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A B S T R A C T

Improving our understanding of present and future impacts of drought on the vegetation in northern China is
heightened by expectations that drought would increase its vulnerability and subsequently accelerate land de-
gradation. The response of vegetation activity to drought and the underlying mechanisms are not well known. By
using the third-generation Normalized Difference Vegetation Index (NDVI) and the Standardized Precipitation
Evapotranspiration Index (SPEI), we investigated the relationship between NDVI and SPEI, across different
climate regimes and land cover types, and determined the dominant time-scales at which different biome types
respond to drought during the period of 1981–2014. Our results showed that biome response is coupled with
drought trends in most regions of northern China. The highest correlation between monthly NDVI and SPEI at
different time scales (1–48 months) assessed the impact of drought on vegetation, and the time scales resulting in
the highest correlation were an effective indicator of drought resistance, which was related to the interactive
roles of mean water balance and divergent drought survival traits and strategies. Diverse responses of vegetation
to drought were critically dependent on characteristic drought time-scales and different growing environments.
This study highlighted the most susceptible ecosystem types to drought occurrence under current climate, in-
cluding temperate steppes, temperate desert steppes, warm shrubs and dry forests. Given that drought will be
more frequent and severe under future climate scenarios, it may threaten the survival of mesic ecosystems, such
as temperate meadows, alpine grasslands, dwarf shrubs, and moist forests not normally considered at drought
risk. We propose that future research should be focused on arid and semi-arid ecosystems, where the strongest
impact of drought on vegetation is occurring and the need for an early warning drought system is increasingly
urgent.

1. Introduction

More frequent and severe drought has been forecast in the 21st
century, particularly in the mid-latitudes (Sheffield and Wood, 2008).
Increases in drought are driven primarily by decreased precipitation
with increased evapotranspiration from higher temperatures (Trenberth
et al., 2014). Drought is recognized as the world’s most costly and
pressing natural hazard that influences water resource systems, agri-
cultural production and natural ecosystems (Mishra and Singh, 2010).
Water availability acts as the main driver of vegetation distribution and
productivity in arid and semi-arid regions (Neilson, 1995; Churkina and
Running, 1998). Evidence is accumulating that semi-arid ecosystems
dominate the trend and inter-annual variability in the land CO2 sink,
and are highly sensitive to drought trends (Zhao and Running, 2010;

Ahlström et al., 2015; Huang et al., 2016). Therefore, understanding the
response of dryland ecosystems to drought is important for assessing
vegetation vulnerability to climate extreme events (Smith et al., 2014)
and has strong implications for enhancing drought mitigation and
preparedness (Wilhite et al., 2007).

Northern China is located in the mid-latitude East Asia with arid,
semi-arid and dry sub-humid regions accounting for approximately
34%, 27% and 16% of its total land area, respectively. The Taklimakan
and Gobi Deserts constitute two major dust sources over East Asia
(Tanaka and Chiba, 2006). The vegetation in northern China plays a
pivotal role in the prevention and control of land degradation (Wang
et al., 2015), which has a significant effect on the national ecological
security (Miao et al., 2015). Soil water availability is a primary con-
straint on the survival of sand-binding vegetation (Li et al., 2013).
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Under global warming, severe and extreme droughts have been more
frequent in the eastern and central portions of northern China since the
late 1990s (Yu et al., 2014; Zhang et al., 2016), and a wetting trend in
the western region has weakened since the 1980s (Ma and Fu, 2006). In
addition, an increased incidence of intensified drought is expected by
the middle of the 21st century (Wang and Chen, 2014; Leng et al.,
2015). In this context, the need to evaluate the potential impact of
drought on vegetation growth is becoming increasingly urgent
(Reichstein et al., 2013). However, examining the impact of drought on
northern China’s vegetation is difficult given the great diversity of
landscape and climate. Drought characteristics in terms of magnitude,
duration and spatial extent could be quantified by a drought index,
allowing observation of water deficit through time and space (Vicente-
Serrano et al., 2010). The application of remote sensing data shows
great potential to establish the complicated relationship between ve-
getation vigor and water availability at large temporal and spatial
scales (McDowell et al., 2015).

Drought-related damage on vegetation can be characterized by slow
growth, low productivity and an increase in plant mortality (Lotsch
et al., 2005; McAuliffe and Hamerlynck, 2010; Zhao and Running,
2010). Xu et al. (2012) found that decreased vegetation growth of
northern China in the 2000s was associated with an increased fre-
quency of extreme drought. Drought-induced water stress caused a
reduction in terrestrial gross primary production over northern China
from 1999 to 2011 (Yuan et al., 2014). Liu et al. (2013) indicated that
an increase in tree mortality could be expected under future global
warming in the semi-arid region of northern China. Nevertheless, the
magnitude of the response of vegetation to drought remains uncertain
due to drought complexity and intrinsic drought sensitivity among
vegetation types (Smith, 2011). The intensity, duration and timing of
drought partly determine the effect of drought on vegetation pro-
ductivity (Ruppert et al., 2015; Zeiter et al., 2016). In the eastern region
of northern China, moderate drought with higher temperatures might
increase net primary production (NPP), while severe drought caused a
delayed response of NPP to precipitation (Sun et al., 2016). Lei et al.
(2015) provided evidence that NPP reduction increased along a drought
gradient in Inner Mongolia grasslands of China. The capacity for re-
sistance and resilience of land biomes to drought stress changes in
different ecosystem types (West et al., 2012; Craine et al., 2013) and
environmental conditions such as climatic and edaphic factors (Vicente-
Serrano et al., 2013; Gouveia et al., 2017). The vegetation in arid and
semi-arid environments chronically exposed to water limitations shows
high resistance to drought as well as great resilience when drought
conditions end due to its morphological and phenological strategies
(Knapp et al., 2015). Grasslands were most responsive to precipitation
deficit, followed by forests and deserts in the arid region of northern
China (Xu and Wang, 2016). Hua et al. (2017) suggested that the ve-
getation activity in the eastern region of northern China was more re-
sponsive to drought than that in the western region, even in areas with
the same land cover type.

Despite an increasing recognition of the negative effects of drought
on natural ecosystems and food security (Barriopedro et al., 2012; Yuan
et al., 2014; Zhang et al., 2016), few studies have focused on the way by
which drought determines vegetation activity across climate zones and
land biomes in northern China. Previous studies indicated that vege-
tation types had different resistance to drought (Wang et al., 2017), and
there were diverse vegetation responses to drought in different regions
over northern China (Hua et al., 2017). Moreover, the study into the lag
effect of drought on vegetation productivity and the vegetation re-
sponses to drought at various time-scales is scarce in northern China (Li
et al., 2015; Zhang et al., 2017). The concept of drought time-scale
refers to the time lag between drought occurrence and its consequences
(Vicente-Serrano et al., 2013). The Standardized Precipitation Evapo-
transpiration Index (SPEI) is a widely used multi-scalar drought index
based on meteorological data that quantifies different drought types,
and captures the impact of increased temperature on evaporation

(Begueria et al., 2010). The satellite-derived Normalized Difference
Vegetation Index (NDVI) is considered a robust indicator for vegetation
greenness and vigor at regional and continental scales (Carlson and
Ripley, 1997).

The present work analyzed the relationship between NDVI and SPEI
in northern China, across different climate regimes and land cover
types, and determined the drought time-scales at which different eco-
system types respond to persistent water deficit. The objective of this
study was to examine the drought responses and the drought resistance
of northern China’s vegetation by using remote sensing data. As future
drought will be more intense and greater in spatial extent during the
21 st century (Wang and Chen, 2014; Leng et al., 2015), this research
identifies the most susceptible ecosystem types to meteorological
drought and thus supports drought mitigation to reduce land de-
gradation (Wilhite et al., 2007).

2. Materials and methods

2.1. Study area

Northern China spans 31°23′ N–53°34′ N in latitude and 73°29′
E–135°04′ E in longitude, with an area of approximately
5.62×106 km2 (almost 58% of China's total land area). It comprises
Northeast China, North China and Northwest China, covering 15 pro-
vincial administrative units (Fig. 1a). From the east to the west, ele-
vation increases from the North China and Northeast Plains to the Inner
Mongolian, Loess and Qinghai Plateaus. Temperature and precipitation
have a gradient from east to west part and from basins to mountains
mainly due to regional differences by longitude and topography (Li
et al., 2016). By classification criteria of temperature zone and arid/
humid region (Zheng et al., 2013), northern China can be divided into
18 climatic sub-regions under the scheme of climate regionalization for
the period of 1981–2010 (Fig. 1b). Rich climate diversity contributes to
a variety of vegetation communities and soil types. Grasslands and
deserts are major land cover types (Xu and Wang, 2016). In this region,
the desert is composed of sparse vegetation and closed to open shrubs.
Deserts and grasslands dominate most of arid and semi-arid lands.
Croplands are located in main parts of Northeast China and North
China, and in the eastern portion of Northwest China (Deng et al.,
2006). Natural forests are distributed mainly in the Changbai, Greater/
Lesser Khingan and Qinling Mountains (Liu et al., 2013). Wide-spread
desert and agro-pastoral ecotone are the most serious areas in northern
China that suffer from sandstorms (Zou and Zhai, 2004). To reduce and
combat sandstorms, the Chinese government has launched many eco-
logical restoration projects since the 1980s (Lu et al., 2015). The ve-
getation in the desertified areas of northern China still has a weak self-
regulation capacity and poor stability at the present time (Wang et al.,
2015). Accordingly, increased drought risk may have significant im-
pacts on vegetation establishment and recovery.

2.2. Data sources and preprocessing

To observe inter-annual variations of vegetation activity, we used
the third-generation NDVI (NDVI3g) data derived from the Advanced
Very High Resolution Radiometer (AVHRR) sensor by the Global
Inventory Modeling and Mapping Studies (GIMMS) group. This dataset
was provided by the Ecological Forecasting Lab at NASA Ames Research
Center (http://ecocast.arc.nasa.gov/). Currently, it has proven to be the
best NDVI product for the monitoring of long-term vegetation dynamics
in arid and semi-arid lands (Beck et al., 2011; Tian et al., 2015). The
GIMMS NDVI3g dataset is a global bimonthly composite product that
spans from July 1981 to December 2014 with a spatial resolution of
8 km. It has been corrected for orbital drift, sensor calibration, viewing
geometry, volcanic aerosols, atmospheric water vapor and cloud cover,
and other errors unrelated to vegetation change (Zeng et al., 2013;
Pinzon and Tucker, 2014). To further reduce the effects of cloud and
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Fig. 1. The spatial distribution of meteorological stations (a) and climate zones (b) over northern China for the period of 1981–2010. The climate zoning is extracted
from Zheng et al. (2013).
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haze contamination, we aggregated the original NDVI series into
monthly time steps by using the Maximum Value Composite (MVC)
technique (Holben, 1986). For each pixel, the mean growing-season
NDVI < 0.1 for the entire study period indicated barren and/or spar-
sely vegetated areas, which were excluded from the analysis to mini-
mize soil background influences and enhance green vegetation signals
(Liu et al., 2010). Previous studies demonstrated that there was an
overall acceptable agreement between GIMMS NDVI3g and multi-sa-
tellite NDVI products on regional to global scales (Fensholt and Proud,
2012; Marshall et al., 2016).

Meteorological data, including monthly mean air temperature and
precipitation, were collected from 350 stations across northern China
from 1977 to 2014 (Fig. 1a), and were obtained from the National
Climate Center of China Meteorological Administration (http://data.
cma.cn/). Given that 48-month scale SPEI was considered in this study,
meteorological data of 4 years before the time span of GIMMS NDVI3g
dataset were also analyzed. All meteorological data were processed into
monthly raster layers at 8 km spatial resolution by using thin plate
smoothing splines, measuring the effect of topography on spatial cli-
mate interpolation, such as elevation and aspect (Hutchinson, 1995). To
evaluate the performance of interpolated climate raster layers at the
monthly to seasonal scale, the Moderate Resolution Imaging Spectro-
radiometer (MODIS) Land Surface Temperature (LST) product
(MOD11C3) at 0.05° spatial resolution from 2000 to 2014 (https://
lpdaac.usgs.gov/) and the Tropical Rainfall Measurement Mission
(TRMM) product (TRMM 3B43) at 0.25° spatial resolution for the
period of 1998–2014 (http://trmm.gsfc.nasa.gov/) were used. Both the
MODIS LST and TRMM precipitation data were interpolated to match
the 8 km spatial resolution by using a bilinear interpolation technique
(Metzger et al., 2005).

Digital elevation model (DEM) dataset with a spatial resolution of
1 km was downloaded from the NASA Shuttle Rader Topographic
Mission (SRTM) website (http://www.glcf.umd.edu/). We resampled
the DEM data to 8 km spatial resolution, using a cubic spline method
(Xu et al., 2017). It supported spatial climate interpolation through the
provision of topographical information. Land use data were the 500m
MODIS land cover type product (MCD12Q1) produced for the year
2013 based on the University of Maryland (UMD) global vegetation
classification scheme derived from the Land Processes Distributed Ac-
tive Archive Center (https://lpdaac.usgs.gov/). We resampled it to
match the 8 km spatial resolution by using a majority function in the
Resample Tool of ArcGIS. The land surface in northern China was re-
presented by the following 4 ecosystem types, including forests, grass-
lands, croplands and deserts. Separating the effect of land cover change
on NDVI and its response to climate change, the 8 km AVHRR land
cover classification product was also employed, which was acquired
between 1981 and 1994 and was provided by the Global Land Cover
Facility (http://www.landcover.org/). At the global scale, the overall
accuracy of MODIS and AVHRR land cover type data reached 75% and
65–82%, respectively (Hansen et al., 2000; Friedl et al., 2010).

2.3. Data analysis

The SPEI was used to indicate water balance at different time-scales.
The calculation of SPEI was based on a climatic balance between pre-
cipitation and atmospheric evaporative demand, using monthly mean
air temperature and precipitation as the input data. Specifically, the
SPEI uses the monthly difference between precipitation and potential
evapotranspiration (PET) to obtain simple climatic measurements of the
water surplus or deficit (D). The monthly PET was estimated at first
following the method of Thornthwaite (1948) that only required
monthly mean temperature data, since spatial patterns of the relative
humidity, solar radiation and wind speed were unreliable. The second
step was to measure the accumulated D using time-scales between 1 and
48 months, for the purpose of assessing the response of vegetation to
water deficit of different duration. The value of D at different time-

scales was normalized at length into a log-logistic probability dis-
tribution to gain SPEI series. Details on the calculation of SPEI can be
found at Vicente-Serrano et al. (2010). A negative value of SPEI sug-
gests water deficit, whereas a positive value indicates water surplus.
Compared with other common meteorological drought indices (e.g., the
Palmer Drought Severity Index and the Standardized Precipitation
Index), the SPEI shows improved capability to measure drought impacts
on agricultural and ecological response variables (Vicente-Serrano
et al., 2012), but might overestimate the drought severity in arid and
semi-arid regions (Yang et al., 2017).

We performed the Spearman correlation analysis between monthly
values of NDVI and SPEI for time-scales from 1 to 48 months. The re-
lationship between NDVI and SPEI might be nonlinear, and the
Spearman correlation coefficient identifies monotonic relationships (de
Beurs et al., 2015). For each grid cell, the maximum correlation coef-
ficient (Max CorrelCoeff) was retained and also the SPEI time-scale at
which the Max CorrelCoeff was obtained. A P-value< 0.05 was con-
sidered significant for Spearman correlation coefficients. Occasionally
wet and dry conditions in summer were common over drylands because
of high evaporative demand and inter-annual variability in rainfall (von
Wehrden et al., 2010). Temperature and solar radiation are key climatic
drivers of spring and autumn vegetation growth in northern China (Xu
et al., 2017), and summer drought has a more dramatic impact on ve-
getation productivity than spring and autumn droughts (Zhang et al.,
2016; Hua et al., 2017). Furthermore, the lack of greenness may pre-
clude the application of NDVI in arid regions (Tueller, 1987). Over
northern China, most of the vegetated land surface (61%) had the
highest value of NDVI in August (Fig. S1). Vegetation activity is more
responsive to soil water availability in reproductive growth stages than
during leaf green-up and senescence periods (Ji and Peters, 2003).
Hence, we correlated August NDVI with SPEI series for all the time-
scales ranging from 1 to 48 months in each grid cell during the period of
1981–2014 to take short-, medium-, and long-term droughts into ac-
count. The subsequent analysis was performed with the main focus on
Max CorrelCoeff and SPEI time-scale for different climate zones and
biome categories.

3. Results

3.1. Validation of the spatially interpolated climate layers

The spatial interpolation results of temperature and precipitation
were compared with MODIS LST and TRMM precipitation products,
respectively. General compatibility between the spatially interpolated
climate layers and the satellite-derived products was observed among
seasons (Fig. 2). The seasonal correlation between interpolated tem-
perature and MODIS LST exceeds 0.89, and the correlation coefficient
of interpolated precipitation and TRMM precipitation was 0.93, 0.95,
0.96 and 0.87 in spring, summer, autumn and winter, respectively.

3.2. Spatial patterns of the NDVI–SPEI relationship

Biome responses were coupled with drought trends in most areas of
northern China (Fig. 3a). Large areas of northern China (43%) were
dominated by a significant positive correlation between NDVI and SPEI
(e.g., most parts of North China and Northwest China). For 24.8% of
northern China the significance level of the positive NDVI–SPEI corre-
lations exceeded 0.01, such as the Inner Mongolian Plateau, the Hexi
Corridor, the Qaidam Basin, and northern Xinjiang. However, the area
with significant negative correlations between NDVI and SPEI was
small (0.08%), mostly in the northern Greater Khingan Mountains.

The NDVI–SPEI correlations of each climate zone differed con-
siderably (Fig. 4a). A positive correlation between NDVI and SPEI was
detected in most climate zones of northern China, except for the humid
area of the cold temperate zone, where NDVI was negatively correlated
with SPEI. In addition, the vegetation in arid and semi-arid regions had
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higher positive correlations than in sub-humid and humid ones re-
gardless of different temperature environments. Positive correlations
were particularly strong in the arid and semi-arid regions of the sub-
temperate zone, having 68.5% of the vegetated land surface showing
significant relationships. This percentage was 42.8%, 45.7% and
54.2%, respectively, for the warm temperate, plateau sub-cold and
plateau temperate zones. It was also found that the highest correlation
between NDVI and SPEI occurred in the semi-arid area of the above-
mentioned climatic sub-regions.

Noticeable differences between NDVI and SPEI correlations existed
for various biome types (Fig. 5a). Only areas with a constant land cover
type during the period of 1981–2014 were used to analyze the eco-
system types more prone to drought and the dominant time-scale at
which drought affected vegetation (Fig. S2). The Max CorrelCoeff was
higher for grasslands (median, 0.39) and deserts (median, 0.35), but
lower for croplands (median, 0.24) and forests (median, 0.14). The area
percentage of biome types with significant positive correlations be-
tween NDVI and SPEI was 60.4% for grasslands, 51.4% for deserts,
29.4% for croplands, and 16.6% for forests. Furthermore, the lowest
inter-quartile range was 0.22 for deserts, occupying the smallest pro-
portion of the vegetated areas, while the highest inter-quartile range
(0.28) was observed for forests.

Diverse responses of vegetation activity to water availability were
found in different climate regimes of northern China (Fig. 6). Although
NDVI was positively correlated with SPEI in most of the vegetated land
surface, the negative NDVI–SPEI correlation occurred in cold temperate
forests and grasslands. The sub-temperate and warm temperate forests
located in arid and semi-arid lands had a higher correlation between
NDVI and SPEI than that in humid and sub-humid regions. The same
pattern was seen in croplands. The influence of the SPEI was lower in
humid and sub-humid regions (including sub-temperate and alpine
grasslands) than in arid and semi-arid areas. Response of NDVI to SPEI
for warm temperate grasslands displayed no significant differences
from arid to sub-humid regions. For the deserts in northern China,
vegetation activity in a sub-temperate region was more determined by
drought than in warm temperate and cold regions. Additionally, semi-
arid deserts were more responsive to drought than arid deserts.

3.3. Spatial patterns of the drought time-scale

The vegetation activity responded predominantly to short and
medium drought time-scales in northern China, although spatial
variability was high (Fig. 3b). August NDVI was responsive to the SPEI
time-scale of 1–12 months in 37.2% of the vegetated land surface,
particularly in the Inner Mongolian Plateau, the central Loess Plateau,
and the arid western China. NDVI was positively correlated with SPEI at
medium time-scales (12–24 months) in most regions of the North China
Plain, the Greater Khingan and Tianshan Mountains (28.0%). The re-
sponse of vegetation to long-term drought (> 24 months) was mainly
found in the Northeast Plain, the Changbai and Lesser Khingan Moun-
tains, the Qinling Mountains, the eastern Loess Plateau, and the Qinghai
Plateau (34.8%).

Fig. 4b showed that, in a sub-temperate climate, the SPEI time-scale
decreased from humid to arid regions. In a warm temperate climate, the
SPEI time-scale was shorter in arid and sub-humid regions than that in
humid and semi-arid regions. The difference in the median values of the
SPEI time-scale was not significant in plateau sub-cold regions. It was
likely to identify general patterns that the humid biomes inclined to
respond at longer SPEI time-scales than the arid, semi-arid and sub-
humid biomes in a plateau temperate climate.

The dominant time-scales at which drought affected different biome
types were presented in Fig. 5b. The SPEI time-scale (unit: months) was
longer for forests (median, 24), but shorter for croplands (median, 16),
grasslands (median, 14) and deserts (median, 12). The inter-quartile
range of the SPEI time-scale was 12–35 months for forests. The SPEI
time-scales for the majority of the croplands and grasslands ranged
between 11 and 27 months, and between 10 and 25 months. Most de-
serts had the SPEI time-scale of 4–25 months.

The sub-temperate and warm temperate forests in arid areas re-
sponded to drought at shorter time-scales when compared with those in
humid areas (Fig. 7). With increasing aridity, the drought time-scale
shortened for sub-temperate and warm temperate grasslands but
showed no significant changes for alpine grasslands despite different
temperature and precipitation environments. This pattern was fairly
evident in agricultural regions. There was a quicker reaction of desert
vegetation to drought in arid regions than that in semi-arid regions

Fig. 2. The validation of satellite-derived LST and precipitation variables with spatial interpolation results (a–d. temperature, e–h. precipitation) in different seasons.
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Fig. 3. The spatial pattern of the maximum Spearman correlation coefficient between NDVI and SPEI for the period of 1981–2014 (a). The values of 0.34 and 0.44
indicate 5% and 1% significant levels of the correlation coefficient. The time-scales at which the maximum Spearman correlation coefficient exists between NDVI and
SPEI are obtained (b). Climate region boundaries are shown in dark solid lines.
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regardless of a warm or cold climate.

3.4. Influence of water balance

The influence of water balance on the response of vegetation to
drought was analyzed (Fig. 8). The spatial pattern of annual average
water balance defined as the difference between precipitation and po-
tential evapotranspiration was established for the period of 1981–2014
(Fig. S3). The results suggested that the moist forests in a warm tem-
perate region with positive water balance had a low positive correlation
between NDVI and SPEI. In cold temperate areas, little influence of the
SPEI on moist forest NDVI was found, resulting in negative correlations.
Dry forests were distributed in semi-arid and sub-humid lands, where
the control of vegetation growth by water availability was effective, as

indicated by high positive correlations with SPEI. For grasslands, the
highest positive correlation between NDVI and SPEI emerged in regions
with water balance approaching zero, but in areas with the most po-
sitive or negative water balance, the positive NDVI–SPEI correlation
was weaker in general. In semi-arid and sub-humid regions, the positive
correlations between cropland NDVI and SPEI were relatively strong in
contrast with arid and humid regions. There was a clear gradient of
drought impacts on the dynamics of desert vegetation as a function of
the annual mean water balance. It was found that the drought legacy
effect on vegetation growth was more apparent as the average water
balance increased, when the positive NDVI–SPEI relationship was de-
veloped independently. By contrast, the dependence of the SPEI time-
scale with water balance was greater for desert vegetation (R2= 0.28)
and forests (R2= 0.23) than grasslands (R2= 0.15) and croplands

Fig. 4. The NDVI–SPEI correlations (a) and the SPEI time-scales (b) varying in different climate regimes. Boxplot elements: box= values of 25th and 75th per-
centiles; horizontal line=median; whiskers =±1 Standard Deviation (SD).
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(R2< 0.01).

4. Discussion

4.1. Ecosystem resistance to drought

Ecosystem resistance to drought could be characterized by the span
of time over which water deficit must persist before ecosystem variables
show negative anomalies (Begueria et al., 2010). In this study, the time-
scale at which the maximum correlation coefficient existed between

NDVI and SPEI might indicate the resistance to drought of a given
ecosystem. In northern China, our finding showed that forests had the
strongest resistance to drought, followed by croplands, grasslands and
desert vegetation (Fig. 5b). Over the temperate Northern Hemisphere,
Wu et al. (2018) found that forests represented a drought legacy re-
sponse through to 4 years, while shrubs and grasses had the maximum
drought legacy of 2 years and 1 year, respectively. Across the Medi-
terranean region, the shorter drought time-scale was observed for dry
vegetation communities than the vegetation types over the temperate
oceanic and continental regions (Gouveia et al., 2017). Forests are deep

Fig. 5. The NDVI–SPEI correlations (a) and the SPEI time-scales (b) among biome types.

Fig. 6. The NDVI–SPEI correlations across climate regimes and biome types. Dot is mean value, and error bar is± 1/2 SD.
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rooted species that can tap the water stored in deep soil layers under
severe drought conditions (Davidson et al., 2000), and the time lag
effect in deep soil moisture with changes in precipitation may lead to
prolonged drought periods and hence delayed tree growth responses
(Anderegg et al., 2015). By comparison with forests, the shallow rooted
grass normally absorbs soil moisture from top-middle layers that re-
sponds quickly to rainfall variability (Knapp et al., 2015), and the

xylem systems of herbaceous plants are less resistant to drought for
their low storage capacity for water and carbon (Craine et al., 2013).
Desert vegetation is located in hyper-arid to arid environments, where
plants respond immediately to water shortage and prevent drought-
related damage through physiological, anatomical and functional stra-
tegies (Vicente-Serrano et al., 2013). To summarize the resistance of
natural ecosystems to drought might be related to diverse rooting habits

Fig. 7. The SPEI time-scales across climate regimes and biome types.

Fig. 8. The relationships between the NDVI–SPEI correlations and the average water balance (a), and between the SPEI time-scales and the average water balance (b)
for the cluster regions with different ecosystem types.
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and associated water use strategies, and different hydraulic responses.
In the temperate region of northern China, we found a low dependence
of the drought time-scale with mean water balance in agriculture re-
gions (Figs. 7 and 8b), indicating that the drought resistance of crop-
lands could be affected by anthropogenic activity. For instance, crop
improvement and water-saving irrigation technologies would increase
water use efficiency and drought tolerance capacity (Deng et al., 2006).

Climate and vegetation characteristics might lead to differences in
drought resistance among ecosystem types (Fig. 7). We found that dry
forests were less resistant to drought than moist forests over the tem-
perate region of northern China. Our results also revealed a quicker
reaction of desert vegetation growth to drought in arid environments
than in semi-arid environments. Recent studies indicated that the
ability of woody plants to survive from periods of sustained drought
was largely determined by their embolism resistance (McDowell et al.,
2008). It is common that woody plants growing in areas of deficient
rainfall have low embolism resistance and therefore experience high
risk of hydraulic dysfunction (Choat et al., 2012). Isohydric woody
plants maintain constant water potential by reducing stomatal con-
ductance under drought conditions, whereas anisohydric woody plants
keep their stomata open and photosynthetic rates high for longer per-
iods, even at very low water potential. Indeed, woody plants growing in
more arid environments usually show isohydric stomatal behavior that
maintains stem water potential above the critical level by limited gas
exchange during drought (Pivovaroff et al., 2016). In contrast with
isohydric species, woody plants displaying anisohydric stomatal beha-
vior in mesic ecosystems maintain gas exchange at the expense of de-
creasing water potential (Roman et al., 2015). The rapid response to
water deficit showed by isohydric woody plants allows them to avoid
drought stress and minimize risk of xylem cavitation, but may lower
their ability to survive moderate stress of prolonged drought. Thus,
woody plants in xeric environments (e.g. dry forests) were more vul-
nerable to fatal xylem embolisms and have lower survival rates than
anisohydric woody plants (e.g. moist forests) under severe drought.
Drought legacy effects on grassland growth in the sub-temperate and
warm temperate zones were more prominent with increasing water
balance (Fig. 7). However, this pattern was not obvious in alpine
grasslands, causing a comparatively weak dependence of the drought
time-scale with water balance (Fig. 8b). Over northern China, tempe-
rate meadows mainly appear in humid and sub-humid regions, where
perennial aquatic or marsh plants are the dominant species. It was
thought that temperature was the principle factor for growth of tem-
perate meadows (Piao et al., 2006). Abundant precipitation and rela-
tively low evaporation might account for the tardy response of alpine
grasslands to drought (Zhang et al., 2017). Temperate steppes are
dominated by herbaceous perennials occurring in a semi-arid climate,
while temperate desert steppes are mainly composed of annual and
perennial herbs in an arid area. Annual herbs in most cases respond
more rapidly to severe drought than perennial grass species (Copeland
et al., 2016). In summary, xylem structures and stomatal regulation
strategies might illustrate the differences in drought resistance within
forests and shrubs in northern China. The resistance of different
grassland types to drought might be dependent on different growth
environments and the effect of lifespan.

The spatial heterogeneity of ecosystem resistance to drought was
attributable to differences in hydrological background and vegetation
composition. In the Inner Mongolian Plateau, the central Loess Plateau,
and the arid western China, the vegetation activity had a rapid response
to drought (Fig. 3b). Most of the above-mentioned regions appeared in
arid and semi-arid climates (Fig. 4b), where temperate steppes, tem-
perate desert steppes and warm desert shrubs were the main ecosystem
types. The vegetation activity showed an intermediate response to
drought occurrence in the North China Plain, the Greater Khingan and
Tianshan Mountains, where large areas of the vegetated land surface
were dominated by crops and dry forests with moderately positive
mean water balance. In the Northeast Plain, the Changbai and Lesser

Khingan Mountains, the Qinling Mountains, and the eastern Loess
Plateau, most parts of these regions were climatologically humid and
were occupied by temperate meadows and moist forests, respectively,
exhibiting a prolonged response to drought. Regarding most alpine
grasslands in the Qinghai Plateau, rainfall and the melting of accumu-
lated snow and frozen soil contributed to high water availability and
slow drought responses (Fig. S3). Our results suggested a negative effect
of drought on the growth of alpine grasslands (Fig. 6). This was in line
with previous researches, which provided evidence that experimental
warming-induced environmental drying significantly reduced above-
ground biomass and NPP in alpine grasslands on the Tibetan Plateau
(Klein et al., 2007; Fu et al., 2018). In contrast with temperate steppes,
alpine grasslands responded to drought at longer time-scales, possibly
because of different hydroclimatic conditions (Fig. 7).

4.2. Drought impacts on vegetation activity

Our finding that northern China’s vegetation was sensitive to me-
teorological drought (Fig. 3a) was consistent with previous studies
(Yuan et al., 2014; Zhang et al., 2016; Hua et al., 2017), and the
drought impacts (assessed using the maximum correlation coefficient
between NDVI and SPEI) were most prominent in a semi-arid climate
(Fig. 4a). Higher correlations between vegetation vigor and drought
also emerged over Northern Hemisphere semi-arid regions with lower
total available water capacity due to decreased water storage (Ji and
Peters, 2003; Wu et al., 2018). Moist forests in a temperate region could
be tolerant to drought and cold climates (Sun et al., 2016; Zhang et al.,
2017), as indicated by negative correlation coefficients of NDVI with
SPEI in the northern Greater Khingan Mountains. Precipitation could
contribute to soil erosion, which decreased soil organic matter content,
and hence moist forest growth. In addition, photosynthesis activity
might decrease during the wet season in response to a decrease in in-
coming photosynthetically active radiation and vice versa. Our results
further revealed that drought impacts were largely determined by dif-
ferences in ecosystem types (Fig. 5a). The response of vegetation ac-
tivity to drought was most evident in grasslands as herbaceous plants
were the vegetation types more prone to drought due to shallow root
systems and low xylem hydraulic resistance (Craine et al., 2013; Knapp
et al., 2015). Warm shrubs were on average less responsive to drought
stress than grasslands since they showed a differentiating water use
pattern, with increased use of surface soil moisture under non-drought
conditions and a tendency of absorbing water from deeper soil during
drought (West et al., 2012). Deserts and grasslands dominated most of
arid and semi-arid lands, which might account for the most prevalent
drought impacts in these regions. It appeared that forests and croplands
were less influenced by drought and thus the drought impacts in humid
and sub-humid regions were weak.

With an increasing drought time-scale, we found that the
NDVI–SPEI correlations were higher in forests and croplands but lower
in grasslands and deserts (Fig. 9). These results suggested that forests
and croplands must suffer from extreme and prolonged drought con-
ditions. Wider safety margins in temperate forests did not imply that
they were immune to the threat of hydraulic failure induced by drought
(Anderegg et al., 2015). Pervasive forest growth declines since the mid-
1990s have been detected in the semi-arid region of northern China (Liu
et al., 2013). Forest ecosystems across a wide range of rainfall en-
vironments were similar in their vulnerability to drought (Choat et al.,
2012). Severe and sustained drought between May 2009 and July 2010
caused a widespread decline in vegetation activity in the large cropland
sectors of northern China (Barriopedro et al., 2012). Yuan et al. (2014)
found a dramatic decrease in maize yield in northern China attributed
by a multiyear precipitation reduction from 1999 to 2011, particularly
in Northeast China. Regarding grasslands and deserts, short-term
drought exerted stronger influence on vegetation growth than long-
term drought as they comprised drought-avoiding species (Fig. 5b).

All vegetation types followed a general pattern that drought impacts
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were more profound in a semi-arid region but become relatively weak
with mean water balance approaching more positive or negative
(Fig. 8a). We also found that, even in regions dominated by the same
ecosystem type, drought impacts changed in different climate regimes
(Fig. 6). Dry forests were more responsive to drought over the tempe-
rate northern China. Drought impacts were more significant in tempe-
rate steppes and desert steppes than temperate meadows and alpine
grasslands due to water availability. Rain-fed agriculture might be more
affected by drought than irrigation agriculture as there were differences
in crop types, seasonal precipitation dependence and hydrological
conditions (Deng et al., 2006; Gong et al., 2017). The vegetation ac-
tivity in arid deserts was less responsive to drought than in semi-arid
deserts, probably by the use of groundwater, root biomass allocation,
stem water storage and reduced leaf area (McDowell et al., 2008;
Vicente-Serrano et al., 2013; Pivovaroff et al., 2016). Based on the
analysis of the response and resistance of northern China’s vegetation to
meteorological drought, the most susceptible ecosystem types to water
stress under current climate comprised temperate steppes, temperate
desert steppes, warm shrubs and dry forests. Because of the suscept-
ibility of these ecosystem types to drought occurrence and their im-
portance in reducing sandstorms and preventing land degradation (Zou
and Zhai, 2004; Miao et al., 2015), the need for an early warning
drought system covering arid and semi-arid ecosystems is emphasized.
Given that drought has the potential to become more frequent and se-
vere under future climate scenarios (Wang and Chen, 2014; Leng et al.,
2015), we hypothesize that it would threaten the survival of temperate
meadows, alpine grasslands and dwarf shrubs, and moist forests across
northern China. In the absence of human management, an increase in
drought risk could be expected for croplands, especially for rain-fed

agriculture (Fig. 9). These findings will offer general guidance on eco-
logical assessments and coping strategies for drought on vegetation.
However, the vegetation climatology analysis in humid regions should
be interpreted with caution (Fig. 3). Further progress in exploring the
mechanisms underlying differences in drought vulnerability across
ecosystem types requires long-term field experiments and process-based
modeling studies (Smith et al., 2014; Knapp et al., 2015; McDowell
et al., 2015).

5. Conclusions

The maximum NDVI–SPEI correlation and the corresponding SPEI
time-scale were effective for modeling the response and resistance of
northern China’s vegetation to drought, indicating that remotely sensed
metrics could be used in a prospective mode in examining the effects of
drought on vegetation activity at large spatial scales. The drought-re-
sistant capacity was closely associated with water balance and vege-
tation characteristics (e.g., the diversity of drought survival traits and
strategies). The impact of drought on vegetation activity was largely
determined by differences in drought resistance among ecosystem types
and drought stress levels. Our results highlighted the dramatic impacts
of drought on the arid and semi-arid ecosystems of northern China. We
suggest that management strategies in these regions are urgently
needed to maintain ecosystem services, such as windbreak and sand
fixation. As future drought will be more frequent and severe in large
areas of northern China under climate change scenarios, its impacts
might further expand to humid and sub-humid regions, resulting in
widespread declines in vegetation growth.

Fig. 9. The relationship between the NDVI–SPEI correlations and the SPEI time-scales in various ecosystem types.
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