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Abstract

Changes in atmospheric aerosols have profound effects on ecosystem productiv-
ity, vegetation growth and activity by directly and indirectly influencing climate
and environment conditions. However, few studies have focused on the effects of
atmospheric aerosols on vegetation growth and activity in the vulnerable arid
and semi-arid regions, which are also the source areas of aerosols. Using the
datasets of aerosol optical depth (AOD), normalized difference vegetation index
(NDVI) and multiple climatic variables including photosynthetically active radi-
ation (PAR), surface solar radiation (SSR), surface air temperature (TEM) and
total precipitation (PRE), we analyzed the potential responses of vegetation
activity to atmospheric aerosols and their associated climatic factors in arid
and semi-arid regions of Asia from 2005 to 2015. Our results suggested that
areas with decreasing growing-season NDVI were mainly observed in regions
with relatively sparse vegetation coverage, while AOD tended to increase as
NDVT decreased in these regions. Upon further analysis, we found that aerosols
might exert a negative influence on vegetation activity by reducing SSR, PAR
and TEM, as well as suppressing PRE in most arid and semi-arid regions of
Asia. Moreover, the responses of atmospheric aerosols on vegetation activity
varied among different growing stages. At the early growing stage, higher con-
centration of aerosol was accompanied with suppressed vegetation growth by
enhancing cooling effects and reducing SSR and PAR. At the middle growing
stage, aerosols tended to alter microphysical properties of clouds with suppressed
PRE, thereby restricting vegetation growth. At the late growing stage, aerosols
exerted significantly positive influences on vegetation activity by increasing SSR,
PAR and TEM in regions with high anthropogenic aerosols. Overall, at different
growing stages, aerosols could influence vegetation activity by changing different
climatic factors including SSR, PAR, TEM and PRE in arid and semi-arid re-
gions of Asia. This study not only clarifies the impacts of aerosols on vegetation

chinarxiv.org/items/chinaxiv-202106.00010 Machine Translation


https://chinarxiv.org/items/chinaxiv-202106.00010
https://chinarxiv.org/items/chinaxiv-202106.00010

ChinaRxiv [$X]

activity in source areas, but also explains the roles of aerosols in climate.
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Abstract: Changes in atmospheric aerosols profoundly affect ecosystem pro-
ductivity, vegetation growth, and activity by directly and indirectly influencing
climate and environmental conditions. However, few studies have focused on
the effects of atmospheric aerosols on vegetation growth and activity in vul-
nerable arid and semi-arid regions, which are also the source areas of aerosols.
Using datasets of aerosol optical depth (AOD), normalized difference vegeta-
tion index (NDVTI), and multiple climatic variables including photosynthetically
active radiation (PAR), surface solar radiation (SSR), surface air temperature
(TEM), and total precipitation (PRE), we analyzed the potential responses of
vegetation activity to atmospheric aerosols and their associated climatic factors
in arid and semi-arid regions of Asia from 2005 to 2015. Our results suggested
that areas with decreasing growing-season NDVI were mainly observed in re-
gions with relatively sparse vegetation coverage, while AOD tended to increase
as NDVI decreased in these regions. Upon further analysis, we found that
aerosols might exert a negative influence on vegetation activity by reducing
SSR, PAR, and TEM, as well as suppressing PRE in most arid and semi-arid
regions of Asia. Moreover, the responses of atmospheric aerosols on vegeta-
tion activity varied among different growing stages. At the early growing stage,
higher concentration of aerosol was accompanied with suppressed vegetation
growth by enhancing cooling effects and reducing SSR and PAR. At the middle
growing stage, aerosols tended to alter microphysical properties of clouds with
suppressed PRE, thereby restricting vegetation growth. At the late growing
stage, aerosols exerted significantly positive influences on vegetation activity by
increasing SSR, PAR, and TEM in regions with high anthropogenic aerosols.
Overall, at different growing stages, aerosols could influence vegetation activity
by changing different climatic factors including SSR, PAR, TEM, and PRE in
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arid and semi-arid regions of Asia. This study not only clarifies the impacts
of aerosols on vegetation activity in source areas, but also explains the roles of
aerosols in climate.

Keywords: aerosol optical depth; climatic factors; normalized difference vege-
tation index; spatiotemporal distribution; indirect effect
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1 Introduction

Drylands, including arid and semi-arid regions, cover about 41% of the world’ s
land surface area (Huang et al., 2017). Over the past centuries, drylands have
dramatically transformed in response to frequent human activities and climate
changes (IPCC, 2013). Vegetation growth is vulnerable to harsh environments
in drylands (Peng et al., 2011; Pauli et al., 2012; Zhang et al., 2014; Wang et
al., 2017), and climatic factors including solar radiation, temperature, and pre-
cipitation may have profound impacts on vegetation dynamics in these regions
(Nemani et al., 2003; Park and Sohn, 2010; Mohammat et al., 2013; Kim et al.,
2014).

Drylands are also regarded as potential sources of aerosols (Shao et al., 2011).
Since the 2000s, atmospheric aerosols have increased rapidly, which would have
remarkable influences on the surface energy budget of the Earth (Yoon et al.,
2014; Hsu et al., 2017). On the one hand, aerosols could modify the shortwave
radiation that the Earth receives by scattering and absorbing solar radiation
(Chameides et al., 1999; Steiner et al., 2005; Wang et al., 2018). On the other
hand, aerosols could interact with cloud droplets by serving as cloud conden-
sation nuclei (CCN) or ice nuclei (IN), which would change the physical and
radiative properties of clouds, and eventually alter the Earth’ s radiation bal-
ance (Chameides et al., 1999; Steiner et al., 2005; Wang et al., 2018).

Not only that, interactions between aerosol-induced radiation changes and mi-
crophysical processes of clouds could further produce complex effects on climatic
factors (Gu et al., 2016; Ezhova et al., 2018). For instance, aerosols have been
reported to cool the Earth surface with a particular reduction in night-time
temperature (Nair et al., 2011). Moreover, since aerosols are involved in the mi-
crophysical processes of clouds (Rosenfeld et al., 2014; Dong et al., 2019), they
would substantially affect regional precipitation, but their effects on precipita-
tion differ among situations with various types of aerosols and clouds (Hui et
al., 2008; Min et al., 2009; Yan et al., 2014). Among all types of aerosols, dust
aerosols are found to change the number of cloud droplets and cloud water path,
thereby affecting low cloud cover, high cloud cover, and water vapor contents,
which ultimately alter the precipitation rate (Huang et al., 2006). In addition,
dust aerosols may reduce the cloud particle sizes and even ‘burn’ the clouds (i.e.,
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the heating effect; Yin and Chen, 2007), thus suppressing warm rain formation
(Rosenfeld et al., 2001; Huang et al., 2009; Qian et al., 2009).

Radiative effects of aerosols could indirectly influence ecosystem productivity
and CO, exchange through multiple mechanisms (Tie et al., 2016; Yue et al.,
2017; Wang et al., 2018), which are found to vary among different ecosystems
(Yue et al., 2017). Generally, the response of net ecosystem CO, exchange
to aerosol loading is negative in grasslands (including semi-arid grasslands),
but positive in forests and croplands, possibly due to their different canopy
structures (Roderick et al., 2001; Niyogi et al., 2004; Xie et al., 2010).

Arid and semi-arid regions of Asia are considered as one of the major source
areas of dust aerosols, which has emitted a total of >30% of global dust
aerosols (Zhang et al., 1997; Ginoux et al., 2012). This region covers an area
of 1.3$x107{7}$ km? stretching from central and western to northeastern
Asia, and receives an annual mean precipitation of <500 mm (Fig. 1 [Figure
1: see original paper]), which makes it extremely sensitive to climatic and
environmental changes. For instance, Gessner et al. (2013) found that changes
in the seasonal precipitation of arid and semi-arid regions in Asia, especially in
Central Asia with an annual precipitation of 100-400 mm, were closely related
to the evolution of vegetation. In addition, Zhang et al. (2016) found that
increases in winter precipitation and summer temperature may be beneficial
for vegetation greening in eastern areas of Asia. Mohammat et al. (2013) found
that drought and spring cooling may reduce vegetation growth in extremely
arid regions. However, potential effects of aerosols on vegetation activity in
arid and semi-arid regions of Asia are still poorly understood.

In order to understand the direct effect of aerosols on climatic factors and their
indirect effects on vegetation activity in arid and semi-arid regions of Asia, we
used datasets of aerosol optical depth (AOD), normalized difference vegetation
index (NDVT), and major climatic factors including photosynthetically active ra-
diation (PAR) (surface visible solar radiation with a spectral range of 400-700
nm), surface solar radiation (SSR), surface air temperature (TEM), and total
precipitation (PRE) to analyze the spatiotemporal variations in the correlations
between vegetation activity and major climatic factors that are potentially in-
fluenced by aerosols. In this study, we aimed not only to identify the ecological
effects of aerosols in their source areas, but also to clarify the roles of aerosols
in climate and ecosystem.

Fig. 1 shows arid and semi-arid regions and land uses in Asia. Land uses
are referenced from NASA (National Aeronautics and Space Administration;
https://lpdaac.usgs.gov). AERONET, aerosol robotic network. 1, Dushanbe;
2, Issyk-Kul; 3, Semi-Arid Climate and Environment Observatory of Lanzhou
University (SACOL); 4, Dalanzadgad.
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2.1 Data Sources

NDVI data from 2005 to 2015 were obtained from MODIS (moderate-resolution

imaging spectroradiometer)/Terra collection 5.0 Vegetation Index Products

(MOD13C1-NDVTI), which were downloaded from LAADS (level 1 and atmo-

sphere archive and distribution system) web (https://ladsweb.nascom.nasa.gov/).
This gridded dataset (with a temporal resolution of 16-d and a spatial resolution

of 0.05°$x$0.05°) was predominantly designed to provide a globally consistent

assessment of vegetation condition (Running et al., 1994; Justice et al., 1998;

Salano et al., 2010).

To improve the accuracy of the analysis results, we defined those pixels
with a mean growing-season (81-304 d) NDVI of >0.1 as vegetated areas
(Zhou et al., 2001). Datasets of MYD04 AOD have been widely used to
develop global aerosol pattern as it comprehensively describes the optical
properties of aerosols and quantitatively describes aerosol radiative forcing
(Levy et al., 2013; Yu et al., 2013). In this study, we used the daily AOD
data from 2005 to 2015, with a spatial resolution of 10 km$x$10 km, from
the MODIS Aqua collection 6.0 Aerosol Product (MYDO04). The dataset ’
Dark_{{{Target}}{{Deep}} {{{Blue}}{{Optical}} }{{{550}} _{{Combined}}}
was used for further analysis, which could select one type of retrievals (if any)
or an average of the two retrievals that applied the dark target or deep blue
algorithm.

Ground-observation AOD was obtained from aerosol robotic network
(AERONET) of NASA (National Aeronautics and Space Administration).
CE318 sunphotometer was deployed in the AERONET for detecting the
bands at wavelengths of 380, 440, 500, 675, 870, and 1020 nm. AERONET
measurement was generally used to validate the satellite-retrieved AOD since
it contained the spectral data on solar radiation, from which various aerosol
optical properties could be retrieved using an inversion algorithm (Dubovik et
al., 2000). The four AERONET measurement sites of AOD data in arid and
semi-arid regions of Asia (including Dushanbe (38.55°N, 68.86°E), Issyk-Kul
(42.62°N, 76.98°E), Semi-Arid Climate and Environment Observatory of
Lanzhou University (SACOL) (35.95°N, 104.14°E), and Dalanzadgad (43.56°N,
104.42°E)) were used to validate the MYD04-AOD data from 2005 to 2015 (Fig.
1).

Since atmospheric aerosols have affected vegetation growth primarily by altering
the quantities and qualities of PAR or by changing climatic factors (surface
temperature and precipitation) (Mike, 2002), the relationship between NDVI
and parameters such as TEM, PRE, SSR, and PAR were analyzed in this study.
All climatic factor data were obtained from the ERA-Interim reanalysis from the
European Center for Medium-Range Weather Forecasts (ECMWF; Simmons et
al., 2006). All variables (TEM, PRE, SSR, and PAR) had a spatial resolution
of 0.125°$x$0.125° and a temporal resolution of 12 h (except for TEM with a
3-h resolution).
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2.2.1 AOD at 550 nm Wavelength

To compare satellite-retrieved AOD with that from ground observation, it is
necessary to obtain AOD at the same wavelength by interpolating AOD from
ground observation. In this study, AOD and Angstrom exponents of 440 and
675 nm channels in the level 2.0 products were interpolated to a wavelength
of 550 nm after cloud screening and quality control with the AERONET. The
interpolation method can be expressed as:

r() = fA0s

where 7(A) is the AOD of the A channel; 3 is the Angstrom turbidity coefficient;
and oy, is the Angstrom exponent between wavelengths of a and b nm (here
the wavelength range is 440-675 nm).

For the measurements at all sites collected from 2005 to 2015, we extracted the
AERONET data at 13:30 (LST) with a 3-h time window (i.e., between 12:00
and 15:00), which just corresponded to the passing time of the MODIS data
(Ginoux et al., 2012). AOD (550 nm) values from the AERONET network were
then averaged during the satellite overpass time, which could be compared with
the regional mean of MODIS retrievals within a 0.5° radius around each ground
station (Mi et al., 2007).

2.2.2 Linear Trend in NDVI and AOD at Growing Stages

AOD and NDVI at growing stages were obtained by averaging the values from
81 to 304 d every year. Then, linear trends in NDVI and AOD at growing
stages were calculated in each pixel using ordinary least square (OLS) regression
method:

y=a+pxr+e

where y is the annual mean NDVI or AOD; « is the intercept; § is the slope; x
is the monitored year; and ¢ is the error term.

The slope was interpreted as a measure of linear trends in NDVI and AOD over
time, and t-test was used to determine the significance of linear trends in NDVI
and AOD for each pixel.

2.2.3 Partial Correlation Between NDVI and Climatic Fac-
tors

To examine the potential impact of atmospheric aerosols on vegetation activity,
we estimated the partial correlation between NDVI and climatic factors. Partial
correlation is used to measure the linear dependence between two variables when
the influence of possible controlling variables is excluded (Engstrém and Ekman,
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2010). In the case of k variables (z,, 25, ..., z;), the partial correlation is defined
as:

_ Tijlg—1 ~ Tiglg—1"jglg—1

Tijlg = 2 2
\/< ~ Tiglg—1) (1 = Tg1g-1)

where ;0 1, Tig/g—1, and 7,4, are the remaining corr'elatlons betv.veen x; and
z;, between z; and x;,, and between x; and x;,, respectively, assuming no g —1
controlling variables; and r;;, is the remaining correlation between z; and z;,

assuming no g controlling variables.

In this study, all datasets (AOD, NDVI, and climatic factors) were preprocessed
to have the same resolution (temporal resolution of 16-d and spatial resolution
of 0.125°$x$0.125°). Then, we calculated the partial correlation between NDVI
and climatic factors in two different scenarios: (1) scenario a was used to cal-
culate the partial correlation between NDVI and each climatic factor with the
other three factors as controlling variables; and (2) scenario b was used to get
the partial correlation between NDVI and each climatic factor with both the
other climatic factors and AOD as controlling variables. Significance of par-
tial correlation could be given using a two-tailed t-test. Finally, we compared
the spatial patterns of inter-annual partial correlation between NDVI and four
climatic factors for each 16-d period in different scenarios.

To further explore the influence of aerosols on the correlation between NDVI
and climatic factors at different growing stages (including early (81-144 d),
middle (145-240 d), and late growing stage (241-304 d)), we selected five typical
regions with significant NDVI change trends at growing stages, including the
Caspian Coastal Plain (region Al), the Indus River Plain (region A2), eastern
Mongolian Plateau (region A3), the Ordos Plateau (region A4), and eastern
Kazakhskiy Melkosopochnik (region A5) (Fig. 1). In addition, percentages of
entire region and five typical regions showing significantly positive correlations
were also calculated for each 16-d period to represent the evolutions of partial
correlation at different growing stages.

3.1 Comparison of AERONET AOD and MODIS AOD

In arid and semi-arid regions of Asia, comparison of AOD wvalues from
AERONET observations and MODIS retrievals showed general agreements at
four sites (P<0.05; Fig. 2 [Figure 2: see original paper]), especially for the
Dushanbe site, which had a correlation coefficient as high as 0.79. Compared
with in situ observation, MODIS AOD values at SACOL, Dushanbe, and
Dalanzadgad sites were underestimated, but it was slightly overestimated at
Issyk-Kul site. Although there were some MODIS-retrieved AOD values that
lay beyond the error range of AERONET observation, the MODIS AOD values
could still represent the regional AOD characteristics in arid and semi-arid
regions of Asia.
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Fig. 2 shows a scatter plot of MODIS (moderate-resolution imaging spectrora-
diometer) retrieved AOD (aerosol optical depth) against AERONET (aerosol
robotic network) AOD.

3.2 Temporal Variations of NDVI and AOD at Growing
Stages

NDVI climatology at growing stages from 2005 to 2015 showed that across arid
and semi-arid regions of Asia, higher NDVI (>0.4) at growing stages was pri-
marily found in eastern Inner Mongolian Plateau, northern Mongolian Plateau,
and eastern Kazakhskiy Melkosopochnik (Fig. 3a [Figure 3: see original pa-
per]), which were mainly covered by forests, croplands, and grasslands (Fig. 1),
whereas NDVI at growing stages ranging between 0.1 and 0.2 mainly scattered
in the Caspian Sea Plain, Turan and Indus River Plains with relatively sparse
vegetation. From 2005 to 2015, about 13.2% of arid and semi-arid regions of
Asia showed significantly increasing NDVI trends at growing stages (Fig. 3b),
which were mainly distributed in northeastern Mongolia and the Ordos Plateau,
with a maximum increasing rate of >0.02/a. By comparison, only 4.5% of arid
and semi-arid regions of Asia showed significantly decreasing NDVI trends at
growing stages (P<0.05), with a decreasing rate of >0.01/a.

Fig. 3b shows areas passing the significance test (P<0.05) in a gray square grid.

Average AOD at growing stages from 2005 to 2015 showed that in arid and
semi-arid regions of Asia, regions with higher AOD were mainly located in the
Indus River Plain, Tarim Basin, and the Caspian Coastal Plain, whereas lower
AOD was mainly found in northern Mongolian Plateau and eastern Kazakhskiy
Melkosopochnik (Fig. 4a [Figure 4: see original paper]). In arid and semi-
arid regions of Asia, regions with higher AOD basically corresponded to those
areas with lower NDVI, except for few regions such as northern Mongolian and
northeastern Inner Mongolian Plateau. From 2005 to 2015, about 50.0% of the
entire study area showed increases in AOD (Fig. 4b), but only 6.8% of those
regions were significant (P<0.05) and were mainly located in lower-elevation
regions such as the Caspian Coastal Plain (with an increasing rate of >0.05/a).
On the other hand, 7.0% of total areas experienced significantly decreasing
AOD trends at growing stages (P<0.05), which were mainly located at higher-
elevation regions, particularly in parts of eastern Mongolian Plateau, with a
maximum decreasing rate of >0.05/a.

Fig. 4b shows areas passing the significance test (P<0.05) in a gray square grid.

3.3.1 Effect of PAR on Vegetation Activity

Partial correlation between PAR and NDVI in scenario b (i.e., taking AOD,
PRE, TEM, and SSR as the controlling variables) showed that when excluding
the influence of AOD in addition to the other three climatic factors, area per-
centages with significantly positive correlation were much larger than those in
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scenario a (i.e., merely excluding the influence of PRE, TEM, and SSR). This
phenomenon was more obvious at the early growing stage than at any other
stages (Table 1).

Moreover, five typical regions were selected to show the detailed differences in
partial correlation between scenarios a and b. For instance, at both early and
late growing stages, area percentage with significantly positive correlation of
all regions was larger in scenario b than in scenario a, indicating that when
excluding the influence of AOD, partial correlation between PAR and NDVI
had increased in arid and semi-arid regions of Asia. By comparison, at the
middle growing stage, there was little change in area percentage between two
scenarios.

The evolution of partial correlation between PAR and NDVT at different growing
stages (Figs. 5 and S1) showed that when excluding the influence of AOD
(scenario b), area percentage with significantly positive correlation was found in
the Caspian Coastal Plain and Turan Plain at the early growing stage, in eastern
Kazakhskiy Melkosopochnik and southeastern Mongolian Plateau at the middle
growing stage, and southern Mongolian Plateau at the late growing stage. This
phenomenon might be due to the obviously different responses of vegetation
with different canopy structures on PAR at three growing stages.

3.3.2 Effect of PRE on Vegetation Activity

Partial correlation between PRE and NDVI in scenario b (i.e., excluding the
influence of both AOD and other three climatic factors) showed that area per-
centage with significantly positive correlation was larger than that in scenario
a (i.e., excluding the influence of other three climatic factors), especially at the
middle growing stage (Table 2 ), implying the adverse impact of AOD on NDVI.
Although five typical regions (A1-A5) showed similar changes, there were much
more notable negative effects of atmospheric aerosols on vegetation growth over
the Ordos Plateau (A4) at the early growing stage and over eastern Mongolian
Plateau (A3) at the late growing stage, which is probably because atmospheric
aerosols inhibited vegetation growth by suppressing precipitation via ‘burning’
the cloud droplets (Table 2; Figs. 6 and S2).

Among five typical regions, there were still spatial differences in the response
of vegetation activity at growing stages on precipitation when the effect of at-
mospheric aerosols was eliminated (i.e., changes from scenario a to scenario
b). For instance, at the early growing stage, there was an evident increase in
area percentage with a significant correlation (PRE vs. NDVI) over the Ordos
Plateau when influence of AOD was excluded, whereas there was little change
between two scenarios over eastern Mongolian Plateau. This difference at the
early growing stage was possibly because of their different ways of water supply
to vegetation growth: plants over the Ordos Plateau were strongly constrained
by precipitation, and atmospheric aerosols could influence local vegetation by
altering precipitation; while area percentage on eastern Mongolian Plateau was
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more affected by spring snow-melt water, thus making the role of precipitation
in vegetation activity less important so that the influence of AOD was dimin-
ished. By comparison, from the middle to late growing stage, there was an
evident increase in areas with significant correlations over eastern Mongolian
Plateau rather than the Ordos Plateau from scenarios a to b. During these
stages, precipitation became the dominant factor limiting vegetation growth
over eastern Mongolian Plateau due to its continental arid climate, whereas the
Ordos Plateau was under the control of summer monsoon with relatively ample
precipitation, making local vegetation less vulnerable to precipitation variations
so that the influence of AOD on NDVI was relatively less important.

3.3.3 Effect of SSR on Vegetation Activity

Partial correlation between SSR and NDVI showed that area percentage of the
entire study area with significantly positive correlation was larger in scenario b
than in scenario a, particularly at the early and middle growing stages (Table
3 ), indicating that the relationship between SSR and NDVI was closer without
the influence of AOD. This was basically true for five typical regions, with the
only exception of the Indus River Plain (A2). When AOD was used as the
control variable (scenario b), NDVI was significantly and positively correlated
with SSR over eastern Turan Plain and eastern Kazakhskiy Melkosopochnik at
the early growing stage, and eastern and central Mongolian Plateau at the late
growing stage (Figs. 7 and S3). However, area percentage with a significantly
positive correlation was smaller over the Indus River Plain (A2) and the Ordos
Plateau (A3) at the early growing stage.

3.3.4 Effect of TEM on Vegetation Activity

When the influence of aerosols was eliminated in partial correlation, area per-
centage with a significantly positive correlation between TEM and NDVI gen-
erally increased (i.e., from scenario a to b), which was more pronounced at the
middle growing stage than at the other growing stages (Table 4 ). A similar
change pattern was also found in five typical regions (Table 4). When AOD
was used as the control variable that was eliminated in partial correlation, there
were significantly positive correlations over the Turan Plain, eastern Kazakhskiy
Melkosopochnik, and the Caspian Coastal Plain at the early growing stage; and
over northern Kazakhskiy Melkosopochnik and the Indus River Plain at the late
growing stage (Figs. 8 and S4).

4 Discussion

Atmospheric aerosols affect terrestrial vegetation activity indirectly via chang-
ing climate systems and ecosystems, including enhancing the scattering and
absorption of solar radiation, changing atmospheric temperature, altering the
probability and quantity of precipitation, and providing nutrients to some extent
(Ramanathan et al., 2001; Steiner et al., 2005; Wild, 2009). In addition, atmo-
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spheric aerosols may influence vegetation production and activity through the
modulation of their photosynthesis, respiration, metabolism, and water utiliza-
tion (Tie et al., 2016). In the present study, our results showed that atmospheric
aerosols had clear effects on vegetation activity by influencing SSR, PAR, TEM,
and PRE in arid and semi-arid regions of Asia.

4.1 Relationship Between Major Climatic Factors and Vegetation Ac-
tivity When Excluding the Influence of Aerosols

Over the arid and semi-arid regions of Asia, a large proportion of areas exhib-
ited significantly positive correlations between major climatic factors and NDVI
when the influence of AOD was excluded. Firstly, area percentage with a signif-
icantly positive correlation between vegetation activity and PAR became higher
when the influence of AOD was excluded, which could be attributable to the de-
creases in total PAR that could have facilitated vegetation growth. There were
two plausible mechanisms behind the decreased PAR: (1) one explanation was
that in the majority of study area, the regions with sparsely covered vegetation
had emitted relatively higher amounts of dust aerosols and resultant decreasing
PAR, which inhibited vegetation growth; and (2) the other explanation was that
total PAR was still decreasing in areas with dense vegetation (such as north-
eastern Inner Mongolia) due to the high concentration of aerosols from their
source areas and consequently the decreasing PAR reduced the areas in which
PAR facilitates vegetation growth (Xie et al., 2010).

Secondly, area percentage with a significantly positive correlation between SSR.
and NDVI became smaller when the influence of AOD was considered, which
was possibly because of the negative forcing of higher aerosol emissions on SSR,
in arid and semi-arid regions of Asia with sparse vegetation coverage (Lau et
al., 2006; Zhang et al., 2009; Huang et al., 2014). Generally, the surface cooling
effects of aerosols (Du et al., 2014; Huang et al., 2014) would delay the onset of
vegetation phenology in spring with reduced material accumulation of vegeta-
tion, and would trigger a higher risk of frost with restrained vegetation growth
and decreased nutrient availability at the entire growing stage (Bokhorst et al.,
2008; Bennie et al., 2010; He et al., 2015).

Thirdly, area percentage with a significantly positive correlation between PRE
and NDVI was larger when eliminating the effects of AOD, possibly because
aerosols may suppress precipitation by altering the cloud particle size and cloud
temperature (Yin and Chen, 2007; Rosenfeld et al., 2014; Huang et al., 2016),
thus restraining vegetation activity in arid and semi-arid regions (Schimel et
al., 2001; Fang et al., 2004; Chuai et al., 2013). Moreover, enhanced aerosol
emissions from potential source areas were generally accompanied by reduced
TEM and suppressed precipitation (Piao et al., 2006; Gessner et al., 2013),
which would be unfavorable for vegetation activity. It should be noted that the
Inner Mongolian Plateau did not show significantly positive correlation between
NDVI and major climatic factors when AOD was used as a control variable,
which was possibly because vegetation of this region might be more attributable
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to anthropogenic activities than to atmospheric aerosols. For instance, the
afforestation program has been proven to promote vegetation restoration in
recent years in China (He et al., 2015; Liu et al., 2015).

4.2 Spatiotemporal Variation in the Relationship Between Major Cli-
matic Factors and Vegetation Activity

There were obvious spatial and temporal differences in responses of vegetation
to climatic factors under the influence of aerosols. For instance, at the early
growing stage, there were significantly positive correlations between NDVI and
climatic factors including PAR, SSR, and TEM over the Caspian Coastal Plain
and the Turan Plain when the influence of aerosols was excluded, which were all
correlated with the higher concentration of spring aerosols that had substantially
reduced PAR, SSR, and TEM via altering the incident (diffuse and direct) solar
radiation (Cheng et al., 2015), leading to decreased contributions of these factors
to vegetation growth (Mohammat et al., 2013; Huang et al., 2014; He et al., 2015;
Bi et al., 2017).

At the middle growing stage, area percentages with significantly positive cor-
relations of NDVI with PAR, SSR, and TEM were only found in central and
western Kazakhskiy Melkosopochnik and southeastern Mongolian Plateau when
the influence of aerosols was not considered, which could be attributed to the
following reasons: firstly, photosynthesis of vegetation over these regions with
a simple canopy structure would easily reach its saturation points in summer,
even though dramatic reduction of aerosol concentrations in these regions could
increase both PAR and SSR (Niyogi et al., 2004; Strada et al., 2015); secondly,
the increased surface temperature resulting from descending aerosol concentra-
tions was not any more the key climatic factor influencing vegetation growth in
hot summers (Gessner et al., 2013; Mohammat et al., 2013). However, there
was still a significantly positive correlation between PRE and NDVI with an
extra exclusion of the influence of aerosols in most regions because dust aerosols
(the main type of atmospheric aerosols) remained an important factor in sup-
pressing PRE in summer: dust aerosols embedded in the cloud layer would
reduce cloud cover (especially the lower cloud) and water vapor content, and
would increase the evaporation of cloud droplets, thus eventually constraining
vegetation growth (Huang et al., 2006; Huang et al., 2014; Li et al., 2018).

At the late growing stage, area percentages with significantly positive correla-
tions between NDVI and PAR as well as SSR evidently increased over the In-
dus River Plain when excluding the influence of aerosols, possibly because the
aerosols emitted from this region were primarily generated by anthropogenic
activities, which would absorb SSR and PAR more easily than other types of
aerosols (Dey et al., 2004). In addition, area percentage with a significantly posi-
tive correlation between TEM and NDVI also increased on the Indus River Plain
probably due to the enhanced soil evapotranspiration driven by increased tem-
perature, which was associated with an increased proportion of anthropogenic
activities (Latha et al., 2018). By comparison, a significantly positive correla-
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tion between PRE and NDVI was observed in most of the study area with the
only exception of the Indus River Plain, possibly due to the suppressed precipi-
tation that excessive inorganic (dust) aerosol nuclei could reduce the volume of
droplets (Qian et al., 2009; Li et al., 2011; Rosenfeld et al., 2014).

5 Conclusions

From 2005 to 2015, there were decreasing trends in NDVI over the regions with
sparse vegetation coverage, such as the Caspian Coastal Plain, which had a max-
imum decreasing rate of >1$x107{-2}$/a. However, AOD tended to increase
as NDVI decreased in most regions. When there was an extra exclusion of the
influence of aerosols, the responses of vegetation to climatic factors showed clear
spatiotemporal differences. Generally, at different growing stages, aerosols could
influence vegetation activity by changing different climatic factors. At the early
growing stage, the higher concentration of aerosols would reduce PAR, SSR,
and TEM, thereby constraining vegetation activity, which was obvious over
northern Kazakhskiy Melkosopochnik. At the middle growing stage, decreased
concentration of aerosols had little effects on PAR, SSR, and TEM, but greatly
suppressed precipitation and eventually regulated vegetation activity. At the
late growing stage, the potential effects of aerosols on vegetation activity were
evident in areas with high anthropogenic activities, such as in the Indus River
Plain. Different responses of vegetation activity to aerosols and their related
climatic factors would be due to differences in the vegetation canopy structures,
their light utility efficiency, as well as regional environmental and climatic con-
ditions. Our studies on the impact of aerosols on vegetation activity in arid
and semi-arid regions of Asia would not only clarify the ecological effects of the
aerosols in the source areas, but also explain the roles of aerosols in climate
systems and ecosystems.
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Appendix

Fig. SI1 shows the spatial pattern in the number of 16-d periods with a sig-
nificantly positive correlation between NDVI (normalized difference vegetation
index) and PAR (photosynthetically active radiation) when considering AOD
(aerosol optical depth) as the control variable (right panel) or not (left panel)
over the arid and semi-arid regions of Asia during growing stages (each having
four or six 16-d periods). Areas with insignificant (P>0.05) correlations and
those with missing AOD values are not shown. Abbreviations are the same as
in Figures S2-S4.

Fig. S2 shows the spatial pattern in the number of 16-d periods with a signifi-
cantly positive correlation between NDVI and PRE (total precipitation) when
considering AOD as the control variable (right panel) or not (left panel) over
the arid and semi-arid regions of Asia during growing stages (each having four
or six 16-d periods). Areas with insignificant (P>0.05) correlations and those
with missing AOD values are not shown.

Fig. S3 shows the spatial pattern in the number of 16-d periods with a sig-
nificantly positive correlation between NDVI and SSR (surface solar radiation)
when considering AOD as the control variable (right panel) or not (left panel)
over the arid and semi-arid regions of Asia during growing stages (each having
four or six 16-d periods). Areas with insignificant (P>0.05) correlations and
those with missing AOD values are not shown.

Fig. S4 shows the spatial pattern in the number of 16-d periods with a signif-
icantly positive correlation between NDVI and TEM (surface air temperature)
when considering AOD as the control variable (right panel) or not (left panel)
over the arid and semi-arid regions of Asia during growing stages (each having
four or six 16-d periods). Areas with insignificant (P>0.05) correlations and
those with missing AOD values are not shown.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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