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Abstract: Vegetation net primary productivity (NPP) is an important aspect of the global carbon cycle,
and its change is closely related to climate change. This study analyzed the spatial-temporal variation
of the standardized precipitation evapotranspiration index (SPEI) and NPP in the Mongolian Plateau,
and investigated the effect of drought on NPP. To this end, NPP was simulated using the Carnegie-
Ames-Stanford Approach (CASA) model. The results showed that from 1982 to 2014, NPP exhibited
an upward trend in different seasons, and a significant increasing trend in most areas in the growing
season and spring. The degree of drought also showed an increasing trend in each season. Moreover,
the decrease in NPP and SPEI in Mongolia was larger than that in Inner Mongolia. Vegetation showed
a positive correlation with SPEI in the growing season and summer, but a negative correlation in
the other seasons. Moreover, the impact of drought on vegetation in the growing season showed
a lag effect, whereas the lag response was inconspicuous during the early stages of the growing
season. Different vegetation NPP responded strongly to the SPEI of the current month and the
previous month.

Keywords: net primary productivity; drought; response; Mongolian Plateau

1. Introduction

With the aggravation of global warming and drying, the frequency of droughts has
increased sharply, posing a significant threat to human survival [1-3]. The Six Assessment
Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) has claimed
that since 1850-1900, the global average surface temperature has increased by about 1 °C.
Moreover, from the average temperature changes over the next 20 years, global warming is
expected to reach or exceed 1.5 °C [4-6]. Chinese and international scholars have studied
the problem of drought in recent years and reported that drought events are characterized
by high frequency and large impact range, seriously affecting national economies [7-9].
Moreover, with climate warming and the intensification of human activities, droughts
have caused many ecological problems [10]. Studying the causes and changes in drought
is significant for solving the problem of drought. As a system for human survival and
development, the terrestrial ecosystem has gradually become a hot topic in climate change
research [11,12]. Vegetation is the main component of terrestrial ecosystems and plays a
crucial role in global climate change [13]. The productivity of vegetation affects human
production and life. Net primary productivity (NPP) is the organic matter accumulated by
plants in unit time and area, that is, the organic carbon fixed by photosynthesis, minus the
part consumed by plant respiration [14]. NPP is not only an important basis for regulating
terrestrial ecological processes and an important variable characterizing vegetation activity,
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it also reflects the dynamic response of the carbon cycle to global climate change [12].
Therefore, NPP has become an indispensable index and the focus in studies on the impact
of climate change on terrestrial ecosystems [15]. Quantitative analysis of the spatial and
temporal changes of NPP is of great significance for understanding changes in ecosystems.

In recent years, domestic and foreign scholars have been focusing on the study of
drought and NPP. Zhao et al. [16] studied the impact of global drought events on NPP
from 2002 to 2009, and found that large-scale drought directly led to the decline of plant
community productivity. Based on MODIS17A2H data, Yu et al. [17] concluded that the
occurrence of drought events would significantly reduce the net primary productivity of
grasslands in Northeast China. Chen et al. [18] analyzed the effects of drought on NPP
at a global scale, and found a positive correlation between NPP and the Standardized
Precipitation Evapotranspiration Index (SPEI) in arid and semi-arid areas, especially in
areas at 20-50° N, where vegetation is more sensitive to drought. Lai et al. [19] analyzed the
spatial and temporal distribution of NPP and the impact of drought on NPP in mainland
China during 1982-2015, and found a positive correlation between NPP and SPEI, with
NPP being mainly affected by drought in most areas. Yang et al. [20] found that the state of
vegetation growth in North China was highly consistent with the spatial distribution of
drought, and that SPEI was highly correlated with NPP; they reported that vegetation loss
will increase with the increase in the scope and duration of drought. Sun et al. [21] analyzed
the main influencing factors of NPP in Northeast China, and found that temperature and
drought were the main drivers of changes in NPP. Under the condition of long and serious
drought events, NPP showed a downward trend.

The Mongolian Plateau, which is located in the northern Hemisphere, mid-latitude,
is an important geomorphic tectonic unit of Eurasia with a large north-south span, and
belongs to a typical arid and semi-arid climate transition zone and fragile ecosystem
zone [22]. The Mongolian Plateau has a typical arid and semi-arid climate type. With its
unique geographical location and geomorphic characteristics, as well as the joint influence
of the summer monsoon, winter monsoon and west wind, the climate system is extremely
complex. Under the influence of global warming and drying phenomena, droughts occur
frequently in the region, and the ecosystem is unbalanced. Studies have shown that
droughts are the main reason for the decline of NPP in the global terrestrial ecosystem [23].
In recent years, many researchers have studied the relationship between vegetation and
drought in the Mongolian Plateau. Most of them have mainly focused on the response
of the normalized vegetation index (NDVI) to the climate, or its impact on drought, or
separately studied drought and vegetation. For example, some scholars have found that
due to successive droughts after 2000, the ecosystem of the Mongolian Plateau had offset
40% of the carbon sink accumulated in the 20th century [24]. Cao et al. [25] found that
the areas where frequent and extreme drought events mainly occurred in the Mongolian
Plateau had sparse vegetation and scarce precipitation. Tong et al. [26] showed that there
was a large area of drought in the years with poor vegetation growth in the Mongolian
Plateau, and that vegetation growth was the best in the years with a low degree of drought.
However, few scholars have conducted research on the correlation between vegetation
NPP and the SPEI of different vegetation types in the Mongolian Plateau.

Therefore, in this study, we used remote sensing data and meteorological data to sim-
ulate NPP by the Carnegie-Ames-Stanford Approach (CASA) model. Combining the NPP
simulation and the standardized precipitation evapotranspiration index (SPEI) with Sen
analysis and correlation analysis methods, droughts and changes in NPP over the Mongo-
lian Plateau were analyzed, and the impact of drought on NPP was explored. The findings
are expected to contribute crucial information for formulating corresponding drought pre-
vention countermeasures and ecosystem restoration measures in the Mongolian Plateau.
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2. Data and Methodology
2.1. Study Area

The Mongolian Plateau mainly comprises Mongolia and the Inner Mongolia of China.
Its coordinates are 87.5-126.5° E and 32.5-53.5° N (Figure 1). As an inland plateau located
far from the ocean, the Mongolian Plateau reaches the Great Khingan Mountains in the east,
the Altai Mountains in the west, the Sayan Mountains, Kent hill and Yablonov Mountains
in the north, and the Yinshan Mountains in the south [27]. The overall terrain decreases
gradually from west to east. There are many mountains in the northwest and the vast
Gobi in the southwest. The plateau is located in a mid-to-high latitude arid and semi-arid
climate zone and is dominated by a temperate continental climate, which is highly sensitive
to climate change. Figure 1 shows the distribution of vegetation types, meteorological
stations and solar radiation stations in the Mongolian Plateau.

85°0"0"E 90"0;0"E 95"0"0"E 100"(?'0"E 105°9'O"E 110°q'0“E 115"?‘0"]: 120°9'0"E 125°q'0"E

!
T
50°0'0"N

50°0'0"N

45°0'0"N
T
45°0'0"N

Vegetation types
- Coniferous forest

- Broadleaf forest
- Meadow steppe S
@
- Typical steppe l:l ’ SR
C d St
l:l Desert steppe ropian “
- Water
- Shrub

) - Alpine steppe 4 . 0 280 560
- Gobi-desert # stations of temperature and precipitation ey
l:l Boundary m
- Sandy land
1 ==

A stations of solar radiation L
T T T T T T
90°0'0"E 95°0'0"E 100°0'0"E 105°0'0"E 110°0'0"E 115°0'0"E 120°0'0"E

40°0'0"N
L
40°0'0"N

35°0'0"N
35°0'0"N

Figure 1. Distribution of vegetation types, solar radiation and meteorological stations on the Mongo-
lian Plateau.

2.2. Datasets

Vegetation type data were obtained from the vegetation map of the Mongolian Plateau
with a scale of 1:1,000,000, the vegetation map was first scanned, geometrically corrected,
mosaicked, and digitized using the ArcGIS software and was then generated with a spatial
resolution of 0.083°. Vegetation types in the study area can be divided into eleven categories:
coniferous forest; broadleaf forest; meadow steppe; typical steppe; desert steppe; shrub;
sandy land; cropland; alpine steppe; water, and the Gobi-desert, as shown in Figure 1. As
vegetation is almost non-existent in the Gobi-desert and water types, only the nine other
vegetation types were considered in this study.

In this study, the normalized difference vegetation index (NDVI) dataset was ob-
tained from the Global Inventory Monitoring and Modelling Studies (GIMMS) of the
National Aeronautics and Space Administration (NASA) (http://ecocast.arc.nasa.gov/
data/pub/gimms/3g/, (accessed on 8 August 2020)). The meteorological data, such as
monthly precipitation, monthly average temperature and monthly solar radiation during
the period 1982-2014, came from the China Meteorological Science Data Sharing Service
network (http://data.cma.cn/, (accessed on 8 August 2020)) and the Meteorological Bu-
reau of Mongolia. Then, these data were interpolated by the Kriging method, to match the
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resolution with NPP data. We calculated NPP by applying the Carnegie-Ames-Stanford
Approach (CASA) model, using the GIMMS NDVI data, temperature, precipitation, solar
radiation, and vegetation classification data.

Moderate Resolution Imaging Spectroradiometer (MODIS) NPP data during 20002014
from the MOD17A3 dataset provided by NASA (https:/ /ladsweb.modaps.eosdis.nasa.
gov/, (accessed on 6 October 2020)) were used to validate the inversion of CASA NPP. The
product included the net primary productivity, calculated on the basis of the Biome-BGC
model, with a spatial resolution of 500 m and a yearly temporal resolution. To facilitate
subsequent analysis, ArcGIS was used for resampling and projection conversion; all data
were resampled to 8 km through the same resampling method in ArcGIS.

2.3. Methodology
2.3.1. Carnegie-Ames-Stanford Approach (CASA) Model

The CASA model is a process model based on the principle of light energy utilization
efficiency. This model calculates NPP by considering the absorption of photosynthetically
active radiation (APAR) by plants, and the actual light energy utilization (¢) [28,29]. With
the advantages of easy application and rapid calculation, it is widely used to assess global
and regional NPP [30,31]. The photosynthetic effective radiation absorbed by vegetation
depends on the total solar radiation, and the proportion of photosynthetic active radiation
absorbed by vegetation. The actual utilization rate of light energy relates to the efficiency of
vegetation to convert the absorbed photosynthetically active radiation into organic carbon.
The calculation formula is as follows:

NPP(x,t) = APAR(x,t) X e(x,t) )

In Equation (1), t represents month; x represents geographic location; APAR(x, t) is
the photosynthetically active radiation absorbed by vegetation at pixel x in month t
(MJ/m?/month); the calculation of APAR referred to the data of Zhu et al. [28] and
Bao et al. [32], in which the APAR is determined by the total solar radiation amount and
the absorption proportion of vegetation with photosynthetically active radiation (PAR);
e(x, t) is the actual light energy utilization rate of vegetation at pixel x in month t (gC/M]).
In this study, the maximum light energy utilization rate of coniferous forest, broadleaf
forest, and shrub was 0.485, 0.692, and 0.429, respectively. The maximum light energy
utilization rate of other vegetation types was 0.542, which referred to the simulation
results of Zhu et al. [33] and Bao et al. [34]. NPP(x,t) is the net primary productivity
(gC/ m?/ month) of vegetation at pixel x in month t (gC/ m?/month).

2.3.2. Standardized Precipitation Evapotranspiration Index (SPEI)

SPEI is an index of meteorological drought conditions proposed by Vicente
Serrano et al. [35]. The higher the SPEI value, the better the water condition, and vice versa.
It comprehensively considers precipitation, evapotranspiration (ET) and temperature, and
is widely used in drought research. Moreover, the Thornthwaite model was used to calcu-
late the ET, which used air temperature and latitude to estimate evapotranspiration [36].

To reveal the specific situation of drought in the study area, SPEI values at different
time scales were calculated. The SPEI values of the three-month time scale SPEI (SPEI3) in
May, August and November were selected as representative values of seasonal drought,
that is, spring (March-May), summer (June-August) and autumn (September-November).
For drought in the growing season, the seven-month time scale SPEI (SPEI7) in October
were selected.

2.3.3. Sen’s Trend Analysis

We adopted Sen’s method to analyze the trend of the time series of SPEI in the study
area. Sen’s trend analysis [37,38] is an important method for assessing the trend of long
time series data. This method does not require the data to follow a certain distribution,
but considers the median value of the calculated sequence. It can effectively reduce noise
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interference, but cannot assess the significance of the sequence trend by itself. Therefore,
we employed the Pearson and Mann-Kendall methods for the significance test.

In this study, Sen’s trend degree was used to represent the change trend of the time
series. The calculation formula is as follows:

. SPEL; —SPEL .
B= Medlan(}fi),w >i ()

In Equation (2), 1 <j <i <n, Median is the median function, {3 is Sen’s trend degree,
which is used to represent the degree of rise and fall of the {SPEIi} trend. When 3 > 0,
{SPEL} shows an upward trend, the larger 3 value, the more prominent the upward trend
is. When B < 0, {SPEI;} shows a downward trend, the smaller the value of (3, the more
prominent the downward trend is.

2.3.4. Correlational Analysis Method

To investigate the response of NPP to drought in the Mongolian Plateau, the correlation
coefficient between drought and NPP was determined. The significance of the correlation
coefficient was tested using the Pearson method. The calculation formula of the correlation
coefficient is as follows:

[ =%)(y; = ¥)]
- ®)

Iy =
\/, 1(Xi—f)z_ (v;—y)

In Equation (3), n is the number of years in the study period, and x and y are the two
variables of the correlation analysis, x; and y; are their sample values.

It1s

It

3. Results
3.1. Spatial-Temporal Variations of NPP in the Mongolian Plateau
3.1.1. Model Validation

Although the CASA model is a mature model and has been widely used to calculate
global and regional NPP [19,39], its simulation results still need to be verified. However,
model validation is restricted by the lack of large-scale biomass monitoring data. Neverthe-
less, MOD17A3 NPP data are also representative, and can be used to reflect the NPP of
vegetation over the Mongolian Plateau. Therefore, the model was validated by comparing
the simulated NPP value with MODIS NPP. As shown in Figure 2, the NPP estimated by
the model is in good agreement with MODIS NPP (2000-2014). The coefficient of determi-
nation (R?) was 0.814 (p < 0.001), showing a significant correlation. These results indicated
that the CASA model is suitable for estimating the NPP of the Mongolian Plateau.

3.1.2. Temporal Changes in NPP

To explore the spatial distribution pattern of NPP over the Mongolian Plateau, the
NPP values of the Mongolian Plateau from 1982 to 2014 were simulated based on the CASA
model. Figure 3 shows the multi-year mean line chart of NPP in the growing season, spring,
summer, and autumn. Figure 3a shows the broken line chart of NPP during the growing
season. NPP showed a significant upward trend at a rate of 6.91/10a in the Mongolian
Plateau, and its variation range was between 157.392 gC/m? and 239.244 gC/m?. The max-
imum value was reached in 2014, and the minimum value appeared in 1983. NPP showed
an upward trend at a rate of 9.42/10a in Inner Mongolia, and reached the maximum in
2014, whereas it showed an upward trend at a rate of 5.06/10a in Mongpolia, and reached
the maximum in 2012. Figure 3b shows the changes in NPP in spring. NPP showed a
significant upward trend at a rate of 2.26/10a in the Mongolian Plateau. The maximum
value of 40.505 gC/ m? was reached in 2013, and the minimum value of 23.165 gC/ m?2
appeared in 1995. The variation range of NPP was large in Inner Mongolia, with a signif-
icant increase at a rate of 2.58/10a, and the maximum value being reached in 1998. On
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the other hand, NPP showed a significant upward trend at a rate of 2.02/10a in Mongolia.
Figure 3c shows the variation of the mean values of NPP in summer. NPP showed an
upward trend at a rate of 3.80/10a in the Mongolian Plateau, with the maximum value of
170.370 gC/m? in 2014, and the minimum value of 110.065 gC/m? in 1983. NPP showed
an upward trend at a rate of 5.06/10a in Inner Mongolia, and showed an upward trend at a
rate of 2.86/10a in Mongolia. Figure 3d shows changes in NPP in autumn, during which
NPP exhibited a large variation range and increased at a rate of 1.17/10a. The maximum
value was 38.652 gC/ m? in 2013, and the minimum value was 25.594 gC/ m? in 2002. NPP
showed a significant upward trend at a rate of 1.84/10a in Inner Mongolia, and showed an
upward trend at a rate of 0.68/10a in Mongolia.

700

— = -Linear fitting curve .
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= g1
(=3 (=]
o o
I I

MODIS NPP (gC/m?)
2
(=}

200
100 |- y=0.664x+39.902
oL R?=0.814,p<0.001

0 200 400 600 800
Simulation Value of NPP (gC/m?

Figure 2. Verification of NPP (the horizontal axis represents the simulation value of NPP, and the
vertical axis represents the MODIS NPP).

Overall, the value and increasing tendency of NPP in Inner Mongolia was larger than
Mongolia. Moreover, the increasing trend of NPP was the largest in Inner Mongolia, and
the variation range of NPP was the largest in the growing season, followed by summer,
spring and autumn.

3.1.3. Spatial Variation of NPP

Figures 4a—d and 5 show the spatial patterns of, and percentage of significance of
average for NPP, determined through the Mann-Kendall test in the growing season, spring,
summer, and autumn, during the study period. On the whole, the distribution was
scattered. Figure 4a shows the significance of the NPP trend in the growing season. In
the growing season, the NPP of coniferous forest, meadow steppe, and typical steppe
generally showed an increasing trend. Areas with significant decreasing trends were
mostly distributed in meadow steppe and typical steppe, which are located in the northern
part of the Mongolian Plateau. Overall, the significant decrease was mostly distributed in
Mongolia, accounting for 3.37% of Mongolia, whereas the NPP slope in Inner Mongolia
generally showed an insignificant upward trend in the growing season, accounting for
50.87% of the Inner Mongolia area (Figure 5a). NPP, in most parts of the Mongolian Plateau,
showed an increasing trend in the growing season, accounting for 71.50% of the total area.
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Figure 3. Temporal trend of NPP for (a) the growing season, (b) spring, (¢) summer, and (d) autumn over the Mongolian
Plateau, Mongolia and Inner Mongolia during 1982-2014 at different seasons.
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Figure 4b shows the significance of the NPP slope in spring. The NPP of coniferous

forest, broadleaf forest, and typical steppe generally showed a significant increasing trend
in spring, accounting for 39.05% of the total area (Figure 5b). Areas with decreasing trends
were mostly distributed in typical steppe, shrub, and alpine steppe, although the significant
trend was less, accounting for only 1.11% of the total area. In general, large areas of western
Mongolia and southeastern Inner Mongolia showed NPP decrease in spring, whereas NPP
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showed a significant increasing trend in the Mongolian Plateau, accounting for 85.73%, of
which the significant increase accounted for a large part.

In summer (Figure 4c), NPP in most areas of the Mongolian Plateau showed no
significant increases, accounting for 49.62%, mainly distributed in coniferous forest, typical
steppe, desert steppe, cropland, and alpine steppe. Areas with decreasing trends were
mostly distributed in coniferous forest, meadow steppe, and typical steppe, located in
northern Mongolia and northeastern Inner Mongolia, accounting for 33.53% of the total
area (Figure 5c), while sparsely distributed in desert steppe and shrub.

Figure 4d shows the significance of the NPP slope in autumn. In terms of vegetation
type, NPP increased in most areas of the Mongolian Plateau, mainly distributed in conifer-
ous forest, broadleaf forest, typical steppe, shrub, sandy land, and cropland, accounting for
68.58% of the total area (Figure 5d). Areas with decreasing trends were mostly distributed
in coniferous forest, typical steppe, and desert steppe, located in the eastern area of Mongo-
lia and the central area of Inner Mongolia, accounting for 31.42% of the total area. However,
the western part of Inner Mongolia showed a significant increase, accounting for 27.29% of
the Inner Mongolia area.

On the whole, NPP in most areas of the Mongolian Plateau showed an increasing
trend, and most of the significant increasing trends were distributed in Inner Mongolia.
Moreover, the decreasing of NPP in Mongolia was larger than that in Inner Mongolia over
the past 33 years.

3.2. Spatial-Temporal Variations of Drought in the Mongolian Plateau
3.2.1. Temporal Variation of Drought

Figure 6 shows the variation of SPEI in the growing season and three seasons of the
Mongolian Plateau from 1982 to 2014. Figure 6a shows changes in SPEI during the growing
season. SPEI showed a downward trend at a rate of —0.11/10a in the Mongolian Plateau,
ranging from —0.66 to 0.49. On the whole, drought increased in the growing season during
the 33 years. Specifically, from 1984 to 1995, the SPEI value was mostly positive and the
whole region was in a relatively wet period, whereas from 1996 to 2002 and 2004 to 2014,
the SPEI value was negative and in a dry period. Among them, 2000 was the driest year in
the growing season of the Mongolian Plateau with the SPEI value reaching —0.66, although
the NPP value was also close to the minimum in this year. Moreover, 2003 was the wettest
year, with the SPEI value reaching 0.49, whereas the NPP value was close to the maximum.
SPEI showed a significant downward trend at a rate of —0.18/10a in Mongolia, and reached
—0.79 in 2000. SPEI showed a downward trend at a rate of —0.03/10a in Inner Mongolia,
and 1983 was the driest year with the SPEI value reaching —1.02. NPP in this year also
reached the minimum value.

Figure 6b—d show changes in SPEI in spring, summer, and autumn. As shown in
Figure 6b, SPEI showed a decreasing trend in spring with a slope of —0.01/10a in the
Mongolian Plateau, indicating the aggravation of drought. From 1996 to 2009, SPEI was
mostly negative, and the drought was aggravated. In 2009, the SPEI value reached —1.58,
reflecting the most severe drought. In 2010, it reached 2.14, reflecting the wettest period.
The SPEI showed a trend of drought aggravation in Mongolia and Inner Mongolia at rates
of —0.03/10a and —0.02/10a, respectively. As shown in Figure 6¢,d, the SPEI showed a
trend of drought aggravation in summer and autumn at rates of —0.29/10a and —0.16/10a
in the Mongolian Plateau, respectively. The SPEI showed a significant downward trend
at rates of —0.40/10a and —0.31/10a in Mongolia, respectively, and a downward trend at
rates of —0.13/10a and —0.05/10a in Inner Mongolia, respectively.

In general, the decrease in the SPEI in Mongolia was larger than that in Inner Mongolia,
and drought was the most severe in summer.
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Figure 6. Temporal variation trends in the SPEI for (a) the growing season, (b) spring, (c¢) summer, and (d) autumn of the
Mongolian Plateau, Mongolia, and Inner Mongolia.

3.2.2. Spatial Variation of Drought

Figures 7a—d and 8 show the significance of and percentage of change in SPEI, during
the growing season and three seasons over the Mongolian Plateau, in which significance
was tested by the Pearson method. According to the significance of the growing season in
Figure 7a, small parts of broadleaf forest, meadow steppe, typical steppe, desert steppe,
Gobi-desert, and sandy land showed an increasing trend in the SPEI of the growing season,
accounting for 21.70% of the Mongolian Plateau area. This indicated drought reduction,
although the increase was mostly not significant, accounting for only 3.01% of the total
area. The SPEI slope of coniferous forest, meadow steppe, typical steppe, and Gobi-
desert generally showed a downward trend in the growing season, indicating drought
intensification. In terms of the region, a small part of southwest Mongolia showed drought
reduction in the growing season, whereas most of central Mongolia showed a significant
decrease in SPE], indicating drought aggravation, accounting for 44.15% of Mongolia. In
most areas of western Inner Mongolia, the SPEI slope showed an increasing trend in the
growing season, indicating drought reduction, whereas the degree of aridity increased
in the eastern part. On the whole, the SPEI slope of the Mongolian Plateau displayed a
decreasing trend in the growing season, indicating drought aggravation.
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Figure 7. Spatial significance variation of the SPEI for (a) the growing season, (b) spring, (c) summer, and (d) autumn in the

Mongolian Plateau.
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In spring (Figure 7b)—except for most areas of meadow steppe and some parts of
coniferous forest—broadleaf forest, typical steppe, Gobi-desert, cropland, and alpine steppe
showed an insignificant increase in SPEI. Drought was aggravated in typical steppe, desert
steppe, Gobi-desert and a small part of meadow steppe, accounting for 58.51% of the
total area. In general, northwest, southwest, and eastern Mongolia mostly showed an
increasing trend in the SPEI in spring, indicating drought reduction, accounting for 33.76%
of Mongolia. In addition, compared with the western region, eastern Inner Mongolia
showed a mostly positive SPEI, indicating drought reduction.
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Figure 8. Area percentage of significance in the SPEI for (a) the growing season, (b) spring, (c) summer, and (d) autumn of
the Mongolian Plateau, Mongolia and Inner Mongolia.

In summer (Figure 7c), in terms of vegetation type, a small part of desert steppe,
Gobi-desert, and cropland exhibited an increased SPEI, accounting for 8.52% of the total
area, of which 3.96% were showing significant increases, indicating drought reduction. In
contrast, most areas of coniferous forest, typical steppe, desert steppe, and alpine steppe
showed a significantly decreased SPEI, indicating drought aggravation. In the study area,
the SPEI slope was mostly negative in summer, indicating drought aggravation accounting
for 91.48%. Except for the southwest part of Mongolia, most parts of Mongolia showed a
significant trend of increasing drought. Most parts of Inner Mongolia showed aggravated
drought, accounting for 94.05% of Inner Mongolia area, except for the northwest.

In autumn (Figure 7d), the SPEI increased in autumn in typical steppe, desert steppe,
Gobi-desert, and sandy land, indicating drought reduction, accounting for 27.03% of the
total area. In contrast, the SPEI significantly decreased in most of the typical steppe and
desert steppe, and part of alpine steppe, indicating drought aggravation, accounting for
23.82%. Most parts of the Mongolian Plateau showed an aggravating trend of drought
in autumn, accounting for 72.97% of the total area, mainly distributed in the central and
eastern areas of Mongolia and Inner Mongolia.

Overall, the SPEI has shown a downward trend in most areas of the Mongolian Plateau
in each season, indicating drought aggravation. Compared with other seasons, summer
drought accounted for the largest increase in area, and spring drought accounted for the
least significant increase in area.

3.3. Relationship between NPP and SPEI in the Mongolian Plateau

Figure 9 shows the spatial distribution of the correlation between NPP and SPEI in
the growing season, spring, summer, and autumn. Table 1 lists the percentage of the
correlation coefficient between NPP and the SPEIL. According to the distribution of the
correlation between NPP and the SPEI in the growing season (Figure 9a), areas with
negative correlation accounted for a small part of coniferous forest, desert steppe, and
alpine steppe, whereas most of the remaining areas showed a positive correlation. On the
whole, western Mongolia and a small area of western Inner Mongolia showed a negative
correlation, accounting for 8.14% of the total area of the Mongolian Plateau, whereas the
other areas showed mostly positive correlations, accounting for 91.86% of the total area, of
which 20.89% were significantly positive.
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Figure 9. Spatial distribution of the correlation coefficient between NPP and the SPEI for (a) the growing season, (b) spring,
(c) summer, and (d) autumn of the Mongolian Plateau from 1982 to 2014.

Table 1. Area percentage of the correlation between NPP and the SPEI of the Mongolian Plateau
during 1982-2014.

Significantly Significantly
Time Scale Positive Positive Negative Negative
Correlation (%) Correlation (%,  Correlation (%) Correlation (%,

p <0.05) p <0.05)
Growing season 91.86 20.89 8.14 7.29
Spring 53.27 47.96 46.73 37.71
Summer 93.48 21.26 6.52 5.87
Autumn 89.50 50.27 10.50 10.26

Figure 9b—d summarizes the seasonal relationship between NPP and SPEI in the
Mongolian Plateau. In spring (Figure 9b), some areas of coniferous forest, broadleaf forest,
meadow steppe, typical steppe, desert steppe, sandy land, and alpine steppe showed a
negative correlation coefficient, accounting for 46.73% of the total area, of which 37.71%
were significantly negative, whereas other areas showed mostly positive correlations. On
the whole, NPP and SPEI in spring were positively correlated in most areas of eastern
Mongolia and central and western Inner Mongolia, accounting for 53.27% of the total area,
of which 47.96% were significantly positive. In summer (Figure 9¢), areas with negative
correlation accounted for a small part of coniferous forest, desert steppe, and alpine steppe.
In the remaining regions, NPP and SPEI were positively correlated and accounted for
93.48% of the total area, of which 21.26% were significantly positive. In general, northwest
Mongpolia and a small part of western Inner Mongolia showed a negative correlation,
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accounting for only 6.52% of the total area, of which 5.87% were significantly negative. In
autumn (Figure 9d), a small area of coniferous forest, meadow steppe, and typical steppe
showed a negative correlation, accounting for 10.50% of the total area, of which 10.26% were
significantly negative, whereas most other areas showed a positive correlation. In general,
areas with a negative correlation were mostly distributed in the northwest of Mongolia,
and areas with positive correlation were widely distributed throughout the Mongolian
Plateau, accounting for 89.50% of the total area, of which 50.27% were significantly positive.

3.4. Response of Different Vegetation NPP to Drought

By analyzing the relationship between the NPP and the SPEI of different vegetation
types in the Mongolian Plateau (Figure 10), the NPP of different vegetation types was
found to respond differently to drought in different seasons. In the growing season
and summer, the effects of SPEI on NPP were mostly significant and widely varied, but
the SPEI and NPP of different vegetation were positively correlated. In the growing
season, shrub showed the strongest response, whereas the NPP of coniferous forest and
alpine steppe had a weak positive correlation with the SPEIL. The NPP of other vegetation
types showed a significant positive correlation with the SPEI. In spring, the alpine steppe
showed the strongest response to the SPEI; however, the NPP and SPEI of the alpine
steppe and coniferous forests showed a significant negative correlation, whereas most of
the other vegetation types showed a positive correlation. The shrub type exhibited the
same correlation between summer and the growing season, with the largest response and
significant positive correlation. Most other vegetation types also showed a significant
positive correlation. In autumn, broadleaf forest showed the highest correlation between
SPEI and NPP, and the influence on drought and NPP was also the strongest. A negative
correlation was only observed for coniferous forest. In general, NPP and SPEI were
positively correlated for most vegetation types, and shrub showed the strongest responses
to drought in the growing season and the summer. The most negative correlations were
observed in spring, with coniferous forest and alpine steppe showing a significant negative
correlation. In autumn, only coniferous forest showed a negative correlation.

Growing season Spring  Summer  Autumn

Coniferous forest 0.108 -0.448** 0.048 -0.066
Broadleaf forest 0.740%* 0.0005 0.571** 0.569**
Meadow steppe 0.691** -0.23 Q5572 0.425*
Typical steppe 0.527** -0.273 0.523** 0.197
Desert steppe 0.391*% -0.087 0.547** 0.365*
Shrub 0.747** 0.129 0.769** 0.509**
Sandy land 0.666** 0.235 0.676** 0.475**
Cropland 0.683** 0.154 0a 0.488**
Alpine steppe 0.04 ).752%* 0.21 0.102

n 1 | | | f

-0.76 -0.45 -0.20 0.20 0.45 0.76

Figure 10. Correlation between the SPEI and the NPP of different vegetation types in the Mongolian
Plateau (* indicates a significance level of 0.05, whereas ** indicates a significance level of 0.01.).

Figure 11 shows the response of different vegetation types to drought at different
temporal scales. The coefficients of the correlation between the NPP and the SPEI in
coniferous forests are shown in Figure 11a. The correlation was not significant in April, but
it increased in May. Vegetation began to develop and entered the growing season in May,
and thus, the drought response continuously increased. The NPP of the coniferous forest
in June showed a strong correlation with the SPEI, and the NPP of the coniferous forest
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was more sensitive to drought. The NPP in July and the SPEI of the previous two months,
and the NPP in August and SPEI of the previous two months, showed a large positive
correlation. Moreover, the NPP in September and the SPEI of the previous two months
showed a significant positive correlation, showing that vegetation positively responded to
early drought during these months, and that drought had a lag effect on vegetation. Better
correlations were achieved for the SPEI of the previous month, showing a possible lag in
the response of NPP on coniferous forests in October.
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Figure 11. Correlation between the NPP and the SPEI of nine vegetation types (a) coniferous forest, (b) broadleaf forest, (c)
meadow steppe, (d) typical steppe, (e) desert steppe, (f) shrub, (g) sandy land, (h) cropland, (i) alpine steppe on different
time scales (the horizontal axis represents the month, and the vertical axis represents the Pearson correlation coefficient
of the SPEI and the NPP; * indicates a significance level of 0.05, whereas ** indicates a significance level of 0.01, 0 month
indicates the correlation between the NPP and the SPEI of the current month, 1 month indicates the correlation between
the NPP and the SPEI of the previous month, and 2 month indicates the correlation between the NPP and the SPEI of the

previous two months).

The results of the correlation analysis between the NPP and the SPEI of broadleaf
forest are shown in Figure 11b. In contrast with coniferous forest, the NPP of broadleaf
forests was highly correlated with the SPEI on different time scales, and the correlation
was mostly positive. The correlation between the NPP and the SPEI was non-significant
in the early period of the growth for broadleaf forest. From June to September, NPP and
SPEI were positively correlated. In June and September, NPP showed a significant positive
correlation with the SPEI of 0 month. In July, NPP showed a significant positive correlation
with the SPEI of the previous month, and in August, the NPP showed a significant positive
correlation with the SPEI of the previous month. Thus, the impact of drought on broadleaf
forest was lagging.

The relationship between the NPP and the SPEI of meadow steppe and typical steppe
are shown in Figure 11¢,d, respectively. The correlation between the NPP and the SPEI
of meadow steppe and typical steppe was not significant in April and May. In June, the
NPP of meadow steppe and typical steppe was significantly positively correlated with the
SPEI of the current month, and the NPP of meadow steppe and typical steppe was more
susceptible to drought. The NPP of July and the SPEI of the previous month, and the NPP
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of August and the SPEI of the previous month, were all significantly positively correlated.
The difference was that the NPP in September was significantly positively correlated with
the SPEI of the previous two months, and there was no significant correlation between the
NPP and the SPEI of October, for meadow steppe. The NPP in September was significantly
positively correlated with the SPEI of the previous month, and the NPP in October was
significantly positively correlated with the SPEI of the current month, for typical steppe. In
general, better correlations were achieved for the previous drought, showing a possible lag
in the response of NPP on meadow steppe and typical steppe.

The correlation between NPP and SPEI in desert steppe is shown in Figure 11e. The
correlation was small and non-significant in April and May. The NPP in June, July, and
October had a significant positive correlation with the SPEI of the current month. There was
a significant positive correlation between the NPP in August and the SPEI in the previous
month, and the NPP in September and the SPEI of the two previous months. Thus, the
response of desert steppe to drought was also lagging.

The correlation between the NPP and SPEI of shrub is shown in Figure 11f. Overall,
the NPP and the SPEI were positively correlated. The NPP in June and October was
significantly positively correlated with the SPEI of the current month. The NPP in July
and the SPEI of the previous month, the NPP in August and the SPEI of the previous two
months, and the NPP in September and the SPEI of the previous month, all had strong and
significant positive correlations. Thus, the effect of drought on shrub also lagged.

The correlation between the NPP and the SPEI of sandy land and cropland is shown
in Figure 11gh, respectively. The correlation was not significant in April, but it was
significantly positive in June and July. The NPP in August and October showed a high
positive correlation with the SPEI of one month prior. Thus, the response of sandy land
and cropland to drought was lagging. The difference was that the correlation was not
significant for cropland in May, and the NPP in September was significantly positively
correlated with the SPEI of the previous month. The NPP in May and September for sandy
land were significantly positively correlated with the SPEI of the current month.

The correlation between the NPP and the SPEI of alpine steppe is shown in Figure 11i.
There was no significant correlation in April. The NPP in May showed a significant negative
correlation with the SPEI of the current month. The NPP in June had a negative but non-
significant correlation with the SPEI of the previous two months, and the NPP in July had
a significant positive correlation with the SPEI of the previous month. The correlation was
significantly positive in August. The correlation was not significantly positive between the
NPP in September and the SPEI of the previous month, and the NPP in October and the
SPEI of the current month, indicating that vegetation in June, July and September had a
greater response to the previous drought.

Overall, different vegetation in the Mongolian Plateau showed different responses to
the SPEI in the growing season, and the response was inconspicuous during the early stage
of the growing season. The NPP responded strongly to the SPEI of the current month and
the previous month.

4. Discussion

In the study, MODIS data were used to verify the NPP simulated by the CASA model,
and the results proved that the CASA model could effectively reflect the productivity status
of vegetation in the Mongolian Plateau. Bao [32] and Huang et al. [27] also proved that
NPP simulated by the CASA model was highly applicable for the Mongolian Plateau. In
the Mongolian Plateau, the NPP showed an increasing trend from 1982 to 2014, indicating
that the Mongolian Plateau is playing an increasingly important role as a global carbon sink.
In spring, the NPP showed a significant increase, which is consistent with the conclusions
of Piao et al. [40] that NPP increases in spring in the Northern Hemisphere. In Figure 4, the
NPP of vegetation in Ordos showed a significant increasing trend, which may be due to the
impact of human activities in recent years, as well as the implementation of desertification
control and ecological restoration projects [41-44].
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Based on the SPEI, we analyzed the spatial pattern of meteorological drought in
the Mongolian Plateau during 1982-2014. Changes in meteorological drought over the
Mongolian Plateau have been extensively studied. Tong et al. [45] used the SPEI-PM
(Standardized Precipitation Evapotranspiration Index-Penman Monteith) model to study
the spatial-temporal distribution of drought in the Mongolian Plateau from 1980 to 2014,
and found that the severity of drought was increasing. Cao et al. [46] analyzed the changes
in drought over the Mongolian Plateau from 1981 to 2012, based on the temperature
vegetation dryness index (TVDI), and also concluded that the degree of drought was
increasing. Narisu et al. [47] used the Palmer Drought Severity Index (PDSI) to study
drought changes in the Mongolian Plateau, and found that the area affected by the severity
of drought was gradually increasing. These conclusions are consistent with the conclusions
of this paper. During the period from 1982 to 2014, drought increased, and NPP also showed
an increasing trend. This may be due to the vegetation growth in the Mongolian Plateau,
caused by the combined effects of climate change and human activities. In recent years,
the reduction of fire disasters, fence-blocked grazing, and improvements in cultivation
techniques and other measures also had increased vegetation productivity [42].

According to the correlation analysis between NPP and the SPEI, many areas in the
Mongolian Plateau exhibited positive correlation. Shouvik Jha et al. [48] used the SPEI to
analyze the correlation between NPP and SPEI in arid and semi-arid areas from 2001 to
2013, and found a strong positive correlation, which is consistent with the conclusion of this
paper. However, their study did not discuss the response of different vegetation types to the
SPEI but divided different agroclimatic zones for discussion, which is worth identifying in
our future research. In this paper, we further studied the response of different vegetation
NPP to drought, and found that the response of NPP to the SPEI was different in different
vegetation types. A notable feature was the strong correlation between NPP and SPEI in
broadleaf forests. This may be due to the large leaf area and strong transpiration of most
broadleaf forests, which require more water than coniferous forests. Thus, broadleaf forest
had a greater correlation with the SPEIL. The weaker sensitivity of the coniferous forest
and the SPEI may be due to the strong water storage capacity of coniferous forests, which
have less water evaporation and lower transpiration rates than that of broadleaf forests,
resulting in less impact of drought in coniferous forests. Different vegetation may have
different responses to drought due to their different ecological characteristics [49]. However,
drought is not the only factor affecting NPP. Studies have shown that the decline of NPP in
Europe in 2003 was caused by high temperature and drought [50], which indicates that
extreme high temperature also limits NPP. Nevertheless, some studies have shown that
during drought, the increase in solar radiation due to the decrease in cloud cover will
eventually promote vegetation productivity [51]. These factors should be considered more
comprehensively in future studies.

5. Conclusions

In this study, based on the CASA model and the SPEI, we studied the impact of
drought on NPP in the Mongolian Plateau from 1982 to 2014, and analyzed the temporal
and spatial distribution characteristics and correlation between NPP and drought. The
main conclusions of this study can be summarized as follows:

1. On the whole, the results of NPP estimated using the CASA model were satisfactory.
During the period of 1982-2014, NPP in the growing season and spring increased signifi-
cantly, NPP in summer showed a rapid increasing trend, and NPP in autumn showed a
slow increasing trend. Among these, NPP increased the most during the growing season.
Among the different regions, Inner Mongolia had the largest increase in NPP. On the
spatial scale, the slope of NPP increased significantly in the growing season and the spring,
accounting for most areas of the Mongolian Plateau. NPP also increased in most areas in
summer and autumn, but not significantly.

2. Based on the SPEI, the temporal and spatial variation of drought in the Mongolian
Plateau over the last 33 years was analyzed. The results showed that, on the temporal
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scale, the severity of drought was increasing in each season, and the decrease in the SPEI in
Mongolia was larger than that in Inner Mongolia. Spatially, the degree of drought increased
in most areas of the Mongolian Plateau during the growing season, spring, summer, and
autumn, although a non-significant increase in drought accounted for a relatively large
area. Compared with other seasons, the area with a significant increase in drought in the
spring accounted for the least, and the summer drought was the most severe.

3. In the Mongolian Plateau, the NPP and the SPEI were more positively correlated in
different seasons, of which summer had a large proportion. The largest proportion of areas
with significant negative correlation was observed in spring. The NPP and SPEI of various
vegetation types were positively correlated in the growing season and the summer, whereas
the correlation was the most negative in the spring. In autumn, only coniferous forest
showed a negative correlation. The impact of drought on vegetation in the Mongolian
Plateau had a lag effect in the growing season, and the lag response of different vegetation
NPP to drought was not significant in the early stages of the growing season.

In general, over the past 33 years, the vegetation growth in Inner Mongolia was better
than that in Mongolia, with a higher increasing tendency, and the drought in Mongolia was
more serious than in Inner Mongolia. Moreover, it can be concluded that different vegeta-
tion NPP had a strong response to the SPEI of the current month and the previous month.
This can provide reference for the sustainable development of the terrestrial ecosystem,
preventing drought disaster and the impact of climate change on the Mongolian Plateau.
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