% of the area was associated with GSP. NDVI did not always increase over the 30 years
and there was a decrease during 1996–2005. Taking afforestation projects in desertified lands into
account, we found that precipitation, mainly PECs, explained more the increase and decline of NDVI
during 1982–1995 and 1996–2005, respectively, while an equivalent explanatory power of precipitation
and afforestation projects to the increase in NDVI after 2005. Our study indicates a possible higher
productivity under future precipitation regime scenario (e.g., fewer but larger precipitation events)
or intensive afforestation activity, implying more carbon sequestration or livestock production of
temperate steppe in the future.

Keywords: NDVI; greening; growing season precipitation (GSP); precipitation event characteristics
(PEC); afforestation projects; temperate grasslands in north China

1. Introduction

Dramatic climate change has significantly affected vegetation growth during the past
few decades. Global—or at least regional—greening has been observed with vegetation
indexes [1–8]. Greening is closely related to carbon sequestration and thus possibly relieves
global warming. Arid and semi-arid regions (mainly grasslands) were thought as one of
the largest contributors to the temporal variability of carbon sequestration [9], which was
also the largest sources of uncertainty for modeling community. Therefore, to quantify
and narrow the modeling uncertainty of the carbon sink function, it is vital to clarify
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the spatio-temporal patterns of vegetation growth and its influencing factors in arid and
semi-arid regions.

Precipitation is one of the most important climatic factors in determining the vegetation
growth of grasslands [10–15]. However, temporal models reported a weakened sensitivity
of productivity to precipitation [16–20], and it has been reported that greening was found
even without the increase in precipitation [21]. Notably, precipitation in most previous
studies refers to annual precipitation amount, while precipitation event characteristics
(PEC), also one of the most important forecasts of precipitation regimes in the future
by IPCC, have rarely been evaluated. Actually, studies have already clarified the roles
that PECs may play in temporal dynamics of productivity. For example, it is reported
that less frequent but larger precipitation events (an important projection of PECs in arid
regions) may result in higher productivity in arid grasslands but a lower productivity
in humid grasslands [22–24]. A ‘Bucket Model’ was then formed to explain the effects
of PECs on productivity [25]. With the same amount of precipitation, less frequent but
larger precipitation events indicate that the soil water bucket will reach to an above-
average level after the larger rain pulses but a below-average level during the longer
precipitation intervals, which exert different impacts on vegetation in arid and humid
grasslands. According to the above-mentioned manipulative rainfall experiments at several
grassland stations, there are reasons to believe that PECs will make sense to the regional
greening or browning in grasslands, but we still lack analysis based on observed records.
As precipitation deluge and extreme drought tend to exert increasing effects on human
wellbeing [26–28], it is urgent to quantify to what extent PECs will influence grasslands’
productivity dynamics.

The effects of precipitation on greening or browning may be modulated by anthro-
pogenic factors, for example afforestation and land use changes [5,29–31]. It was reported
that the greening in China or the increased carbon sequestration in Asian terrestrial ecosys-
tems after 1999 were primarily attributed to the implementation of extensive ecological
restoration programs [32–35]. Afforestation is one of the most important methods of ecolog-
ical programs to control land desertification in north China, e.g., Three-North Shelter Forest
Program, the Beijing-Tianjin Sand Source Control Project, and Returning Grazing Land
to Grassland Project, which increased vegetation cover and thus greening. Most studies
quantify the effects of anthropogenic factors on greening through residual errors, in which
the unexplained residual of climate (mainly annual precipitation amount and temperature)
was ascribed to anthropogenic factors [29,36,37]. However, it may overestimate the effects
of anthropogenic factors with this method; we need to use direct verification or rethink if
there are other possibilities, e.g., unexpected environmental factors such as PECs.

China is one of the leading countries in global greening, especially in north China,
where precipitation dominate the temporal patterns of vegetation growth and afforestation
projects located. Therefore, we investigated the year-by-year changes of vegetation growth
and their underlying forces (precipitation and afforestation) in temperate grasslands of
the Inner Mongolia Plateau based on the normalized difference vegetation Index (NDVI)
datasets and daily precipitation records during 1982–2015. The specific objectives of
this study were to address the following three questions: (1) whether it is greening or
browning during the past several decades in terms of year-by-year changes of NDVI;
(2) how precipitation regimes, i.e., annual precipitation amount and different aspects of
precipitation event characteristics, affect the year-by-year changes of vegetation growth;
(3) to what extent afforestation affects greening or browning.

2. Materials and Methods
2.1. Study Area

The study area is the temperate grasslands on the Inner Mongolia Plateau (Figure 1a,b),
which accounts for more than one-third of grassland area in China. The mean annual
precipitation (MAP) of temperate grasslands decreases from 450 mm in northeast to 50 mm
in southwest, with 80% falls in the growing season (May to August). The mean annual
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temperature (MAT) of temperate grasslands ranges from −3 to 9 ◦C, and the altitude of the
temperate grasslands is between 1000 and 2500 m above sea level (Figure 1c). Along the
precipitation gradient, the soil types shift from chernozem, chestnut, and meadow soil to
brown calcium soil [38]. The vegetation types include meadow, typical, and desert steppes
with gradually decreasing biomass and biodiversity. The meadow steppe is dominated
by Stipa baicalensis, Leymus chinensis, Filifolium sibiricum, and Stipa grandis. The typical
steppe is dominated by S. grandis, L. chinensis, S. krylovii, Cleistogenes squarrosa, Agropyron
cristatum, Artemisia frigida, and Caragana microphylla. The dominant species of desert steppe
include Stipa klemenzii, Agropyron desertorum, Stipa gobica, Cleistogenes songorica, A. frigida,
and Salsola collina [14].
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Figure 1. Location (a), land cover/use type (b), and elevation (c) of the study area.

2.2. Data Sources

NDVI data are from Global Inventory Modeling and Mapping Studies (GIMMS_NDVI,
8 × 8 km, 15 days, 1982–2015). The maximum NDVI data, obtained through the maximum
value composite (MVC) method [39] from 24 images in the same year and mostly appear-
ing in August, were used to examine the relationships between vegetation growth and
precipitation regimes.

Daily precipitation records of 160 stations over 34 years (1982–2015) were obtained
from the China Meteorological Data Service Center website (http://data.cma.cn/en) (ac-
cessed on 5 June 2023). We excluded the stations that are located in urban areas and those
with missing records.

Land cover/use data and digital elevation model (DEM) data were obtained from
Resource and Environmental Science Data Center of the Chinese Academy of Sciences
(http://www.resdc.cn) (accessed on 5 June 2023). Land cover/use data were extracted from
Landsat TM/ETM remote sensing images and generated by manual visual interpretation.
DEM data were derived from the Shuttle Radar Topography Mission (SRTM), which has the
advantages of being realistic, freely available, and widely used for environmental analysis.

Desertified land distribution dataset in the year of 1975, 1990, 2000, 2005, and 2015
was from National Earth System Science Data Center, National Science & Technology
Infrastructure of China (1 × 1 km, http://www.geodata.cn) (accessed on 5 June 2023),

http://data.cma.cn/en
http://www.resdc.cn
http://www.geodata.cn
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which is extracted from Landsat series image data by human–computer interaction, and
accuracy rate is more than 90% compared with ground observation and survey. Due to the
lack of continuous yearly data, we used those of adjacent years for a rough match, e.g., data
from 1975 and 1990 were used to characterize desertification of 1982 and 1995, respectively.

2.3. Data Analysis

Considering the representativeness, we took the mean value of NDVI in a buffer with
the radius of 15 km as the NDVI of corresponding meteorological station.

Based on the precipitation records of each station in the growing season (May to
August), PECs are defined and calculated as follows: (1) amount of light, moderate, and
heavy precipitation events, which is the cumulative amount of precipitation events of
<5 mm, 5–10 mm, and >10 mm, respectively; (2) amount of heavy events in different in-
tensities, which is the cumulative amount of precipitation events of 10–20 mm, 20–40 mm,
and >40 mm, respectively; (3) mean size of individual precipitation events, calculated as
the ratio of annual precipitation amount to the number of precipitation events; (4) annual
precipitation frequency and frequency of light, moderate, and heavy precipitation events,
which is the number of annual precipitation events and precipitation events of < 5 mm,
5–10 mm, and >10 mm, respectively; (5) frequency of extreme events, in which extreme
event is defined as daily precipitation amount exceeding the 99th percentile for the entire
34-year historical records; (6) averaged precipitation interval, in which precipitation interval
is the consecutive dry spells between adjacent precipitation events, and averaged precipi-
tation interval is the total days of precipitation interval divided by annual precipitation
frequency; (7) frequency and total amount of extreme drought, in which extreme drought is
precipitation interval exceeding the 99th percentile for the entire 34-year historical records,
and then the frequency and total days of extreme drought are calculated. Note that pre-
cipitation events occurring in a day were counted as a single event in this study. Due to
the co-linear relation between precipitation amount and precipitation event characteristics,
each precipitation event characteristic was divided by growing season precipitation (GSP).

Although there are many afforestation projects in our study area, it is hard to clearly
identify all the locations and boundaries. Desertified lands were the main regions where
afforestation projects were initiated. As there are ca. 70 yrs of history of desertification con-
trol by afforestation in China, the location of afforestation projects in desertified lands was
relatively easy to evaluate. We calculated two desertification statuses, i.e., desertification
mitigation and intensification, to quantify the effects of afforestation in desertified lands on
year-by-year changes of NDVI. Compared with the previous period, we regarded the weak-
ening and disappearance of desertification as desertification mitigation (i.e., afforestation in
desertified lands), and the aggravation and emergence of desertification as desertification
intensification. In order to match the corresponding NDVI, we took the desertification
status of the most area within the radius of 15 km as the desertification status for each
meteorological station.

According to the ecological mechanisms, we first evaluate the effects of different
indicators of PECs on NDVI in arid or relatively humid regions. For instance, shortened
intervals, and thus relieved drought, facilitate the increased NDVI in these arid grasslands.
Additionally, according to the bucket model, the decreased frequency and increased size
of precipitation will lead to greening, while it may not hold true in relatively humid
regions (e.g., GSP > 400 mm). At the sites with greening (significant increase in NDVI),
we take PECs and desertification status into account to determine the driving forces. If
the effects of PECs (no matter the size, interval, frequency, or amount) are significant and
the desertification mitigates, the greening is influenced by both PECs and afforestation.
PECs are considered to be the main drivers of greening if they contribute significantly
to greening but the desertification intensifies. If the greening is not remarkably related
to PECs while the desertification mitigates, afforestation is thought as the key factor for
greening. Finally, if the effects of PECs are not evident in the area where desertification is
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intensified, other factors (e.g., CO2 fertilization, nitrogen deposition, global warming) may
dominate the greening.

2.4. Statistical Analysis

We firstly test whether the yearly NDVI, GSP, and PECs have a normal distribution.
Most of the observation stations are normally distributed, and only the normal distributed
stations were taken in this study.

The simple linear regression model based on the least-squares method was used for
the trend analysis of NDVI, GSP, and PECs. A positive slope indicates an upward trend,
while a negative slope indicates a downward trend. When the p-value of the slope is less
than 0.05, the trend is statistically significant. The NDVI, GSP, and PECs were three-year
moving averages to eliminate random fluctuations. The turning points were obtained based
on the trend of NDVI, and the significance test of slopes of three periods was conducted by
“smatr” package in R software. The results showed that the slopes of regressions between
NDVI and years were significantly different among various periods (p < 0.05). The turning
points of GSP and PECs were evaluated by that of NDVI.

Pearson correlation coefficients were used to detect the correlation between NDVI and
GSP or PECs for each station. For each station, the dominant factor that decided the increase
in NDVI was those with the highest positive correlation coefficients and meanwhile an
upward trend for the factor per se, and vice versa.

3. Results
3.1. Interannual Variations of NDVI

Our results showed that NDVI presented a significant increase (R2 = 0.59, p < 0.001,
slope = 0.020 10yr−1, Figure 2) during 1982–2015 in most stations (109 of 160 stations,
Figure 3a), i.e., greening. However, it did not always increase over the 30 years. NDVI
slightly increased (87 stations, Figure 3c) by 0.03456 10yr−1 (R2 = 0.84, p < 0.001) during
1982–1995, then decreased (56 stations, Figure 3e) by −0.0217 10yr−1 (R2 = 0.56, p < 0.05)
until 2006, and finally increased with a steeper slope of 0.088 10yr−1 (103 stations, Figure 3g)
afterwards (R2 = 0.87, p < 0.001, Figure 2). The slopes of the NDVI–year relationship were
significantly different among the three periods (p < 0.05).
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Inner Mongolia Plateau, China. Note: R2, p-value and slopes are for the entire period.
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3.2. Interannual Variations of Precipitation Regimes

At the same period, there was a significant decrease in growing season precipitation
(43 of 160 stations, Figure 3b) at a rate of 0.98 mm yr−1 during 1982–2015 (R2 = 0.16,
p < 0.05). According to the turning points of NDVI, GSP only significantly increased
(45 stations, Figure 3h) during 2006–2015 (R2 = 0.41, p < 0.001, slope = 4.99 mm yr−1), and
with insignificant changes during the 1982–1995 and 1996–2005.

PECs, another important part of precipitation regimes, showed more obvious changes
in temperate grasslands of Inner Mongolia (Table 1). Our results suggested that during
1982–2015, annual amount of heavy precipitation events (>10 mm) tended to increase, while
that of moderate precipitation events (5–10 mm) decreased significantly (p < 0.05). On
the other hand, precipitation frequency tended to decrease while frequency of heavy and
extreme precipitation events tended to increase, leading to a more extended precipitation
interval between two consecutive events and a significant larger mean size of individual
precipitation events (p < 0.05).

Table 1. Interannual variations of precipitation event characteristics in temperate grasslands on the
Inner Mongolia Plateau, China.

Precipitation Event Characteristics 1982–2015 1982–1995 1996–2005 2006–2015

Precipitation
intensity

Amount of <5 mm rainfall events (light) + - + -
Amount of 5–10 mm rainfall events (moderate) - - + -

Amount of 10–20 mm rainfall events + - + -
Amount of 20–40 mm rainfall events + + - +
Amount of >40 mm rainfall events + + - +

Amount of >10 mm rainfall events (heavy) + + - +
Mean size of individual precipitation events + + + -

Mean size of light events + - + -
Mean size of moderate events + - + -

Mean size of heavy events + - + -

Precipitation
frequency

Annual precipitation frequency - - + -
Frequency of <5 mm events (light) - - + -

Frequency of 5–10 mm events (moderate) - - + -
Frequency of >10 mm events (heavy) + + + -

Frequency of extreme events + + - +

Precipitation
interval

Averaged precipitation interval + - + -
Frequency of extreme drought + + + -
Total days of extreme droughts + + + -

Note: ‘+’ and ‘-’ represent upward and downward trend in varied periods. Red signal means that trend is
statistically significant (p < 0.05).

During 1982–1995, PECs tended to be larger in size but fewer in number in the whole
temperate grasslands (Table 1). Meanwhile, it was obvious that heavy precipitation events
(>10 mm) increased in both total amount and frequency, especially events with an intensity
above 20 mm. Conversely, light (<5 mm) and moderate precipitation events (5–10 mm)
in the study area increased significantly (p < 0.05) accompanied with decreased extreme
precipitation events (p < 0.05) during 1996–2005. After that, the trends of most PECs were
opposite to before, but without statistical significance (p > 0.05).

3.3. Effects of Precipitation Regimes on Year-by-Year Changes of NDVI

Aspects of precipitation regimes had varied effects on the increase in NDVI. During
1982–2015, NDVI increased with decreased GSP (Figure 3a,b), while only 0.92% of stations
with increased NDVI experienced significant increased GSP (Table 2), implying that a
significant increase in GSP was not significantly associated with that of NDVI. Interestingly,
we found that approximately 28.44% of stations (31 of 109 stations) with increased NDVI
was affected by PEC, including positive influence of larger events (heavy and extreme
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precipitation events) (19.27%, 21 of 109 stations), alleviated extreme drought, and declined
light events (8.26%, 9 of 109 stations) (Table 2).

Table 2. The ratio (number) of stations where precipitation regimes lead the year-by-year changes of
NDVI in temperate grasslands on the Inner Mongolia Plateau, China.

Relationships
between

Precipitation
Regimes and

NDVI

Year-by-Year
Changes of

Precipitation
Regimes

1982–2015 1982–1995 (P1) 1996–2005 (P2) 2006–2015 (P3)

Ratio
(Number)

Correlation
Coefficient

Ratio
(Number)

Correlation
Coefficient

Ratio
(Number)

Correlation
Coefficient

Ratio
(Number)

Correlation
Coefficient

Positive

Increased GSP
(decreased in P2) 0.92 (1) 0.66 8.05 (7) 0.65 ± 0.1 5.36 (3) 0.75 ± 0.09 6.8 (7) 0.7 ± 0.09

Increased heavy
events both in
frequency and

amount
(decreased in P2)

15.60 (17) 0.37 ± 0.06 19.54 (17) 0.59 ± 0.09 19.64 (11) 0.7 ± 0.1 10.68 (11) 0.71 ± 0.08

Increased
extreme events

(decreased in P2)
3.67 (4) 0.44 ± 0.1 2.3 (2) 0.74 ± 0.1 1.79 (1) 0.72 1.94 (2) 0.72 ± 0.16

Total 20.19 (22) - 29.89 (26) - 26.79 (15) - 19.42 (20) -

Negative

Alleviated
extreme drought

and shortened
precipitation

intervals
(increased in P2)

3.67 (4) −0.4 ± 0.06 3.45 (3) −0.75 ± 0.08 - - 17.48 (18) −0.76 ± 0.1

Declined total
event frequency
(increased in P2)

0.92 (1) −0.51 5.75 (5) −0.62 ± 0.1 - - - -

Declined light
events

(increased in P2)
4.59 (5) −0.4 ± 0.07 8.05 (7) −0.64 ± 0.06 12.5 (7) −0.71 ± 0.04 1.94 (2) −0.71 ± 0.04

Total 9.17 (10) - 17.24 (15) - 12.5 (7) - 19.42 (20) -

Note: The value after ‘±’ refers to the standard error of the correlation coefficient.

Unlike the whole period, during the period 1982–1995 and 2006–2015, GSP had an
impact on the increased NDVI, and almost 8% and 7% of the stations with increased NDVI
were actively accompanied with an increased GSP for the two periods, respectively. At
the same time, PEC played a vital role in the stations (32–39%) where NDVI increased
interannually, in which heavy precipitation events, both in frequency and amount (19.54%),
during 1982–1995, and the weakening of extreme droughts and the shortening in precipi-
tation intervals (17.48%) during 2006–2015, played a dominant role at each period. As to
the decline in NDVI during 1996–2005, the role of GSP was relatively weakened (5.36%)
and PECs remained the vital affecting factor (33%). The decrease in heavy events and the
increase in light events are the two dominant aspects of PEC.

3.4. Comparison between the Effects of Precipitation Regimes and Afforestation Projects on
Year-by-Year Changes of NDVI

In addition to precipitation regimes, afforestation projects can also affect the year-by-
year changes of NDVI. Afforestation was evident only after 2006, while there was intensified
desertification during 1982–1995 (Figure 4). Precipitation contributed more to the greening
(41 of 87 stations) during 1982–1995 and the decline of NDVI (22 of 56 stations) during
1996–2005. Only greening of seven stations was affected by afforestation during 1982–1995.
Notably, the browning of 12 stations may be ascribed to the intensified desertification
during 1996–2005. After 2006, precipitation (40 of 103 stations) and afforestation (51 of
103 stations) contributed almost equally to the increased NDVI. Among them, 20 stations
were possibly affected by both precipitation and afforestation.
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4. Discussion
4.1. NDVI Increased Significantly in Inner Mongolia Temperate Grasslands during 1982–2015

We found that NDVI increased significantly in the most area of the temperate grass-
lands during 1982–2015, which was basically consistent with previous studies in Eurasia
and northern China [12,40,41]. Additionally, NDVI did not always increase over the
30 years and there was a decrease during 1996–2005, in which the turning point may sug-
gest a sudden change of environmental factors or human activities [12]. Previous studies
generally agreed with the fact that there were turning points. For example, it was reported
that the greening was either stalled or reversed in 1990s and early 2000s [41–45], which
supported our results. However, some studies indicated only one turning point around
2008, in which the differences between the periods before and after the turning point were
the growth rates, not the direction of changes [12], which was not fully supported by our
observation. Possible reasons may include different data processing methods, various data
sources, or specific study regions.

4.2. Increased Precipitation Amount Was Not Significantly Responsible for the Increased NDVI

Contrary to our expectation, our results showed that precipitation amount explained
little to the year-by-year increase in NDVI, even in the area where vegetation growth is
traditionally constrained by precipitation. Previous studies often suggested that annual
precipitation amount or GSP was the predominant climatic factor controlling the spatial
or temporal variations in primary production in arid grassland ecosystems [14,38,46–48],
although productivity was always less sensitive to precipitation in temporal models than
that in spatial models [17,18,49]. However, here, we found that previous models do not
always work in understanding the year-by-year changes in NDVI, in which NDVI increases
significantly without the increase or even decrease in GSP over years. The possible reasons
are as follows. Firstly, it may depend on the study periods. As in our study, GSP cannot
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explain the greening over the 30 years, but it does make some sense in certain periods,
i.e., 1982–1995 and 2006–2015. Secondly, other environmental factors may also play a role
thereinto. For example, it is reported that the recent global greening may be ascribed to
warmer environment [50,51], increased CO2 fertilization [3,52], human activities [29], wind
erosion enhanced by land use [53], or increased winter snowfall [54,55], though it may
be not evident based on manipulative experiments at specific site (e.g., no fertilization
effects of CO2 at a temperate steppe site) [56]. Meanwhile, PECs received less attention in
previous studies, although they does exert influence on vegetation. Finally, the underlying
mechanisms for the temporal variations and the year-by-year changes are different. The
previous temporal model works as long as the temporal variations in precipitation amount
are in accordance with those of productivity, but it requires synchronous increase or
decrease in precipitation amount and productivity in terms of year-by-year changes.

4.3. The Effects of Precipitation Event Characteristics on Year-by-Year Changes of NDVI

We found that PECs played an important role in the year-by-year variations of NDVI
in these water-limited grasslands, of which the positive influence of larger precipitation
events (heavy and extreme precipitation events) plays the dominant role, and other PECs
included alleviated extreme drought and fewer light precipitation events. This is mostly
in accordance with previous findings [57], in which both heavy and light precipitation
events are important for greening. These driving forces acted through various mechanisms.
Firstly, alleviated extreme drought can increase NDVI by shortening the time periods when
ecosystem was limited by water. Secondly, the effects of fewer but larger precipitation
events can be explained by the ‘conceptual bucket model’ from Knapp, Beier [25]. The
recharged soil water bucket by larger precipitation events and the higher resistance to
drought caused by the decreased frequency of precipitation events facilitate productivity
in arid ecosystems where the soil water bucket is always stressed. On the contrary, the
productivity of humid ecosystems will be limited by the possible drought, while the
recharge by the larger rain pulse adds no more benefit because it is already a system in
which the bucket is always with water above the stressed threshold [22,24,58]. As the study
area is arid, less frequent or larger precipitation events dominate the greening of most
stations. This view was supported by an experiment conducted in the grasslands of Inner
Mongolia, in which the infiltration depth increased (avoiding evaporation) by 1.06 and
0.79 cm on average for every 1 mm additional rainfall pulse [59], or in periods where the
ecosystem was with ample soil water induced by remarkably prolonged larger precipitation
events [23]. Lastly, it is difficult for light precipitation events to infiltrate into the deep
soil to replenish soil water because it is trapped by the plant canopy and returns to the
atmosphere by evaporation [60]; therefore, a lower proportion of light precipitation events,
sometimes also accompanied by a higher proportion of larger precipitation events, facilitate
higher NDVI. According to the forecasts of IPCC, the precipitation event characteristics
tend to be less frequent, larger in size, more extreme, etc., implying continued greening
of temperate steppe in the future, and therefore higher ecosystem service and human
well-being, according to our results.

4.4. The Role of Afforestation Projects in Greening

Although precipitation regimes (generally PECs) are the dominant factors deciding
greening over the 30 years, afforestation projects in desertified lands also explain it to some
extent. Combining precipitation regimes (GSP and PECs) and afforestation, we found that
precipitation regimes explained more the increase and decline in NDVI during 1982–1995
and 1996–2005, respectively, while there was an equivalent explanatory power of precip-
itation regimes and afforestation to the increase in NDVI after 2005. The results are in
accordance with desertification and its control. Historically intensive grazing due to high
demands for food and energy has accelerated grassland degradation in northern China,
thus resulting in a considerable loss of aboveground biomass and herbage quality [33,61].
Extremely severe desertification occurred around 2005 when the ecological engineering
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projects in temperate grassland were extensively initiated [36,62]. Therefore, desertification
intensification exerted a negative effect on the growth of NDVI before 2005, and promi-
nently positive effects of afforestation projects on greening were only captured after 2005,
which was possibly responsible for the higher growth rate of NDVI after 2005 than that
before 1995.

Notably, there are still limitations in our study. Firstly, besides precipitation regimes
and afforestation projects, it is worth noting that there are several other ecological projects
(e.g., enclosure and rest grazing) and environmental factors (e.g., CO2 concentrations,
N depositions, and winter snowfall) uncalculated because of a lack of data. Secondly,
our methods cannot clearly split the relative contribution of precipitation regimes and
afforestation projects.

5. Conclusions

Combining long-term NDVI data and daily precipitation records over the past three
decades, we quantified the interannual variation of NDVI and its driving forces in terms
of GSP, PEC, and afforestation projects in temperate grasslands of north China. Firstly,
we found that NDVI increased significantly during 1982–2015, i.e., greening, which was
in accordance with global greening. Secondly, the greening was accompanied with a
significantly decreased precipitation amount, implying a limited role that precipitation
might play in this water-limited ecosystem. But we found that the effects of precipitation on
greening were not in terms of amount but PECs, in which PECs explained almost one-third
of the area of greening. Finally, taking afforestation into consideration, we found that
PECs still played dominant roles in the temporal variations of NDVI, but afforestation and
precipitation amount also made sense after 2005. Our results emphasize the importance
of PEC in clarifying the mechanisms of global greening in arid regions, and other factors
should also be paid attention to specific periods. According to the forecasts of precipitation
regime and the ecological civilization of China, livelihood and habitat of northern China
will be improved.
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