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Highlights:

e  Two drought indices (SPEI and VPD) were used to characterize the degree of dryness/wetness.

e  The water deficit represented by two drought indices was mostly negatively correlated with
vegetation GPP, especially in summer and autumn.

e  The negative impact of water deficit/drought as measured by SPEI on vegetation GPP was more
severe than that revealed by VPD.

° During drought, both SPEI and VPD showed that drought had a negative impact on vegetation
GPP in North China, Southwest China, and the Qinghai-Tibet Plateau.

Abstract: Climate change has exacerbated the frequency and severity of droughts worldwide. Evalu-
ating the response of gross primary productivity (GPP) to drought is thus beneficial to improving
our understanding of the impact of drought on the carbon cycle balance. Although many studies
have investigated the relationship between vegetation productivity and dry/wet conditions, the
capability of different drought indices of assessing the influence of water deficit is not well under-
stood. Moreover, few studies consider the effects of drought on vegetation with a focus on periods of
drought. Here, we investigated the spatial-temporal patterns of GPP, the standardized precipitation
evapotranspiration index (SPEI), and the vapor pressure deficit (VPD) in China from 2001 to 2020
and examined the relationship between GPP and water deficit/drought for different vegetation
types. The results revealed that SPEI and GPP were positively correlated over approximately 70.7%
of the total area, and VPD was negatively correlated with GPP over about 66.2% of the domain.
Furthermore, vegetation productivity was more negatively affected by water deficit in summer and
autumn. During periods of drought, the greatest negative impact was on deciduous forests and
croplands, and woody savannas were the least impacted. This research provides a scientific reference
for developing mitigation and adaptation measures to lessen the impact of drought disasters under a
changing climate.

Keywords: China; drought; SPEI; VPD; vegetation; GPP

1. Introduction

Droughts are among the most complex and costly natural disasters in the world.
They are usually divided into meteorological, agricultural, hydrological, and economic
droughts [1]. With global climate change and increased human activities, the frequent
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occurrence of droughts has become a serious challenge [2-5]. Under future climate change
scenarios, the severity of droughts is expected to increase [6]. Since droughts profoundly im-
pact the economy, society, ecology, and environment, they increasingly attract the attention
of researchers in different fields.

China has suffered a growing number of drought events, including extreme drought
episodes, since the 1990s [7,8]. Droughts in China are highly complex, since they are affected
by many factors, such as climate, topography, and human activities [9]. The severity of
droughts in the northern region of the country (drought-prone area) has intensified, while
their frequency in the southern region is increasing [10,11]. The impacts of droughts on
agriculture and ecology threaten food and ecological security in China, the most populous
country in the world. Thus, assessing the temporal and spatial characteristics of droughts,
as well as understanding their trends and behaviors, is a crucial task to provide a scientific
basis for developing mitigation and adaptation measures to lessen the impact of drought
disasters under a changing climate.

Drought indices are among the most popular methods for monitoring and evaluat-
ing droughts [12]. Many drought indices have been proposed in the literature, but the
most commonly used drought indices are the standardized precipitation index (SPI) [13],
Palmer drought severity index (PDSI) [14], and standardized precipitation evapotranspi-
ration index (SPEI) [3,15]. SPI is a widely used drought index using a range of timescales
that considers precipitation and ignores other climatic factors, such as temperature and
evapotranspiration. On the other hand, PDSI combines the effects of precipitation and
evapotranspiration, but with the handicap of having a fixed temporal scale. Vicente-
Serrano et al. [15] introduced a multi-scale index based on SPI, with the inclusion of
potential evapotranspiration—the SPEI. Using precipitation and evapotranspiration, SPEI
not only retains PDSI’s evapotranspiration sensitivity to temperature, but also includes
SPI’s calculation simplicity and suitability for multi-scale and multi-space comparison.
Because this index is suitable for monitoring drought characteristics under climate change,
it has been widely used worldwide. Moreover, SPEI may be used as a tool to assess the
impacts of droughts on different systems (hydrology, agriculture, and ecology) [16].

Vapor pressure deficit (VPD) is the difference between the saturation and actual vapor
pressure, and is an important indicator of the degree of air dryness considered as a key
factor affecting the physiological function of vegetation [17]. High VPD is one of the main
causes of vegetation drought and may inhibit photosynthesis in vegetation [18].

Vegetation is an essential component of terrestrial ecosystems, reflecting an ecosys-
tem’s production and carbon sink capacities. However, it is sensitive to climate change,
and its growth is strongly affected by droughts [19,20]. Drought is a vital factor lead-
ing to the decline of vegetation productivity [21-23]. However, the response of different
ecosystems to drought varies [24]. Thus, assessing the impact of drought on vegetation
has become a crucial scientific issue [25]. Many studies use gross primary productivity
(GPP), net primary productivity (NPP), and the normalized difference vegetation index
(NDVI) to characterize ecosystem productivity and analyze the productivity response to
climate change [26-28]. Among these, GPP is the number of photosynthetic products, or
total organic carbon, fixed by organisms through photosynthesis in a unit of time. It is
the largest component and foundation of the carbon cycle of an ecosystem [29]. Thus,
changes in GPP can accurately reflect ecosystem responses to extreme events [30], whereas
many studies observe that drought occurrences decrease vegetation productivity, with
different regions and vegetation types responding differently [31]. As a country with a
vast territory, China has undergone complicated and extensive changes in vegetation types
due to rapid economic development [32]. However, there is limited research regarding the
impact of large-scale drought across China on different vegetation types during different
seasons. Indeed, identifying the effects of drought on the productivity of different vegeta-
tion types is a significant achievement that may help to better develop strategies to protect
the environment.
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The aim of this study is to investigate the effects of water deficit/drought on vegetation
productivity in various vegetation types across China during different seasons from 2001
to 2020. Specifically, we used two meteorological drought indices, SPEI and VPD, to
characterize water deficit and drought, along with vegetation productivity, as indicated
by GOSIF-GPP. We also examined the effect patterns of water deficit/drought on various
vegetation types (including evergreen forests, deciduous forests, mixed forests, woody
savannas, savannas, grasslands, and croplands). This study is developed to further grasp
and respond to the impact of climate change on vegetation.

2. Materials and Methods
2.1. Study Area

This study is performed across China, which covers a vast territory (Figure 1). Because
of conspicuous spatial differences in temperature, precipitation, and topography, land
cover types over China show evident spatial heterogeneity. China can be divided into four
climate regions according to the aridity index (the ratio between evapotranspiration and
precipitation): humid, semi-humid, semi-arid, and arid regions [33]. The humid regions
(mainly located in the south of China) are dominated by forests and savannas; the semi-
humid regions are primarily covered by croplands and grasslands; the semi-arid regions
are dominated by grasslands; and the arid areas are mostly barren (Figure 1).
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Figure 1. Spatial distribution of vegetation types in the selected study area across China (the white
area represents the pixels that were excluded for further analysis, including land cover type that has
changed from 2001 to 2020, non-vegetation cover, and shrublands cover).

To reduce the uncertainty of vegetation cover change, only the areas where the land
cover type has not changed from 2001 to 2020 were selected for analysis. Specifically, the
images of land cover in 2001 and 2020 were compared and subtracted. If the pixel value
was equal to 0, it was assumed that the land cover type remained unchanged during the
study period, and vice versa. In addition, the regions with non-vegetation cover (including
water bodies, permanent wetlands, urban and built-up lands, permanent snow and ice, and
barren) or shrublands cover (less than 100 pixels in the whole study area) were masked,
i.e., excluded from this study. The final selected study area is shown in Figure 1. Within
the selected study area, there are seven main vegetation types, namely evergreen forests,
deciduous forests, mixed forests, woody savannas, savannas, grasslands, and croplands
(Table 1). Among these, grasslands occupy the largest area, while mixed forests occupy the
smallest area, accounting for 48.6% and 2.2%, respectively.
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Table 1. Vegetation types and their area proportions of the selected study area.

Vegetation Types Area Proportions (%)
Evergreen Forests 3.3
Deciduous Forests 52
Mixed Forests 2.2
Woody Savannas 12.7
Savannas 8.1
Grasslands 48.6
Croplands 19.9

2.2. Datasets and Preprocessing
2.2.1. Meteorological Data

In this study, we used daily precipitation, temperature, and relative humidity data
from monitoring stations provided by the China Meteorological Data Network (CMDN,
http://data.cma.cn/ (accessed on 20 April 2022)). Observed near-surface meteorological
data at weather stations in China are routinely publicized, with a lag of about three months,
a period used for data compilation and quality control. Therefore, this dataset has high accu-
racy and timeliness, and has been widely used in studies related to climate change [34-37].
To ensure continuous and complete data records, 786 meteorological stations were chosen
for our study. The data from the meteorological stations was interpolated to 0.1° grid points
using ANUSPLIN software, which was generated using the thin-plate spline algorithm [38].
In order to improve the accuracy of interpolation in complex terrain areas, it is necessary to
input elevation elements in the interpolation process. In China, interpolation of tempera-
ture and relative humidity based on this method has high confidence, and error estimates
of precipitation for southern China were quite low [39]. This data was used to calculate
SPEI and VPD.

2.2.2. Gross Primary Productivity Data

The monthly GOSIF-GPP data, with a spatial resolution of 0.05° for 20012020, was
used (http:/ /globalecology.unh.edu (accessed on 22 April 2022)). The data was constructed
based on meteorological data, OCO-2 SIF data, remote sensing data from the Moderate Res-
olution Imaging Spectroradiometer (MODIS), and meteorological reanalysis data [40]. The
GOSIF-GPP dataset is highly correlated with GPP estimated from EC flux sites (R? = 0.73,
p < 0.001); therefore, it is able to objectively reflect the primary productivity of vegetation
in China [41].

2.2.3. Land Cover Data

The Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover Climate
Modeling Grid product (MCD12C1) of IGBP (International Geosphere-Biosphere Pro-
gramme) classification (https://search.earthdata.nasa.gov/ (accessed on 3 May 2022)) for
2001-2020, with a spatial resolution of 0.05°, was used. Moreover, the land cover data were
reclassified into seven classes (evergreen forests, deciduous forests, mixed forests, woody
savannas, savannas, grasslands, and croplands). In addition, the vegetation cover data and
GOSIF-GPP data were resampled to a spatial resolution of 0.1° using a nearest neighbor
interpolation method.

2.3. Methods
2.3.1. Meteorological Drought Indices Calculation

Based on temperature (T) and relative humidity (RH), monthly VPD can be obtained
using the following formula:

VPD = 0.61078 x e T55575) x (1 _ fgg)
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SPEl is a probability distribution function that fits and normalizes cumulative water
scarcity and can characterize the wetness and dryness of a region. It can be calculated
using the difference between precipitation and potential evapotranspiration. The SPEI is
characterized by multiple time scales. Furthermore, to match the time scale of GPP, this
study calculated the SPEI at the 1-month scale. The Hargreaves model, which has strong
accuracy in China [35], was used to estimate the monthly PET. The generalized extreme
value (GEV) distribution was chosen to normalize the SPEI, as it has been shown to have
strong stability in calculating shorter time scales SPEI [42].

Usually, When SPEI is less than —0.5, drought is indicated [15]. Previous studies have
focused on the effect of dryness/wetness on vegetation [19,43]. In order to investigate
the effect of drought on vegetation GPP, all drought months (i.e., months with SPEI less
than —0.5) in each year were selected. The sum of the absolute SPEI values of all drought
months, along with the sum of VPD and the mean GPP values corresponding to the drought
months, were calculated. The calculation equations are as follows:

f SPE,
i=1

SPEIdrought?month = (SPEL' < —0.5)

n
VPDdrought?month = ZVPDi
i

n
Y GPP;
i

Gppdroughtfmonth = n

where SPEljougnt_montn T€presents the sum of the absolute values of SPEI for all drought
months in a year, VPDyougnt_month represents the sum of the values of VPD for all drought
months in a year, GPPyougnt_montn T€presents the average GPP of all drought months in a
year, i represents the ith month, and n represents the number of drought months in a year.

2.3.2. Meteorological Drought Indices Calculation

The Mann-Kendall (M-K) test was used to identify the annual trends of GPP and
drought indices and their significance. This is a nonparametric statistical test method [44,45]
recommended by the World Meteorological Organization. It presents advantages, since
samples do not need specific distributions, and its calculation method is fairly simple.
Therefore, the M-K method is widely used to analyze changing trends and qualify the
significance of trends in the time series of drought, precipitation, and temperature, among
others [46-49].

For the statistic Z of the M—K test, Z > 0 indicates an upward trend, and Z < 0 indicates
a downward trend. When the significance levels are set to 0.01, 0.05, and 0.1, 1 Za | is 2.58,
1.96, and 1.65, respectively. At a certain significance level, if |Z| > |Zal, the statistics pass
the corresponding significance test.

2.3.3. Correlation Analysis

The Pearson correlation analysis is usually used to investigate the degree of correlation
between variables [50]. This method is frequently used in meteorology and ecology [31].
We selected this method to examine the response mechanism of vegetation to drought.
An F test was performed, and it indicated that the correlation is significant when p < 0.05.
Positive and negative correlations were represented by R > 0 and R < 0, respectively.
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Moreover, the closer | R is to 1, the stronger the correlation. The correlation coefficient R
was calculated as follows:

i (xi =x)(yi —¥)
R — i=1

where R ranges from —1 to 1; x; and y; represent the value of factors in x and y in period
i, respectively; X and i represent the average value of factors; and 1 represents the time
series length.

3. Results
3.1. Variation Trends of Meteorological Drought Indices and Vegetation GPP

We used the MK test method to analyze the annual trend, seasonal trend, and
significance of SPEI and VPD trends from 2001 to 2020 (Figure 2). From the perspective of
the annual average change trend (Figure 2a), the SPEI, accounting for 68.0% of the total area,
showed an upward trend. The areas showing a decreasing trend were mainly distributed
in southwest and northern China.
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Figure 2. Spatial distribution of annual (a) changing trend, (b) p-value, and seasonal changing
trend in (c) spring, (d) summer, (e) autumn, and (f) winter across China from 2001 to 2020 using
the standardized precipitation evapotranspiration index (SPEI) based on the Mann—Kendall (M-K)
trend test.
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The analysis of the seasonal change trend in SPEI showed large differences in the
changing trend when different seasons were considered (Figure 2c—f). Among the different
seasons, the largest proportion of area (~54.3%) with a decreasing trend according to the
SPEI was found in spring, while the smallest proportion (~19.9%) was found in autumn.
However, it is worth noting that the regions with decreasing trends were not significant
(p > 0.05) during the four seasons. In terms of vegetation types, for the annually averaged
SPEI trends, evergreen forests presented the largest proportion (~46.4%) of decreasing
trends, while mixed forests showed the smallest (~15.1%) (Table 2).

Table 2. The area proportions of the annual decreasing trend of SPEI, increasing trend of VPD, and
increasing trend of GPP from 2001 to 2020 across China, under different vegetation types (unit: %).

Vegetation Types SPEI VPD GPP
Evergreen Forests 46.4 49.7 80.1
Deciduous Forests 16.2 27.6 97.5
Mixed Forests 15.1 252 90.4
Woody Savannas 27.1 31.2 96.8
Savannas 20.7 37.1 96.1
Grasslands 32.6 65.1 87.2
Croplands 41.6 54.7 93.2

Similarly, the spatial distribution of the annual average and seasonal trends of VPD
are shown in Figure 3. The trend of dryness and wetness changes, characterized by VPD
and SPEI, are generally consistent. The area with an increasing trend of annual average
VPD accounted for 53.1% of the total area. Furthermore, the regions with significant trends
showed upward tendencies. As with SPEI, the changing trend of VPD in different seasons
also varied. Among the different seasons, the largest proportion (~71.5%) of areas with
an increasing trend of VPD was found in spring, while the smallest (~41.6%) was found
in autumn. In all four seasons, a significant upward trend was observed. As for different
vegetation types, grasslands had the largest proportion (~65.1%) of increasing trends, while
mixed forests had the smallest (~25.2%) (Table 2).

Finally, the same results are presented for GPP in Figure 4. Annual GPP showed an
overall upward trend, with 90.7% of the regions showing an increasing trend and 9.3%
showing a decreasing trend from 2001 to 2020. Except for the decline in GPP in some areas
in western China, most of the other regions presented positive tendencies, with highly
significant increasing trends (p < 0.01). On the contrary, the values for the areas with a
downward trend were not significant (p > 0.05). Among the different seasons, the largest
proportion (~87.8%) of areas with an increasing trend of GPP was found in autumn, while
the smallest (~65.9%) was found in winter. From the perspective of different vegetation
types, deciduous forests had the largest proportion (~97.5%) of increasing trends, while
evergreen forests had the smallest (80.1%) (Table 2).

3.2. The Relationship between Meteorological Drought Indices and Vegetation GPP

To characterize the influence of water deficit on vegetation, the Pearson correlation
was applied to evaluate the correlations between GPP and meteorological drought indices.
As shown in Figure 5, 70.7% of the total area showed that SPEI and GPP were positively
correlated. In addition, 9.8% of the area showed a significant positive correlation (p < 0.05),
and 6.1% showed a highly significant positive correlation (p < 0.01). The regions that
showed a significant positive correlation were mainly concentrated in northern China. For
different seasons, the proportion of positively correlated GPP and SPEIL is larger in summer
and autumn, accounting for 64.6% (with 27.9% having a significant positive correlation,
namely, p < 0.05 and p < 0.01) and 65.3% (with 11.1% having a significant positive correlation,
namely, p < 0.05 and p < 0.01), respectively. On the contrary, the proportion of positive
correlation in spring and winter is smaller, accounting for 37.6% and 43.2%, respectively.
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Figure 3. Spatial distribution of annual (a) changing trend, (b) p-value, and seasonal changing trend
in (c) spring, (d) summer, (e) autumn, and (f) winter of vapor pressure deficit (VPD) across China
from 2001 to 2020 based on the Mann-Kendall (M-K) trend test.

Figure 6 shows the frequency distribution (%) of the areas with a positive correlation
(R > 0) between GPP and SPEI among different seasons and vegetation types. At the annual
scale, water deficit had the greatest negative impact (R > 0) on GPP in savannas (80.0%)
and the least impact on evergreen forests (54.8%). The sensitivity of vegetation to water
deficit varied in different seasons. Except for grasslands, all vegetation types showed the
strongest sensitivity in autumn. In spring, savannas were the most sensitive to water deficit.
Grasslands were the most sensitive to water deficit in both summer and winter, while in
autumn, croplands were the most sensitive to water deficit.

We further examined the correlation between GPP and VPD. As shown in Figure 7,
66.2% of the total area showed that GPP and VPD were negatively correlated, indicating
that water deficit has a particular inhibitory effect on GPP. In addition, 9.9% of the area
showed a significant negative correlation (p < 0.05), and 11.6% showed a highly signifi-
cant negative correlation (p < 0.01). Similar to SPEI, the regions that showed significant
negative correlations were mainly concentrated in northern China. For different seasons,
the proportion of negatively correlated GPP and VPD was larger in summer and autumn,
accounting for 64.9% (with 28.8% having a significant positive correlation, namely, p < 0.05
and p <0.01) and 64.2% (with 13.6% having a significant positive correlation, namely,
p <0.05 and p < 0.01), respectively. On the contrary, the proportion of negative correlation
in spring and winter was smaller, 34.0% and 43.7%, respectively.
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Figure 4. Spatial distribution of annual (a) changing trend, (b) p-value, and seasonal changing trend
in (c) spring, (d) summer, (e) autumn, and (f) winter of gross primary productivity (GPP) across
China from 2001 to 2020 based on the Mann-Kendall (M-K) trend test.
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Figure 5. Spatial distribution of the correlation coefficients (R) between gross primary productivity
(GPP) and standardized precipitation evapotranspiration index (SPEI) across China, under (a) annual
and seasonal temporal scales including (b) spring, (c) summer, (d) autumn, and (e) winter from 2001
to 2020, and (f) annual and (g) seasonal frequency distribution of correlation coefficients (R) between
GPP and SPEIL
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Figure 6. Frequency distribution of the areas with positive correlation (R > 0) between gross primary
productivity (GPP) and standardized precipitation evapotranspiration index (SPEI) for different
vegetation types, including (a) evergreen forests, (b) deciduous forests, (c) mixed forests, (d) woody
savannas, (e) savannas, (f) grasslands, and (g) croplands under different temporal scales (annual and
seasonal) across China from 2001 to 2020.
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Figure 7. Spatial distribution of the correlation coefficients (R) between gross primary productivity
(GPP) and vapor pressure deficit (VPD) across China under (a) annual and seasonal temporal scales
including (b) spring, (c) summer, (d) autumn, and (e) winter from 2001 to 2020, and (f) annual and
(g) seasonal frequency distribution of correlation coefficients (R) between GPP and VPD.
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Figure 8 shows the frequency distribution (%) of the areas with a negative correlation
(R < 0) between GPP and VPD for different seasons and vegetation types in the study
area. At the annual scale, water deficit had the greatest negative impact (R < 0) on GPP in
savannas (73.0%) and the least impact on croplands (56.3%). The sensitivity of vegetation to
water deficit varied in different seasons. Except for grasslands, all vegetation types showed
the strongest sensitivity in autumn. In spring, savannas were the most sensitive to water
deficit. Grasslands were the most sensitive to water deficit in both summer and winter. In
autumn, croplands were the most sensitive to water deficit. This result is consistent with
the relationship between GPP and SPEL
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Figure 8. Frequency distribution of the areas with negative correlation (R < 0) between gross primary
productivity (GPP) and vapor pressure deficit (VPD) for different vegetation types (a) evergreen
forests, (b) deciduous forests, (c) mixed forests, (d) woody savannas, (e) savannas, (f) grasslands, and
(g) croplands under different temporal scales (annual and seasonal) across China from 2001 to 2020.

3.3. The Impact of Drought on Vegetation GPP

The spatial distribution of the correlation coefficients between GPPyrougnt_montn and
SPELirought_month / VPDarought_montn and the p-value are shown in Figure 9. We found that the
GPParought_montn Was negatively correlated with SPELyuent montn over 66.3% of the study
area (Figure 9a). Among these, 5.1% showed a significant negative correlation (p < 0.05),
which indicated an inhibitory effect of drought on GPP. The area in which GPPyount_month
was negatively correlated with VPDyouens montn was 48.7%, with only 1.1% showing a
significant negative correlation (p < 0.05). Relative to VPD, the drought indicated by SPEI
had a more severe negative impact on vegetation GPP. Furthermore, the spatial distribution
showed that the correlation coefficients between the two drought indices and GPP are
roughly the same during drought periods, and the regions with larger differences are mainly
concentrated in northeast and northwestern China. Both drought indices showed that
vegetation growth was inhibited during the drought period in northern and southwestern
China, as well as in the Qinghai-Tibet Plateau (situated in southwestern China).

The correlation between GPP grougnt_month a0d SPELyrougnt_month/ VPDrougnt_montn for the
seven vegetation types in the study area is shown in Figure 10. The correlation coefficients
between GPPyrougnt_montn and SPELyrouent montn Were mostly negative. Among them, decidu-
ous forests were the most negatively affected by drought, and woody savannas were the
least affected. However, the relationship between GPPount_month a0d VPDyrougnt_month Of
different types of vegetation showed that the proportion of positive correlation was less
than that of SPELougnt_montn- Croplands were the most negatively affected by drought,
while woody savannas were the least.



Remote Sens. 2022, 14, 4658

12 of 21

80°F 90°E 100°E 110°E - 120°F 130°E 80°E 90°E 100°E 110°E. 120°E  130°E

(®)

50°N
50°N

40°N

40°N

30°N
30°N

20°N
20°N

@

SO°N
50°N

T

40°N

40°N

30°N
30°N

- <001

& LB &

21 -0.6-04-020 020406 p-0.05 rs
8°E  90°E  100°E  LI0°E  120°E  130°E 8°E  9°E  LO0°E  LI°E 120 130°E

Figure 9. Spatial distribution of (a) the correlation coefficients (R) and (b) statistical signifi-
cance (p-value) between GPPgoygnt_montn (the average GPP of all drought months in a year) and
SPELirought_montn (the sum of the absolute values of SPEI for all drought months in a year), and the
spatial distribution of (c) the correlation coefficients (R) and (d) statistical significance (p-value)
between GPPgrougnt_month ad VPDyrouent_montn (the sum of the values of VPD for all drought months
in a year).
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Figure 10. Frequency distribution of the areas with correlation coefficients (R) between

GPParought_montn (the average GPP of all drought months in a year) and SPElougnt_montn (the sum of
the absolute values of SPEI for all drought months in a year; upper panel)/ VPDgrougnt_montn (the sum
of the values of VPD for all drought months in a year; lower panel) for different vegetation types.
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4. Discussion
4.1. Validation of Meteorological Interpolation Data

The accuracy of meteorological data seriously affects the results of drought event
assessment. We compared the interpolation data with the European Centre for Medium-
Range Weather Forecasts Reanalysis 5 (ERA5, https://cds.climate.copernicus.eu/#!/home
(accessed on 30 July 2022)) at monthly time-steps for the same period for verification. The
datasets from the ERA5 potentially supersede other reanalysis products due to their high
spatial and temporal resolution, and they have been widely used in meteorology-related
research [51,52]. We analyzed the performance of the dataset across different climate
zones according to new and improved current (1980-2016) Koppen-Geiger classifications
(Figure 11). The classification is based on the threshold values and seasonality of monthly
air temperature and precipitation, which can be used for studies based on differences in
climatic regimes [53]. We selected climate classifications with an area greater than 8%
of the total area (BWK, ET, BSk, Cfa, Dwa, Cwa, and Dwb) for analysis. Together, these
classifications account for more than 90% of the total area. The selected Képpen—Geiger
classifications as listed in Table 3.
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Figure 11. New and improved current (1980-2016) Képpen-Geiger classifications of China (for
explanations of the abbreviations, please see Table 3).

The verification results of temperature, precipitation, and relative humidity data are
shown in Figures 12-14, respectively. The interpolation data were in good agreement with
the ERA5 data, with most R? greater than 0.90. The R? of temperature data for climate
classifications in China were all equal to 0.99, while precipitation data were all > 0.94, and
relative humidity data were all > 0.72. In general, the interpolation data met the data
accuracy requirements.

4.2. Spatiotemporal Variation and Characteristics of Drought and GPP

By analyzing the annual average trends of SPEI and VPD, we observed that both
indicated a drying trend in northern China, southwest China (especially Yunnan Province),
and the Qinghai-Tibet Plateau. Since the 21st century, southwest China has become
one of the regions with the largest frequency of droughts [54]. This region is mainly
influenced by the southwest monsoon, having the multi-seasonal and multi-level drought
states superimposed, giving rise to the complexity of the drought situation. Therefore,
the characteristics of drought events and their impacts in this region have been widely
studied in recent years [24,55,56]. Another area frequently affected by drought is northern
China, a region that is an important, but ecologically fragile, grain-producing hotspot;
thus, its drying trend requires attention from the authorities. Due to the sensitivity of the
plateau region to climate change, many researchers have analyzed the temporal and spatial
characteristics of drought in the Qinghai-Tibet Plateau [57,58]. The results using SPEI
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showed a large area of the Qinghai-Tibet Plateau region with a drying trend in summer
and autumn, while the VPD showed a more significant drying trend in autumn. Notably,
in the future, projections point to the increasing risk of drought in southwest China and
the Qinghai-Tibet Plateau, with the risk being almost twice as high as that for the rest of

China [59].

Table 3. Koppen-Geiger classifications and their area proportions of China (classifications with area

proportions greater than 8% were selected for further analysis).

Koppen—Geiger Classifications Abbreviations Area Proportions (%)
Arid, desert, cold BWk 21.806
Polar, tundra ET 15.098
Arid, steppe, cold BSk 12.792
Temperate, no dry season, hot summer Cfa 11.570
Cold, dry winter, hot summer Dwa 11.344
Temperate, dry winter, hot summer Cwa 9.271
Cold, dry winter, warm summer Dwb 8.545
Cold, dry winter, cold summer Dwc 5.602
Temperate, dry winter, warm summer Cwb 2.937
Tropical, savannah Aw 0.293
Polar, frost EF 0.264
Cold, no dry season, cold summer Dfc 0.202
Temperate, no dry season, warm summer Ctb 0.082
Tropical, monsoon Am 0.073
Cold, no dry season, warm summer Dfb 0.033
Cold, no dry season, hot summer Dfa 0.028
Cold, dry summer, cold summer Dsc 0.021
Arid, steppe, hot BSh 0.014
Tropical, rainforest Af 0.013
Cold, dry summer, warm summer Dsb 0.012
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Figure 12. Comparison and verification of interpolation data and the European Centre for Medium-
Range Weather Forecasts Reanalysis 5 (ERA5) data of temperature for selected Koppen—-Geiger
classifications (a) BWK, (b) ET, (c) BSk, (d) Cfa, (e) Dwa, (f) Cwa, (g) Dwb, and (h) across China (see

Table 3 for explanations of the abbreviations).
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Figure 13. Comparison and verification of interpolation data and the European Centre for Medium-
Range Weather Forecasts Reanalysis 5 (ERA5) data of precipitation for selected Képpen—-Geiger
classifications (a) BWKk, (b) ET, (c) BSk, (d) Cfa, (e) Dwa, (f) Cwa, (g) Dwb, and (h) across China (see
Table 3 for explanations of the abbreviations).
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Figure 14. Comparison and verification of interpolation data and the European Centre for Medium-
Range Weather Forecasts Reanalysis 5 (ERA5) data of relative humidity for selected Koppen—-Geiger
classifications (a) BWKk, (b) ET, (c) BSk, (d) Cfa, (e) Dwa, (f) Cwa, (g) Dwb, and (h) across China (see
Table 3 for explanations of the abbreviations).
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As for the changing trend of vegetation GPP, we observed a significant upward trend
in most parts of China. This phenomenon may be caused by several factors, such as
atmospheric-CO; fertilization effects, the increase in temperature, and solar radiation [60,61].
In addition, ecological restoration measures, such as the implementation of the Grain for
Green Project, also play a vital role [62]. However, studies have shown that the increase
in forest cover may lead to a decrease in soil moisture, which in turn may have negative
impacts on plant growth and water resources [63]. The regions with a decreasing trend
of GPP are mainly concentrated in the Qinghai-Tibet Plateau, with the trend being more
obvious in spring and winter. This may be due to drought events caused by low rainfall.
Water availability is the most important factor influencing GPP changes in this region [64].

4.3. Effects of Drought on Vegetation GPP

Few studies have analyzed the relationship between vegetation GPP and water deficit
in different seasons at the national level. In China, we observed significant differences
in the effects of water deficit on vegetation in different seasons. For different seasons,
GPP correlated (in both positive and negative directions) almost identically with VPD and
SPEI (Figures 7 and 9). The relationship between SPEI and GPP and between VPD and
GPP both indicated that the proportion of areas where water deficit negatively affected
vegetation was greater in summer and autumn than in spring and winter. This result
is consistent with previous studies in which vegetation activity was found to be more
sensitive to drought events during the growing season [65]. In spring, vegetation grows
well as long as there is sufficient soil moisture and atmospheric vapor pressure [66]. In
addition, related studies have confirmed that spring vegetation greening may exacerbate
summer drought [67,68]. Summer drought limits vegetation transpiration and directly
reduces photosynthesis [69]. Similarly, autumn drought will also promote stomatal closure
of leaves to decrease transpiration [70]. Moreover, the correlation between meteorological
drought and hydrological drought is stronger in summer and autumn compared to spring
and winter [71], which may be another crucial reason for the findings of our study. It was
found that different vegetation had distinct sensitivity to water deficit in various seasons.
All vegetation types were the most negatively affected by water deficit in the fall, except
for grasslands, which were the most negatively affected in the summer. Previous studies
only considered the relationship between drought index and vegetation in all periods of
time, but did not pay attention to the relationship between drought index and GPP only
during drought periods. This study found that there were some differences between the
two results; in terms of spatial characteristics, drought had negative effects on vegetation
GPP in northern China, southwest China, and the Qinghai-Tibet Plateau. It is worth noting
that these areas are highly overlapped with areas where drought severity and frequency
have been increasing in recent decades.

The serious adverse effects of water deficit on vegetation GPP were mainly concen-
trated in Inner Mongolia, of which the main vegetation type is grassland. Grasslands are
among the most fragile ecosystems, where both climate change and human activities are
significantly impacting their productivity [72]. Grasslands consist mainly of herbaceous
plants whose roots can store a limited amount of water, resulting in a weak resistance to
water deficit [73]. Furthermore, there are differences in the response of various grassland
types. This study also investigated savannas and concluded that these were some of the
more significantly negatively affected by water deficit among the different vegetation
types. Indeed, more studies have focused on the response of forests and grasslands to
drought, and relatively few studies have been conducted on the impact of drought on
savannas [74,75]. Severe and persistent drought can significantly reduce savanna produc-
tivity, leading to structural and compositional changes and even widespread vegetation
mortality [75]. As for croplands, this is the vegetation type that receives the most human
intervention (e.g., irrigation), but it is still vulnerable to drought. Additional comparison of
the differences in the response of crops, including detailed species, to drought would be
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better conducted at a regional scale. Environment monitoring by using remote sensing is
an import measurement [76-82].

4.4. Potential Impact of Drought on the Ecosystem Regarding Future Climate Change

There is a common recognition that climate change poses an adverse effect on the
natural ecosystem and human well-being [83]. In past decades, drought has led to severe
effects on the terrestrial ecosystem in China [84]. Although we have investigate the im-
pact of drought on vegetation GPP across different land cover types, excluding the land
cover changed regions, the land use and land cover at the local scales may exacerbate or
alleviate extreme climate events (such as drought) under climate change conditions [85].
It is necessary to consider land-use changes and drought patterns when exploring the
impact of drought on ecosystems in the future by using ecological process models. The
intensification of droughts, along with storm rainfall projected in future climate change
scenarios, will increase soil carbon loss due to soil erosion [83]. However, the increasing
CO, may compensated for the negative effects of drought on net carbon uptake in the
future [86]. Therefore, we should try to consider more environmental factors to analyze the
relationships between drought and vegetation GPP in future research.

4.5. Impacts, Limitations, and Future Work

In this research, we used the M—K test to analyze changing trends, and Pearson correla-
tion analysis was used to study the correlation between drought indices and vegetation GPP.
This method is fairly simple to calculate and can be applied to assess and predict the impact
of droughts and other extreme climate events on vegetation. Furthermore, we innovatively
used two indices, SPEI and VPD, to characterize drought. Although both indices are able
to assess the degree of drought, they have different theoretical foundations that result in
different conditions characterized by different drought indices. In order to measure the
effects of drought on vegetation, the combination of these two indices can comprehensively
depict the drought dynamics and effectively reduce the uncertainty induced by each indi-
vidual index. In this study, the trends and the effects of water deficit on vegetation assessed
using the two drought indices are generally consistent, which improves the reliability of the
results and strengthens our findings. The results also revealed that drought characterized
by SPEI was negatively correlated with vegetation during drought in more areas compared
to VPD. The main reason for this phenomenon may be the significant spatial and temporal
differences in the effects of temperature and precipitation on drought [87]. SPEI is based on
both precipitation and potential evapotranspiration (PET). PET is strongly influenced by
temperature and is closely related to VPD. By contrast, VPD is computed without including
precipitation. Therefore, further research could be conducted to explore the contribution of
temperature and precipitation to drought in different regions of China.

Nevertheless, this study has some limitations. The first is data accuracy. There were
still differences between the GOSIF data and the data measured on site [88]. Because of
the influence of soil moisture on light energy use efficiency, GPP, obtained using remote
sensing, tends to underestimate the impact of droughts on vegetation [89]. In addition, this
study only considered the impact of drought on GPP. Vegetation growth results from a
combination of several factors, and may also be affected by other extreme weather events,
such as high temperatures, low temperatures, and floods [90]. Thus, the complexity of
the causes of drought and the influencing factors on vegetation growth bring certain
uncertainty to the results. Despite these shortcomings, the methods and conclusions of
this study can be used as a reference for determining the impact of droughts on vegetation.
These can be used to take timely and effective measures to prevent and mitigate the adverse
effects of droughts on vegetation in relevant areas.

5. Conclusions

In the context of global climate change, enhancing our understanding of the effects of
droughts on vegetation is of great significance for maintaining the balance of the carbon



Remote Sens. 2022, 14, 4658 18 of 21

cycle in the ecosystem. In this study, we used SPEI and VPD to analyze spatial-temporal
patterns of drought in China from 2001 to 2020. The vegetation parameter GPP was used to
evaluate vegetation productivity and analyze the annual and seasonal trends of drought
and GPP under different vegetation types. The response of vegetation GPP to water
deficit/drought under different vegetation types was assessed using Pearson correlation
analysis. The conclusions of this study are as follows:

In terms of annual trends, China’s SPEI and GPP showed an upward trend in most
regions, whereas VPD showed an overall downward trend. Among the different seasons,
both SPEI and VPD showed the most areas with an increasing trend of drought in spring
and the least in autumn. GPP shows an upward trend, with the largest share of areas
showing this trend in autumn.

About 70.7% of the pixels of the SPEI and GPP were positively correlated, which was
greater than that of the negative correlation. About 66.2% of the total area showed that GPP
and VPD were negatively correlated. The relationships of SPEI, VPD, and GPP indicated
that the negative effects of water deficit on vegetation were more pronounced in summer
and autumn. In spring, savannas were the most sensitive to water deficit. Grasslands were
most sensitive to water deficit in both summer and winter. By contrast, croplands were the
most sensitive to water deficit in autumn. During drought periods, vegetation growth was
inhibited, especially in northern China, southwest China, and the Qinghai-Tibet Plateau.
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