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ABSTRACT: Based on the vegetation map of Mongolia, Global Inventory Monitoring and Modelling Studies (GIMMS)
normalized difference vegetation index (NDVI) (1982-2006), the Moderate Resolution Imaging Spectroradiometer (MODIS)
NDVI (2000-2010), and temperature and precipitation data derived from 60 meteorological stations, this study has thoroughly
examined vegetation dynamics in Mongolia and their responses to regional climate change at biome scale. To ensure continuity
and consistency between the two NDVI datasets, the MODIS NDVI was first calibrated to the GIMMS NDVI based on the
overlapping period of 2000—2006. Good calibration results with R> values of 0.86—0.98 between the two NDVI datasets
were obtained and can detect subtle trends in the long-term vegetation dynamics of Mongolia. The results indicated that for
various biomes, although NDVI changes during 1982—-2010 showed great variation, vegetation greening for all biomes in
Mongolia seem to have stalled or even decreased since 1991—1994, particularly for meadow steppe (0.0015 year™!), typical
steppe (—0.0010 year™"), and desert steppe (—0.0008 year™!), which is an apparent turning point (TP) of the vegetation growth
trend in Mongolia. A pronounced drying trend (from —4.399 mm year™! in meadow steppe since 1990 to —2.445 mm year™' in
alpine steppe since 1993) occurred between 1990 and 1994, and persistently warming temperatures (0.015 °C year™! in alpine
steppe to 0.070°C year™! in forest and meadow steppe) until recently have likely played a major role in this NDVI trend
reversal. However, the NDVI TP varied by biome, month, and climate and was not coupled exactly with climatic variables.
The impact on climate of both same-time and lagged-time temperature and precipitation effects also varied strongly across
biomes and months. On the whole, climate-related vegetation decline and associated potential desertification trends will likely
be among the major sources of ecological pressure for each biome in Mongolia, which could intensify environmental problems
like sandstorms in other East Asian regions.
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1. Introduction and temperature) have increasingly become a main focus
of global change studies, particularly since the 1980s
when the satellite-derived normalized difference vegeta-
tion index (NDVI) became available (Myneni et al., 1997;
Tucker et al.,2001; Zhou et al., 2001; Nemani et al., 2003;
Potter et al., 2008; Piao et al., 2011; Wang et al., 2011;
Chen et al., 2014). Most of these studies have generally
suggested that vegetation photosynthetic activity (NDVI)
in northern high latitudes increased from the 1980s to
the 1990s with increases in temperature (Myneni ef al.,
1997; Tucker et al., 2001; Zhou et al., 2001; Nemani et al.,
2003; Piao et al., 2006a). However, studies on continen-
tal or global scales may neglect small-scale heterogeneity
to some extent if national or local heterogeneity has not
had a decisive effect on continental or global vegetation
dynamics because these studies miss a certain amount of
local detail due to the coarse spatial resolution of Global
* Correspondence to: Y. Bao, Inner Mongolia Key Laboratory of Remote Inventory Monlt.ormg and .MOdelhng. Studle.s (GIMMS)
Sensing and Geographic Information Systems, Inner Mongolia Normal  NDVI data and differences in observation period (Walther
University, Hohhot, China. E-mail: baoyuhai @imnu.edu.cn et al.,2002; Rocchini, 2007; Yao et al., 2012). In addition,

Vegetation not only serves as a direct indicator of the status
of terrestrial ecosystems as well as local and global envi-
ronmental changes (Potter et al., 2008; Jiang et al., 2013)
but also regulates the carbon cycle, energy exchange,
and climate change in the Earth’s systems in direct and
indirect ways, including photosynthesis, surface albedo,
evapotranspiration, and roughness (Wang et al., 2011,
Chen et al., 2014). Regional vegetation history is gen-
erally regarded as a footprint of climate variations and
provides an excellent opportunity to examine climate
change impacts on ecosystems through time, space, or
both (Huntley and Webb, 1988; Whitlock and Bartlein,
1997). Therefore, vegetation dynamics and their response
to global climate change (focusing mostly on precipitation
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vegetation dynamics and their responses to climate change
have varied considerably due to different ecogeographical
conditions (Chuai et al., 2013), and therefore examining
the effect of climate on vegetation dynamics at the biome
scale, particularly at finer temporal scales (such as monthly
or even shorter timescales), could gain further insight into
the mechanisms of interaction between climate and vege-
tation variability (Chen et al., 2014).

The Republic of Mongolia lies in a transitional zone
from the Gobi Desert of central Asia in the southwest to
the Siberian taiga forest in the north (Li et al., 2008). Most
of the Mongolian territory is characterized by arid and
semiarid climate, and over 70% of Mongolia is covered
by high-quality steppe grasslands (Fernandez-Gimenez
and Allen-Diaz, 2001) with high sensitivity to global cli-
mate change (Watson and Albritton, 2001). As in other
(semi)arid regions, although precipitation is the primary
climatic control on vegetation activity at a national scale
(Myneni et al., 1997; Zhou et al., 2001; Zemmrich et al.,
2010) and may even overcome the negative effects of graz-
ing intensity (Zemmrich et al., 2010), the relatively com-
plex contribution of vegetation-related climatic variables
to vegetation dynamics may be regionally dependent and
may vary strongly by biome. Therefore, it is hypothesized
here that vegetation dynamics, particularly at biome scales,
and their response to climate change in Mongolia may not
be completely consistent with the results of studies con-
ducted in areas where temperature is a more important
factor in plant growth. Furthermore, compared to other
regions in northern high latitudes, the intensity of climate
warming in Mongolia has tended to be greater than the
global average (Serreze et al., 2000; Lu et al., 2009). This
would severely aggravate drought stress without a concur-
rent increase in rainfall, restricting plant growth and even
intensifying desertification tendencies and other related
disasters like sandstorms and soil erosion (Zou and Zhai,
2004). In addition, the population of Mongolia was 2.83
million in 2011, with the lowest density in the world, 1.8
persons per square kilometre (National Statistical Office of
Mongolia, 2011), and nomadic herding has been the pre-
dominant Mongolian economic activity from ancient times
until now (Neupert, 1999). This situation leads to minimal
human impact on the ecosystem and recommends Mon-
golia as an ideal region for exploring the mechanisms of
interaction between climate change and vegetation dynam-
ics. However, very few studies (Zhang et al., 2009; Eckert
et al., 2015) on nation-scale vegetation dynamics in Mon-
golia have been performed over the past three decades,
despite the ecological and geographical significance of
Mongolia, such as its role as a birthplace of sandstorms
(Fujiwara et al., 2007).

One of the common ways to explore vegetation changes
and their response to climate change is to use the
satellite-derived NDVI (Myneni et al., 1997; Nemani
et al., 2003; Chen et al., 2014) because NDVI is highly
correlated with photosynthetically active biomass, leaf
area, chlorophyll abundance, and potential photosyn-
thesis of vegetation (Nemani efal, 2003; Schmidt
etal., 2014). It is based on the contrast between the
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absorption in the red band due to vegetation chloro-
phyll pigments and the reflection in the infrared band
caused by leaf cellular structure and is calculated as
NDVI = (NIR —RED)/(NIR + RED), where RED and
NIR represent the reflectance in the red and near-infrared
band, respectively (Ruse et al., 1974). Although NDVI has
several limitations, including saturation in a densely vege-
tated canopy and an intensively noisy canopy background
signal in sparsely vegetated regions (Huete et al., 2002), it
is widely used in vegetation dynamics studies from local
to global scales after processing to monthly maximum
composite values, which can greatly reduce noise (Nemani
et al., 2003; Zhang et al., 2013), particularly in northern
latitudes (Myneni et al., 1997; Tucker et al., 2001). At
present, although a number of NDVI datasets such as
GIMMS NDVI (three generations), MODIS NDVI, and
SPOT VGT NDVI have become available, no single NDVI
time series covers the past three decades at large spatial
extent except for GIMMS NDVI3g (Eastman et al., 2013;
Chen et al., 2014). Therefore, there is a great need to
combine the new NDVI time-series dataset from MODIS
with the traditional GIMMS NDVI by developing a
cross-calibration method between different NDVI datasets
from different sensors (Steven et al., 2003; Mao et al.,
2012). This would make it possible to extend vegetation
dynamics measurements through time, particularly for
future measurements, although GIMMS NDVI3g has
become available recently (Eastman et al., 2013; Chen
etal.,2014).

The objectives of the present study are (1) to develop
an NDVI time series for the Mongolian ecosystem
covering 1982-2010 by calibrating the MODIS NDVI
(2000-2010) to the GIMMS NDVI (1982-2006) based
on the overlapping period of 2000—-2006; (2) to investigate
what vegetation dynamics have occurred over the past
29 years at biome scales, and for what reasons, using a
least-squares linear regression model (Zhou et al., 2001)
and a piecewise regression approach (Chen et al., 2014);
and (3) to examine NDVI variations and the turning point
(TP) of NDVI trends for each month to detect the contri-
bution of monthly NDVI to growing-season NDVI, and
also to examine the monthly lagged impacts of climatic
variables on vegetation dynamics at a biome scale, based
on the vegetation map of Mongolia.

2. Data and methods
2.1.

Mongolia is located in the heart of central Asia and
stretches from approximately 41°~52°N and 81°—119°E,
with an area of approximately 156 x 10* km? (Figure 1).
The climatic regime is characterized by a typical conti-
nental climate, with annual precipitation ranging between
50 mm in the southwestern Gobi Desert area and 350 mm
in the northern forested region. The temperature gradient
slopes in the opposite sense to that of precipitation, rang-
ing from less than 1.5°C in the northern mountains to
over 16 °C in the southwestern Gobi Desert. Mongolia has
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Figure 1. Location of study area and distribution of biomes and meteorological stations.

one of the largest undeveloped grassland ecosystems in the
world (Lu et al., 2009) except for the northern forested area
and the southwestern Gobi Desert, and all these ecosys-
tems are very sensitive to climate change (Li et al., 2008).
Under the influence of climatic differentiation, vegetation
across Mongolia displays an obvious latitudinal zonation,
passing through forest, meadow steppe, typical steppe,
desert steppe, and the Gobi Desert from north to south
and from northeast to southwest. Alpine steppe is also
distributed in the northern and western mountain ranges
(Figure 1).

2.2. Dataset

NDVI datasets produced by the GIMMS group using the
Advanced Very High Resolution Radiometer (AVHRR)/
the National Oceanic and Atmospheric Administration
(NOAA) series satellites (NOAA 7,9, 11, 14, 16, 17, and
18) and the MOD12C1 NDVI product (Level-3 product)
derived from the Terra MODIS instrument were used in
the present study. The GIMMS NDVI covers the period
from 1982 to 2006 and has a resolution of 8 km and an
interval of 15 days, whereas the MODIS NDVI covers the
period from 2000 to 2010 and has a resolution of 5.6 km
and an interval of 16 days. These two NDVI datasets
have been corrected to remove noise from solar angle and
sensor errors and have been widely used in studies on
monitoring of long-term vegetation activity from regional
to global scales (Nemani et al., 2003; Mao et al., 2012).
To decrease some non-vegetation effects further, a monthly
NDVI dataset was generated for both GIMMS and MODIS
NDVI by applying the maximum value composite (MVC)
method (Holben, 1986) to the two NDVI images for each
growing-season month. To match the spatial resolution of
the GIMMS NDVI, the MODIS NDVI was then further
spatially resampled to 8 km. The growing season was
defined as from April to October, and growing-season
NDVI data were obtained by averaging monthly NDVI
data from April to October for each year (Piao et al., 2011).
The growing-season average NDVI can phenologically be
regarded as the average measurable level of photosynthetic
activity during 1 year (Chen et al., 2014), which is a
meaningful indicator of interannual vegetation dynamics
at regional scale (Chuai et al., 2013).

The climate variables used were the growing-season
monthly precipitation amount and the mean temperature
derived from 60 meteorological stations across Mongolia,
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as provided by the Mongolian Weather Bureau and the
Institute of Geography, Mongolian Academy of Science.
According to the locations of the meteorological stations,
monthly climatic data were interpolated in the ArcGIS
environment using the kriging method at a spatial reso-
lution of 8 km to match both temporally and spatially the
time sequences of growing-season mean NDVI. Although
some errors may have resulted from the areal interpola-
tion due to the limited number of meteorological stations
available (Piao et al., 2003), previous studies have demon-
strated that kriging is a better interpolation method with
higher accuracy and lower bias than other methods (Li
et al., 2005; Wu and Li, 2013), particularly in areas with
uniformly distributed climate stations (Figure 1) and hav-
ing minimal elevation changes and subdued topography
(mostly grassland ecosystems) like Mongolia.

Vegetation data were obtained from the vegetation map
in the National Atlas of Mongolia (Institute of Geography,
Mongolian Academy of Science, 2009). The vegetation
map was first scanned, geometrically corrected, and dig-
itized using the ArcGIS software and then rasterized at
8km, as was done for the NDVI and climatic datasets.
Vegetation types in Mongolia were further grouped into
forest, meadow steppe, typical steppe, desert steppe, and
alpine steppe. Cropland and Gobi Desert vegetation were
neglected in the present study because the first accounted
for a very small number of pixels in the 8-km GIMMS
NDVI data and the second consisted of very sparse veg-
etation. As was done in a study at the whole China scale
(Piao et al., 2003), it is hypothesized here that the five
broad vegetation types (without considering subtypes)
mentioned earlier are relatively stable and that this study
can ignore land conversion between broad vegetation
types in 8-km coarse spatial resolution NDVI images over
the study period, primarily due to the long prevalence of
nomadic herding in Mongolia, the low population density,
and the associated minimal human disturbance (Neupert,
1999; Upton, 2010).

2.3.
2.3.1.

Method

Calibrating MODIS NDVI to GIMMS NDVI
To study long-term vegetation response to climate change,
there is a strong need to combine NDVI data from more

than one sensor to cover a sufficiently long time period
(Steven et al., 2003; Mao et al., 2012). However, due to
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differences among satellites, sensor designs, and resolu-
tions, it is necessary to calibrate from one NDVI prod-
uct to another and to check the consistency between them
(Brown et al., 2008). In the present study, numerous lin-
ear regression models (for each pixel) (Equation (1)) were
developed to calibrate MODIS NDVI to GIMMS NDVI for
each month of the growing season during 2000-2010 by
regressing GIMMS NDVI as a function of MODIS NDVI
for the overlapping period of 2000—2006:

Gk,m)=a(k,m)M (k,m)+ b (k,m)+e(k,m) (1)

where G(k,m) and M(k,m) are the GIMMS NDVI and
the MODIS NDVI of pixel k in month m, a and b are
the regression coefficients (slope and intercept) obtained
by fitting time series to the two NDVIs for each month
of 2000—-2006, and ¢ is the residual error. By applying
the developed models, a new monthly MODIS NDVI
dataset from 2000 to 2010 (called the Extended GIMMS
NDVI in the following discussion), which has similar
characteristics to the GIMMS NDVI, was generated to
extend the traditional GIMMS NDVI up to the present. The
correlation analysis and difference values between the 2
monthly NDVI for each biome were examined to evaluate
whether consistency had been attained.

2.3.2.  Vegetation dynamics and its response to climate
change

Based on the vegetation map, time series for
growing-season mean NDVI [both GIMMS NDVI
(1982-2006) and extended GIMMS NDVI (2000-2010)],
temperature, and precipitation and also for monthly
NDVI, temperature, and precipitation during 1982-2010
were constructed for each biome by averaging all grid
pixels belonging to the same biome. Subsequently, a
least-squares linear regression model and a piecewise
linear regression model were used to detect vegetation and
climate variations during 1982-2010.

The least-squares linear regression model (Piao et al.,
2011; Chen et al., 2014) was used to detect gradual trends
in the NDVI time series and in climatic variables during
the 29-year period (Equation (2)):

y=a+bt+e 2)

where y represents the NDVI time series, ¢ is the year, a
is the intercept, b is the linear trend (slope), and € is the
residual of the fit.

Generally, trends in long-term NDVI and climatic data
might change or reverse in a particular year (Zhang et al.,
2013; Chen et al., 2014). A piecewise linear regression
model (Toms and Lesperance, 2003; Tomé and Miranda,
2004) was used to detect the timing and magnitude of
potential trend changes in NDVI and climatic variables
(Equation (3)):

_J)ay+bit+e

where y is the NDVI or climatic variable time series, # is
the year, « is the estimated TP of the time-series trend;

tL{a
>«

3)
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ay, by, and b, are the regression coefficients; a is the
intercept, b; and b, + b, are the trends before and after
the TP, and ¢ is the residual error. In the present study, the
condition a € {4,6, ..., N —4} was imposed to eliminate
two consecutive segments before and after the TP with too
few data points, as done in a previous study (Chen et al.,
2014). The TP was estimated by the maximum likelihood
method.

The two models described above were implemented for
the NDVTI and climatic variables over the growing-season
and monthly timescales for each biome. To examine the
climatic factors driving the changes in NDVI trends, the
Pearson correlation coefficients and p-values (significance
level) between NDVI and climatic variables were cal-
culated for each biome. In view of the lagged response
of NDVI to climatic variables, the correlations between
monthly NDVI and temperature and precipitation for all
previous growing-season months in a calendar year were
also calculated.

3. Results and discussion

3.1. Calibration from MODIS NDVI to GIMMS NDVI

The scatter plots between growing-season monthly
GIMMS NDVI and Extended GIMMS NDVI by biome are
shown in Figure 2(a) [7 months (April—October) X 7 years
(2000-2006) =49 points for each biome]. The results
showed high coefficients of determination between the
GIMMS NDVI and the new Extended GIMMS NDVI
for all biomes, with values around 0.98 except for desert
steppe (0.86), a result comparable to those from previ-
ous studies (Brown et al., 2008; Mao et al., 2012). The
relatively lower R-value for desert steppe was mostly
attributable to lower intra-annual NDVI variation in this
environment (Fensholt and Proud, 2012). The standard
deviation of multi-year average monthly NDVI was low-
est for desert steppe (0.009) (Table 1). Another reason
for this lower R-value may be the difference between
reflectance in the red and near-infrared bands in sparsely
vegetated regions like desert steppe when calculating the
MODIS NDVI and the GIMMS NDVI (Steven et al.,
2003; Fensholt et al., 2009). It is well known that the
soil background has a large impact on the reflected signal
from a sparsely vegetated region (Fensholt et al., 2009),
and the large reflectance difference between the red and
near-infrared bands therefore stands out at lower canopy
cover (Huete, 1988). The difference values between the
two NDVI datasets were mostly concentrated between
—0.03 and 0.03 (Figure 2(b)), indicating high consistency
and continuity between the two datasets. The high degree
of continuity and consistency between the two NDVI
datasets can also be clearly observed in Figure 3.

3.2. Interannual variations in growing-season mean
NDVI and climatic variables

Figure 3 and Table 2 show the interannual variation
of growing-season mean NDVI, temperature, and total

Int. J. Climatol. (2015)



VEGETATION DYNAMICS IN MONGOLIA AND THEIR RESPONSE TO CLIMATE CHANGE

(a) ,
0.70 L® Forest R™=0.98 1:1
o Meadow steppe R*=0.98 - u
— . 2_
E 0.56 | © Typical steppe R2—0.97 .
Z % Desert steppe  R™=0.86
g + Alpine steppe R*=0.98
= 0421 Al types R*=0.99
Q ]
3
E 0.28 |
=
[44]
0.14
0.14 0.28 0.42 0.56 0.70
GIMMS NDVI

~—

(b

@ 0.06

§ —m— Forest —B0— Meadow steppe
= —0— Typical steppe —x— Desert steppe

Qo 004F Alpine steppe

B n _

= (] o]

§ 002fo

= 1

m 1

é 0.00 %

= #

€ -0.02}

2

© —0.04f i

v

5 —0.06 ' & - :

= 0 10 20 30 40 50
a

Month sequence

Figure 2. Calibration result from MODIS NDVI to GIMMS NDVI.

Table 1. Standard deviation of multi-year average monthly NDVI

by biome.
Forest Meadow Typical Desert Alpine
steppe steppe steppe steppe
SD 0.161 0.127 0.072 0.009 0.106

precipitation during 1982-2010 in Mongolia for for-
est, meadow steppe, typical steppe, desert steppe, and
alpine steppe. For the entire observation period, the veg-
etation activity of forest and alpine steppe experienced
a significant increasing trend, with annual increments
in mean NDVI values of 0.0007 year™' (p=0.03) and
0.0009 year™' (p=0.0003) (Figure 3(a) and (e)). How-
ever, the curves for meadow steppe, typical steppe, and
desert steppe vegetation remained nearly flat, and no
obvious trend was observed (trend=0.0001, 0.0001,
and —0.00002 year~! for meadow steppe, typical steppe,
and desert steppe, respectively) over a 29-year period
(Figure 3(b)—(d); Table 2). All the piecewise linear mod-
els based on 29-year time-series NDVI data predicted
a TP year for NDVI trend of 1994 (Figure 3(b)—(e);
Table 2), except for forest, where the TP was predicted to
occur in 1991 (Figure 3(a)). For the four steppe grassland
ecosystems, the NDVI gradually increased until 1994,
with the largest increase (0.0025year™') occurring in
meadow steppe and the lowest (0.0011 year™") in desert
steppe; all these trends then stalled or decreased at a rate
of —0.00002 year~! (alpine steppe) to —0.0015 year™!
(meadow steppe). Forest vegetation increased until 1991
at arate of 0.0025 year~! and showed a flat trend afterward
(0.00006 year!). This NDVI trend reversal, particularly
for meadow steppe, typical steppe, and desert steppe in
Mongolia over a 29-year period, is generally consistent
with the results of previous studies conducted in the rest
of Eurasia and in North America based on shorter data
series (1982-2006, 25 years) (Park and Sohn, 2010; Piao
etal., 2011; Wang et al., 2011), which demonstrated that
the increasing trends in vegetation growth before the late
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1990s seem to have stalled or even reversed from that
time onward. However, the reversal in Mongolia seems to
have occurred about 3—6 years earlier than in the rest of
Eurasia and in North America.

Climate records in Mongolia show warming and dry-
ing trends for all biomes from 1982 to 2010 (Figure 3),
indicating that drought stress and potential desertification
stress are major environmental issues in Mongolia. Par-
ticularly for forest, meadow steppe, and typical steppe,
the increasing temperature trend and the decreasing pre-
cipitation trend were both significant at the 1% level
(Figure 3(a)—(c)). The piecewise regression model further
indicated that pronounced drying trends for most biomes
occurred between 1990 and 1994, followed by persis-
tent warming trends until recently. Detailed information
including trends, TPs, and intercepts of all modelled veg-
etation and climate variations can also be clearly seen in
Table 2.

3.3. Response of growing-season NDVI to climate
change

It can be clearly seen from Table 3 that the relation-
ship between growing-season mean NDVI and climatic
variables from the corresponding period strongly var-
ied among biomes, depending mostly on differences in
the climate limiting factor for plant growth in the dif-
ferent biomes. For forest, regardless of the observation
period, growing-season NDVI was positively correlated
with temperature, particularly for the entire observation
period (R=0.47, p=0.009), but negatively with precip-
itation (R=-0.34, p=0.07), indicating that against the
background of global warming, rising temperatures were
beneficial to forest growth in Mongolia during the pre-
vious 29-year period. This observation is in agreement
with previous studies suggesting that temperature is a deci-
sive climatic factor for vegetation growth in northern high
latitudes (Zhou et al., 2001; Ichii et al., 2002; Nemani
etal., 2003) and that an increase in temperature could
enhance forest growth by lengthening the growing period
and enhancing photosynthesis (Zhou et al., 2001; Piao
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Figure 3. Interannual variations of growing-season mean NDVI, temperature, and precipitation from 1982—-2010 for (a) forest, (b) meadow steppe,
(c) typical steppe, (d) desert steppe, and (e) alpine steppe. The extended GIMMS NDVI is indicated by the symbol O. ** and * indicate p <0.01,
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p <0.05 respectively.
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Table 2. Linear regression models and piecewise linear regression models for 1982-2010 by biome. y,, y,, and y, represent NDVI,
precipitation, and temperature, respectively, and 7 represents the year.

Biome Linear regression models Piecewise linear regression models

Forest Yo = —0.9309 + 0.0007¢ —4.578 + 0.0025¢ r <1991
v, =4183.02 - 1.9711 In = { —4.578 + 0.0025¢ — 0.0025 ( — 1991) > 1991

y = —131.71 4+ 0.070¢ _ 5802.18 — 2.785¢ 1 <2004

= { 5802.18 — 2.785¢ + 6.376 (t — 2004) ¢ > 2004

_ —153.29 4 0.081¢ 1 <2007

N= { —153.29 4+ 0.0817 — 0.275 (r — 2007) > 2007
Meadow steppe ¥y, = 0.163 4+ 0.0001¢ —4.683 + 0.0025¢ t <1994
¥p = 6231.46 — 2.9981 In = { —4.683 4+ 0.0025¢ — 0.0040 (t — 1994) ¢ > 1994

yp = —130.76 4+ 0.070¢ _ —4446.3 4+ 2.376¢ £ <1990

Yo = g —4446.3 + 2.376t — 6.776 (t — 1990) ¢ > 1990

_ —155.28 + 0.083¢ t <2007

YT\ —155.28 + 0083t — 0.313 (t — 2007) ¢ > 2007

Typical steppe ¥y = 0.028 4+ 0.0001¢ —3.255 4+ 0.0018¢ 1 <1994
Yp = 3944.95 — 1.8781 In = } —3.255+0.0018¢ — 0.0027 (t — 1994) ¢ > 1994

Yy = —97.808 + 0.054¢ _ —6959.39 + 3.609¢ 1 < 1990

T\ —6959.39 + 3.609f — 6.919 (t — 1990) > 1990

_ —119.26 + 0.065¢ t <2007

In = { —119.26 + 0.065¢ — 0.273 (t — 2007) ¢ > 2007

Desert steppe ¥y = 0.157 — 0.00002¢ —-2.171 +0.0011¢ t <1994
Yp = 1181.95 - 0.527¢ = { —2.171+0.00117 - 0.0019 (r — 1994) 1> 1994

Y = —64.569 + 0.039¢ _ —6449.14 +3.311¢ 1 <1994

= { —6449.14 +3.311 — 6356 (t — 1994) 1> 1994

B ~117.40 + 0.065¢ t <1999

Ne= { —117.40 + 0.065¢ — 0.077 (t — 1999) > 1999

Alpine steppe Yo = —1.575 4+ 0.0009¢ —4.383 + 0.0023¢ t <1994
yp = 1971.6 — 0.913¢ In = { —4.383 +0.00237 — 0.0023 (1 — 1994) 1> 1994

Y =—21.107 + 0.015¢ _ —3764.4 4+ 1.973¢ 1 <1993

= { —3764.4 4+ 1.973t —4.417 (t — 1993) 1> 1993

_ —108.42 + 0.059¢ t <1999

N= { —108.42 4 0.0597 — 0.127 (r — 1999) 1> 1999

Table 3. Correlations between growing-season NDVI and climate variables for different biomes: growing-season precipitation (P),
growing-season temperature (T); ESP, BTP, ATP represent the entire study period, before the turning point, and after the turning

point.

Biome Precipitation Temperature

ESP BTP ATP ESP BTP ATP
Forest —0.34% 0.26 —0.41%* 0.47 %% 0.36 0.32
Meadow steppe 0.35* 0.35 0.52%%* —-0.11 0.30 —0.51%%*
Typical steppe 0.62%** 0.73%%*% 0.85%#%* —0.08 -0.14 -0.19
Desert steppe 0.74 %% 0.78%%:% (.79 -0.17 —0.32 -0.20
Alpine steppe 0.15 0.77%%% 0.43* 0.13 -0.02 -0.15

#H% % and * indicate p < 0.01, p < 0.05, and p < 0.1, respectively.

et al.,2011). However, excessive precipitation may restrict
forest growth due to precipitation-accompanied reductions
in solar radiation and temperature (Mao et al., 2012).

In contrast, there were significant positive correlations
between NDVI and precipitation for meadow steppe
(R=0.35, p=0.00), typical steppe (R=10.62, p =0.0004),
and desert steppe (R=0.74, p<0.0000), but negative
correlations between NDVI and temperature (R=—0.11,

© 2015 Royal Meteorological Society

p=0.57, R=-0.08, p=0.67; R=-0.17, p=0.39) for
the same biomes from 1982 to 2010 (Table 3). Moreover,
the patterns of NDVI fluctuation, particularly for typical
steppe (Figure 3(c)) and desert steppe (Figure 3(d)), corre-
sponded closely to that of precipitation. Peak NDVI values
observed in 1990, 1994, 1998, and 2003 corresponded
closely to peak precipitation in the same year, and lower
NDVI values in 1982, 1992, 1995, 1999, 2004, and 2007
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Figure 4. Dynamics of monthly NDVI and climatic variables from 1982 to 2010 for five biome types: (a) forest, (b) meadow steppe, (c) typical steppe,
(d) desert steppe, and (e) alpine steppe. The bars represent trends, and the lines denote mean values. ***, **_ and * indicate p < 0.01, p <0.05, and
p <0.1, respectively.

corresponded well with lower precipitation, implying that
rainfall is a direct factor regulating vegetation variation
in grasslands, an observation which is in agreement with
previous findings (Hoffmann and Jackson, 2000; Piao
et al., 2006b). In addition, positive correlations with
precipitation increased obviously from meadow steppe
to typical steppe and then to desert steppe, implying that
the sensitivity of vegetation to precipitation may increase
in extremely arid regions as aridity increases. However,
against the background of global warming, the heat con-
ditions are sufficient for grass growth in steppe-dominated
regions in Mongolia, and rising temperatures could
increase drought stress and thereby restrict grass growth
(negative correlation). For alpine steppe, the effects of
precipitation on vegetation dynamics seem to be stronger
than those of temperature on both sides of the TP but are
not obvious over the entire study period (Table 3).

Generally, the TPs of the growing-season mean NDVI
trends were not always coupled with those of climatic vari-
ables (Figure 3, Table 2). For forest, the TPs of climatic
variables, both temperature and precipitation, arrived later
than that of NDVI. However, for steppe grassland ecosys-
tems, the TP of precipitation occurred earlier than that
of NDVI, whereas the TP of temperature arrived later
than that of NDVI. These findings suggested that per-
haps the TP of NDVI as detected by the piecewise linear
regression model may be very complex and attributable to
the combined influence of numerous variables, not only
temperature and precipitation but also other climatic and
non-climatic factors.

© 2015 Royal Meteorological Society

3.4. Response of monthly NDVI to climate change

3.4.1.  Dynamics of monthly NDVI and climatic
variables

Variations in growing-season NDVI can be attributed
mostly to trends in monthly NDVI (Piao et al., 2003), and
monthly scale analysis can detect more detailed NDVI
change signals and their contribution to growing-season
NDVI trend (Chen et al., 2014). Figure 4 shows the
mean values and change trends of monthly NDVI over
1982-2010 by biome in Mongolia. For forest, the NDVI
trends for all months increased except for May and
July, with the largest increases occurring in April (trend:
0.0018 year‘l, R=0.60, p=0.0007) and September
(trend: 0.0017 year™!, R=0.34, p=0.07) (Figure 4(a),
top), implying that the forest ecosystem in Mongolia
tends to exhibit an earlier start of the growing season
and delayed dormancy (i.e. lengthening of the growing
season) (Zhou et al., 2001; Park and Sohn, 2010; Piao
et al., 2011). This observation is also in agreement with
others made in forest in China by Piao et al. (2003),
who found that the largest increases in forest NDVI in
China took place mostly in April, May, and September.
By comparison, NDVI values for meadow steppe, typical
steppe, and desert steppe significantly increased in April
by 0.0021year™! (R=0.75, p<0.0000), 0.0017 year!
(R=0.78, p<0.0000), and 0.0004 year‘1 (R=0.36,
p=0.05), respectively, and decreased in almost all sum-
mer and autumn months (Figure 4(b)—(d), top). However,
the NDVI values for all growing-season months increased
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Table 4. TPs of monthly NDVI, temperature, and precipitation during 1982—-2010.

April May June July August September October

Forest

NDVI 1985 1990 1985 1985 1988 1985 1995

Precipitation 1985 2003 2005 1993 2006 1991 1996

Temperature 2007 2006 2002 2002 2007 1992 1985
Meadow steppe

NDVI 1989 2001 1985 1988 1990 1996 1998

Precipitation 2004 2007 2005 1990 2006 1990 1987

Temperature 2007 2006 1989 2002 2007 1992 2000
Typical steppe

NDVI 1989 2002 1988 1990 1994 1996 1998

Precipitation 1985 1988 2005 1993 1990 1991 2005

Temperature 2007 2000 2001 2000 2007 1992 1985
Desert steppe

NDVI 1989 2001 2000 1994 1994 1994 1998

Precipitation 2007 2003 1994 1994 1994 2007 2005

Temperature 2007 2000 2001 2000 2001 1985 1986
Alpine steppe

NDVI 1988 1997 2002 1986 1985 1995 2006

Precipitation 2007 2003 2007 1993 1991 2006 2004

Temperature 2007 1999 2000 1999 2000 1992 1985

significantly for alpine steppe, with the largest annual
increase of 0.0017 year™! (R=0.42, p=0.02) occurring in
June and the lowest occurring in May (Figure 4(e), top).
The trends in monthly climatic variables for all biome
types, on the whole, showed warming and weak wetting
trends at the beginning of the growing season, followed by
significant warming and drying trends in the middle and
at the end of the growing season, particularly for meadow
steppe and typical steppe (Figure 4(b) and (c), middle and
bottom), over the entire observation period. Intra-annual
variations of NDVI and climatic variables for all biomes
showed a similar pattern, with maximum values occurring
in July or August.

Table 4 and Figure 5 show the TPs of monthly NDVI
and climatic variables and their trends on both sides of
the TPs. The detected TPs of monthly NDVI were not
exactly coupled with climatic variables and varied strongly
by month and by biome, with the earliest TP occurring
in 1985 and the latest occurring in 2006. In comparison,
the TPs of monthly NDVI for forest seem to have arrived
earlier than for steppe grassland ecosystems generally.

From Figure 5, it can be clearly seen that oppo-
site trends occurred on both sides of the TPs of all
monthly NDVIs for all biomes. The monthly NDVIs
for all biomes increased until the TP from May to
October at a rate of 0.0003 year~' (May, desert steppe)
(Figure 5(d), top) to 0.0349 year~! (June, meadow steppe)
(Figure 5(b), top) and stalled or even decreased after-
ward at a rate of —0.0055 year~! (May, meadow steppe)
(Figure 5(b), top) to —0.00001 year™" (September, alpine
steppe) (Figure 5(e), top). An opposite phenomenon
occurred in April, with a decreasing trend before the
TP [-0.0014 year~! for desert steppe (Figure 5(d), top)
to —0.0111 year™! for forest (Figure 5(a), top)] and a
pronounced increasing trend after the TP [0.0007 year™!
for desert steppe (Figure 5(d), top) to 0.0028 year™!

© 2015 Royal Meteorological Society

for meadow steppe (Figure 5(b), top], suggesting that
widespread vegetation greening (i.e. increasing NDVI)
appears to dominate at the beginning of the growing
season (April) after the TP. For forest, vegetation greening
at the end of the growing season (September) was also
very significant after the TP (Figure 5(a), top). At a
monthly scale, the drying and warming climate appeared
to dominate in summer months after the TP for most
biomes.

3.4.2.  Same-time response of monthly NDVI to climate
change

To examine climate impacts on vegetation dynamics at
a finer temporal scale, correlations between monthly
NDVI and climatic variables were calculated during
1982-2010 (Table 5). For forest, the NDVI was correlated
positively and significantly with temperature over all
growing-season months except July, particularly for April
(R=0.53, p=0.003), May (R=0.68, p<0.0000), June
(R=0.48, p=0.008), and October (R=0.50, p=0.005).
These results further confirmed the finding from previous
studies that the large increase in NDVI over northern mid-
to high latitudes can mainly be attributed to warming tem-
peratures at the beginning and end of the growing season
(Myneni et al., 1997; Zhou et al., 2001; Nemani et al.,
2003). However, it should also be noted that increasing
temperature in the middle of the growing season (except
for July) also plays a significant role in forest enhancement
in Mongolia. An opposite relationship was found between
forest NDVI and precipitation for all months except June
(R=0.19, p=0.34), particularly in August (R=-0.33,
p=0.08), September (R=—-0.35, p=0.06), and October
(R=-0.38, p=0.04). This implies that perhaps precipi-
tation in previous months, including snowfall during the
winter, is preserved better in the soil of forest-dominated
areas in Mongolia than elsewhere and that excessive
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Figure 5. Dynamics of monthly NDVI and climatic variables from 1982 to 2010 for five biome types: (a) forest, (b) meadow steppe, (c) typical
steppe, (d) desert steppe, and (e) alpine steppe.

Table 5. Correlation between monthly NDVI and corresponding climate variables for different biomes: monthly precipitation (P),
monthly temperature (T).

Biome type Climate variable Correlation coefficient
April May June July August September October

Forest P -0.27 -0.03 0.19 -0.21 —0.33* —0.35* —0.38%*

T 0.53%%#%* 0.68%*%* 0.48***  —0.04 0.32%* 0.30 0.50%*%*
Meadow steppe P 0.04 0.16 0.22 0.43%* 0.08 0.004 0.04

T 0.24 0.38%* 0.07 —0.37%* -0.31 0.13 0.25
Typical steppe P 0.19 0.38%* 0.43%* 0.47%*% 0.39%* —0.03 0.05

T 0.18 0.20 0.08 —0.44%* —0.43%* 0.21 0.21
Desert steppe P —-0.03 0.20 0.17 0.58#** 0.52%%%* 0.13 0.20

T -0.23 -0.07 0.07 —0.32* —0.30 0.21 -0.21
Alpine steppe P —0.02 —0.41%* 0.02 0.16 0.27 —-0.24 —0.20

T 0.37%* 0.65%*%* 0.67%%#%* 0.01 -0.13 0.28 0.31

*kk % and * indicate p < 0.01, p <0.05, and p < 0.1, respectively.

rainfall could depress forest growth in the same month by
reducing temperature and radiation, particularly in autumn
months (Mao et al., 2012). This can be further confirmed
by the lagged time responses to climate change (Section
3.4.3). Alternatively, this effect might also arise from
seasonally frozen ground in forest regions, which could
provide adequate moisture during the growing season
(Han et al., 2014). Unlike that in forest ecosystems, NDVI
for almost all growing-season months was, in general, pos-
itively correlated with precipitation for meadow steppe,
typical steppe, and desert steppe and was related positively
to temperature in the early and late growing season, but
negatively and significantly in July (meadow: R=—0.37,
p=0.05; typical: R=-0.44, p=0.02; desert: R=-0.32,
p=0.10) and August (meadow: R=-0.31, p=0.10;
typical: R=-0.43, p=0.02; desert: R=-0.30, p=0.10).
However, the strength of the correlation differed markedly
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among the different kinds of steppe. For example, the
NDVI of meadow steppe was more closely related with
temperature in May (R=0.38, p=0.04) than that of
typical steppe (R=0.20, p=0.30) and desert steppe
(R=-0.07, p=0.72). In contrast, the NDVIs of typical
steppe and desert steppe were more strongly correlated
with precipitation than that of meadow steppe, particularly
in July and August. There was also an opposite correla-
tion between NDVI and temperature in April, May, and
October for typical steppe (R=0.18, p=0.36; R=0.20,
p=0.30; R=0.21, p =0.26) and desert steppe (R = —0.23,
p=0.24; R=-0.07, p=0.72; R=-0.21, p =0.27).

These discrepancies in the response to monthly climate
variables among the various kinds of steppe could be
associated with their different climatic growth environ-
ments, as represented by factors such as moisture index
and thermal condition. Figure 6 shows the variation of

Int. J. Climatol. (2015)



VEGETATION DYNAMICS IN MONGOLIA AND THEIR RESPONSE TO CLIMATE CHANGE

—=— Forest
—20 |=—+— Meadow steppe
—e— Typical steppe

—30 —o=— Desert steppe
—+— Alpine steppe

Moisture index
b
(=)

4 5 6 7 8 9 10
Month

Figure 6. Variation of multi-year mean monthly moisture index by
biome.

Thornthwaite’s moisture index (Thornthwaite, 1948) for
different biome types. From meadow steppe to typical
steppe and then to desert steppe, the moisture index
decreased for all growing-season months, with the largest
differences in July and August (Figure 6). Therefore, the
relationship between monthly NDVI and precipitation
became stronger as the moisture index decreased from
meadow steppe to typical steppe and then to desert steppe,
particularly in July and August, because the largest dif-
ference in moisture index occurred in July and August.
In contrast, meadow steppe in Mongolia is generally dis-
tributed under conditions with more moisture and lower
temperature than those of typical and desert steppe, and
therefore there was a stronger positive correlation with
temperature in May than for typical and desert steppe.
However, the negative impact of temperature on meadow
steppe vegetation growth in July and August was still
more significant in Mongolia (Table 5), implying that
vegetation growth of meadow steppe in Mongolia is
strongly hindered by rising temperature-induced drought
conditions in mid- and late summer. This phenomenon
is inconsistent with that observed in temperate meadow
in China by Piao, who suggested a positive correlation
between meadow NDVI and temperature in summer (Piao
et al., 2006b). For alpine steppe, the monthly NDVI was
significantly and positively related to temperature in April
(R=0.37, p=0.05), May (R=0.65, p=0.0001), and June
(R=0.67, p<0.0000), but negatively to precipitation
in May (R=-0.41, p=0.03) (Table 5), indicating that
temperature in the early growing season and in early
summer (June) has a strong positive influence on alpine
steppe vegetation growth in Mongolia. The negative
correlation with precipitation was not consistent with the
results for alpine meadow on the Tibetan Plateau reported
by Piao, where positive correlations were observed
(Piao et al., 2006a).

3.4.3. Lagged time response of monthly NDVI to
climate change

Even as climate factors change, vegetation growth takes
time to respond, and time lags most likely vary for different

© 2015 Royal Meteorological Society

climate factors and different areas (Braswell et al., 1997,
Hu et al., 2011) because of delays in the adjustment of
soil moisture content and biological processes (Daven-
port and Nicholson, 1993). Figure 7 shows the correlation
coefficients between monthly NDVI and climatic vari-
ables in all previous months for each biome type during
1982-2010. The lag period and the strength of the lag
effect of climate varied by biome and by month. For forest,
significant positive correlations were found between NDVI
in April (R=0.33, p=0.08), May (R=0.33, p=0.08),
and September (R =0.44, p=0.02) and temperature from
the preceding month (Figure 7(a)), implying that there
exists a l-month lag effect of temperature on forest
NDVI in the early growing season and in late summer
(August). However, the strength of this relationship was
much less than that of the relationship with no time lag
(Table 5), suggesting that temperature conditions in the
same month may be more critically important to forest
growth at the beginning and end of the growing season
in Mongolia. Unlike the negative effect of precipitation
on NDVI in the same month, there was always a pos-
itive precipitation lag effect on forest NDVI except in
May, September, and October (Figure 7(b)). This may
have been the reason for a significant negative correla-
tion between NDVI and precipitation in the same month
(Table 5), because precipitation from the preceding month
could maintain enough moisture in the deeper-rooted
forest system, in which case precipitation in the same
month may lead to surplus water, thereby depressing forest
growth.

Similarly to forest, almost all NDVI values for meadow
steppe, typical steppe, and desert steppe in April, May,
and October were positively but weakly correlated with
temperature in the preceding month (Figure 7(c), (e),
and (g)), indicating that higher temperatures in the pre-
ceding month could favour grass growth at the begin-
ning and end of the growing season. However, tempera-
tures in May, June, July, and August had about a 1- to
3-month lagged negative effect on grass growth. A sim-
ilar trend was observed in the whole of China by Piao,
who demonstrated an approximately 3-month lag effect of
temperature on vegetation (Piao et al., 2003). However, the
positive lagged effect of precipitation on the three steppe
types was more significant, and the period of the lag var-
ied by month (Figure 7(d), (f), and (h)). Generally, there
is a 1-month lag effect on vegetation response to precip-
itation in March, April, and May and a 1- to 4-month
lag effect from precipitation in June, July, and August,
suggesting that spring and summer precipitation is a key
factor for annual vegetation growth in Mongolia, partic-
ularly for grass growth in the middle and at the end of
the growing season. This long-term effect of precipita-
tion in summer on grass growth in Mongolia is longer
than that observed by Shinoda in dry savannas in Africa,
where there existed at most a 2.5-month lag effect (Shin-
oda, 1995). In addition, almost all the lag effects of pre-
cipitation are stronger than that with no time lag (Table 5),
suggesting the importance of antecedent precipitation con-
ditions for grass growth. For alpine grassland, temperature
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for March, April, May, August, and September shows a
positive relationship with NDVI in the subsequent 1 or
2 months (Figure 7(i)), indicating that rising temperature
during these months is favourable for alpine grass growth,
particularly temperature in March and April, whereas an
opposite trend was observed in the correlations between
NDVI in July and August and the two climatic variables
from preceding months.

4. Conclusions

In this study, a monthly NDVI sequence has been devel-
oped for Mongolia covering the period 1982-2010 by cal-
ibrating the MODIS NDVI (2000-2010) to the GIMMS
NDVI (1982-2006) based on the overlapping period of
2000-2006. The calibration results from pixel-based mod-
els demonstrated that the continuity and consistency of the
newly constructed NDVI are in acceptable agreement with
the GIMMS NDVI for each biome and can detect subtle
trends in the long-term vegetation dynamics of Mongolia.
Based on these NDVI datasets and climatic variables
(temperature and precipitation) from 1982 to 2010, the
growing-season and monthly vegetation dynamics for five
biomes and their response to regional climate change have
been thoroughly investigated. The results show that vege-
tation growth for all biomes in Mongolia reversed (from an
increasing to a decreasing trend) between 1991 and 1994
and that desertification is becoming one of the most sig-
nificant ecological stresses in Mongolia for most biomes,
particularly for meadow steppe, typical steppe, and desert
steppe. This TP of vegetation growth trend in Mongolia
was about 3—6years earlier than in the rest of Eurasia.
Pronounced drying trends occurring between 1990 and
1994 and a persistently warming climate until recently
have likely played a major role in the NDVI trend rever-
sal. However, the timing of the NDVI trend reversal (TP
year) at both growing-seasonal scale and monthly scale
was not exactly coupled with the TP of either precipi-
tation or temperature, implying a nonlinear response of
trend reversal in vegetation growth to any single climatic
variable. On a long-term scale, the impacts of climate
change on vegetation growth varied greatly among dif-
ferent biomes, months, and climates due to differences
in growth environments and their corresponding climatic
regimes. Generally, growing-season NDVI was positively
related to temperature and negatively to precipitation for
forest, and opposite trends in the correlations between
NDVI and temperature and NDVI and precipitation were
observed in steppe grassland ecosystems. In addition, this
study also shows that the long-time lag effects of climatic
variables on vegetation growth are different in different
biomes, mostly varying from 1- to 4-month lags, and also
vary by climatic variable and by month. This study will
be significant for improving our understanding of ecolog-
ical evolution and highlighting early signs for prevention
of natural hazards like desertification and sandstorms in
Mongolia and other surrounding East Asian regions such
as North China and Korea.

© 2015 Royal Meteorological Society
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ABSTRACT: Based on the vegetation map of Mongolia, Global Inventory Monitoring and Modelling Studies (GIMMS)
normalized difference vegetation index (NDVI) (1982-2006), the Moderate Resolution Imaging Spectroradiometer (MODIS)
NDVI (2000-2010), and temperature and precipitation data derived from 60 meteorological stations, this study has thoroughly
examined vegetation dynamics in Mongolia and their responses to regional climate change at biome scale. To ensure continuity
and consistency between the two NDVI datasets, the MODIS NDVI was first calibrated to the GIMMS NDVI based on the
overlapping period of 2000-2006. Good calibration results with R* values of 0.86—0.98 between the two NI3VI datasets
were obtained and can detect subtle trends in the long-term vegetation dynamics of Mongolia. The results indicated that for
various biomes, although NDVI changes during 1982-2010 showed great variation, vegetation greenming for all biomes in
Mongolia seem to have stalled or even decreased since 1991—1994, particularly for meadow steppe (0.0015 year™1), typical
steppe (—0.0010 year™!), and desert steppe (—0.0008 year™1), which is an apparent rning point (TP) of the vegetation growth
trend in Mongolia. A pronounced drying trend (from —4.399 mm year~! in meadow steppe since 1990 to —2.445 mm year~! in
alpine steppe since 1993) occurred between 1990 and 1994, and persistently warming temperatures (0.015 °C year~! in alpine
steppe to 0.070°Cyear™! in forest and meadow steppe) until recently have likely played a major role in this NDVI trend
reversal. However, the NDVI TP varied by biome, month, and climate and was not coupled exactly with climatic variables.
The impact on climate of both same-time and lagged-time temperature and precipitation effects also varied strongly across
biomes and months. On the whole, climate-related vegetation decline and associated potential desertification trends will likely
be among the major sources of ecological pressure for each biome in Mongolia, which could intensify environmental problems
like sandstorms in other East Asian regions.
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1. Introduction and temperature) have increasingly become a main focus
of global change studies, particularly since the 1980s
when the satellite-derived normalized difference vegeta-
tion index (NDVI) became available (Myneni ef af., 1997,
Tucker et al., 2001; Zhou et al., 2001; Nemani ef al., 2003;
Potter ef al., 2008; Piao ef al., 2011; Wang ef al., 2011;
Chen ef al., 2014). Most of these studies have generally
suggested that vegetation photosynthetic activity (NDVTI)
in northern high latitudes increased from the 1980s to
the 1990s with increases in temperature (Myneni ef al.,
1997, Tucker et al., 2001, Zhou et al., 2001; Nemani ef al.,
2003; Piao et al., 2006a). However, studies on continen-
tal or global scales may neglect small-scale heterogeneity
to some extent if national or local heterogeneity has not
had a decisive effect on continental or global vegetation
dynamics because these studies miss a certain amount of
local detail due to the coarse spatial resolution of Global
Tnventory Monitoring and Modelling Studies (GIMMS)

Vegetation not only serves as a direct indicator of the status
of terrestrial ecosystems as well as local and global envi-
ronmental changes (Potter ef af., 2008; Jiang ef al., 2013)
but also regulates the carbon cycle, energy exchange,
and climate change in the Earth’s systems in direct and
indirect ways, including photosynthesis, surface albedo,
evapotranspiration, and roughness (Wang ef al, 2011,
Chen ef af., 2014). Regional vegetation history is gen-
erally regarded as a footprint of climate variations and
provides an excellent opportunity to examine climate
change impacts on ecosystems through time, space, or
both (Huntley and Webb, 1988; Whitlock and Bartlein,
1997). Therefore, vegetation dynamics and their response
to global climate change (focusing mostly on precipitation
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NDVI data and differences in observation period (Walther
et al., 2002; Rocchini, 2007; Yao ef af., 2012). In addition,
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vegetation dynamics and their responses to climate change
have varied considerably due to different ecogeographical
conditions (Chuai ef af., 2013), and therefore examining
the effect of climate on vegetation dynamics at the biome
scale, particularly at finer temporal scales (such as monthly
or even shorter timescales), could gain further insight into
the mechanisms of interaction between climate and vege-
tation variability (Chen ef al., 2014).

The Republic of Mongolia lies in a transitional zone
from the Gobi Desert of central Asia in the southwest to
the Siberian taiga forest in the north (Li ef al., 2008). Most
of the Mongolian territory is characterized by arid and
semiarid climate, and over 70% of Mongolia is covered
by high-quality steppe grasslands (Fernandez-Gimenez
and Allen-Diaz, 2001) with high sensitivity to global cli-
mate change (Watson and Albritton, 2001). As in other
(semidarid regions, although precipitation is the primary
climatic control on vegetation activity at a national scale
(Myneni ef al., 1997; Zhou ef af., 2001; Zemmrich ef af.,
2010) and may even overcome the negative effects of graz-
ing intensity (Zemmrich ef @l., 2010), the relatively com-
plex contribution of vegetation-related climatic variables
to vegetation dynamics may be regionally dependent and
may vary strongly by biome. Therefore, it is hypothesized
here that vegetation dynamics, particularly at biome scales,
and their response to climate change in Mongolia may not
be completely consistent with the results of studies con-
ducted in areas where temperature is a more important
factor in plant growth. Furthermore, compared to other
regions in northemn high latitudes, the intensity of climate
warming in Mongolia has tended to be greater than the
global average (Serreze ef al., 2000, Lu ef al., 2009). This
would severely aggravate drought stress without a concur-
rent increase in rainfall, restricting plant growth and even
intensifying desertification tendencies and other related
disasters like sandstorms and soil erosion (Zou and Zhai,
2004). In addition, the population of Mongolia was 2.83
million in 2011, with the lowest density in the world, 1.8
persons per square kilometre (National Statistical Office of
Mongolia, 2011), and nomadic herding has been the pre-
dominant Mongolian economic activity from ancient times
until now (Neupert, 1999). This situation leads to minimal
human impact on the ecosystem and recommends Morn-
golia as an ideal region for exploring the mechanisms of
interaction between climate change and vegetation dynam-
ics. However, very few studies (Zhang ef al., 2009; Eckert
ef al., 2015) on nation-scale vegetation dynamics in Mon-
golia have been performed over the past three decades,
despite the ecological and geographical significance of
Mongolia, such as its role as a birthplace of sandstorms
(Fujiwara ef al., 2007).

One of the common ways to explore vegetation changes
and their response to climate change is to use the
satellite-derived NDVI (Myneni ef al., 1997; Nemani
ef al., 2003; Chen ef al., 2014) because NDVTI is highly
correlated with photosynthetically active biomass, leafl
area, chlorophyll abundance, and potential photosyn-
thesis of wvegetation (Nemani efal, 2003; Schmidt
ef al., 2014). It is based on the contrast between the

© 2015 Roval Meteorological Society

absorption in the red band due to vegetation chloro-
phyll pigments and the reflection in the infrared band
caused by leal cellular structure and is calculated as
NDVI=(NIR —RED)/(NIR + RED), where RED and
NIR represent the reflectance in the red and near-infrared
band, respectively (Ruse ef al., 1974). Although NDVT has
several limitations, including saturation in a densely vege-
tated canopy and an intensively noisy canopy background
signal in sparsely vegetated regions (Huete ef al., 2002), it
is widely used in vegetation dynamics studies from local
to global scales after processing to monthly maximum
composite values, which can greatly reduce noise (Nemani
ef af., 2003; Zhang ef af., 2013), particularly in northern
latitudes (Myneni ef al., 1997; Tucker ef al., 2001). At
present, although a number of NDVI datasets such as
GIMMS NDVI (three generations), MODIS NDVIL, and
SPOT VGT NDVIhave become available, no single NDVI
time series covers the past three decades at large spatial
extent except for GIMMS NDVTI3g (Eastman ef al., 2013,
Chen et al., 2014). Therefore, there is a great need to
combine the new NDVTI time-series dataset from MODIS
with the traditional GIMMS NDVI by developing a
cross-calibration method between different NDVI datasets
from different sensors (Steven ef al., 2003; Mao et al.,
2012). This would make it possible to extend vegetation
dynamics measurements through time, particularly for
future measurements, although GIMMS NDVI3g has
become available recently (Fastman ef af., 2013; Chen
ef al., 2014).

The objectives of the present study are (1) to develop
an NDVI time series for the Mongolian ecosystem
covering 1982-2010 by calibrating the MODIS NDVI
(2000-2010) to the GIMMS NDVI (1982-2006) based
on the overlapping period of 2000-2006; (2) to investigate
what vegetation dynamics have occurred over the past
29 years at biome scales, and for what reasons, using a
least-squares linear regression model (Zhou ef af., 2001)
and a piecewise regression approach (Chen ef al., 2014);
and (3) to examine NDVT variations and the turning point
(TP) of NDVI trends for each month to detect the contri-
bution of monthly NDVI to growing-season NDVI, and
also to examine the monthly lagged impacts of climatic
variables on vegetation dynamics at a biome scale, based
on the vegetation map of Mongolia.

2. Data and methods
2.1,

Mongolia is located in the heart of central Asia and
stretches from approximately 41°-52°N and 81°-119°E,
with an area of approximately 156 x 10" km? (Figure 1).
The climatic regime is characterized by a typical conti-
nental climate, with annual precipitation ranging between
50 mm in the southwestern Gobi Desert area and 350 mm
in the northern forested region. The temperature gradient
slopes in the opposite sense to that of precipitation, rang-
ing from less than 1.5°C in the northern mountains to
over 16 °C in the southwestern Gobi Desert. Mongolia has

Study area
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Figure 1. Location of study area and distribution of biomes and meteorological stations.

one of the largest undeveloped grassland ecosystems in the
world (Luef af., 2009) except for the northern forested area
and the southwestern Gobi Desert, and all these ecosys-
tems are very sensitive to climate change (Li ef al., 2008).
Under the influence of climatic differentiation, vegetation
across Mongolia displays an obvious latitudinal zonation,
passing through forest, meadow steppe, typical steppe,
desert steppe, and the Gobi Desert from north to south
and from northeast to southwest. Alpine steppe is also
distributed in the northern and western mountain ranges
(Figure 1).

2.2, Dataset

NDVT datasets produced by the GIMMS group using the
Advanced Very High Resolution Radiometer (AVHRR)/
the National Oceanic and Atmospheric Administration
(NOAA) series satellites (NOAA 7,9, 11, 14, 16, 17, and
18) and the MOD12C1 NDVI produet (Level-3 product)
derived from the Terra MODIS instrument were used in
the present study. The GIMMS NDVI covers the period
from 1982 to 2006 and has a resolution of 8 km and an
interval of 15 days, whereas the MODIS NDVI covers the
period from 2000 to 2010 and has a resolution of 5.6 km
and an inferval of 16 days. These two NDVI datasets
have been corrected to remove noise from solar angle and
sensor errors and have been widely used in studies on
monitoring of long-term vegetation activity from regional
to global scales (Nemani ef af., 2003; Mao ef al., 2012).
To decrease some non-vegetation effects further, a monthly
NDVI dataset was generated for both GIMMS and MODIS
NDVI by applying the maximum value composite (MVC)
method (Holben, 1986) to the two NDVI images for each
growing-season month. To match the spatial resolution of
the GIMMS NDVI, the MODIS NDVI was then further
spatially resampled to Bkm. The growing season was
defined as from April to October, and growing-season
NDVI data were obtained by averaging monthly NDVI
data from Aprilto October for each year (Piao ef al., 2011).
The growing-season average NDVI can phenologically be
regarded as the average measurable level of photosynthetic
activity during 1 year (Chen ef al., 2014), which is a
meaningful indicator of interannual vegetation dynamics
at regional scale (Chuai ef al., 2013).

The climate variables used were the growing-season
monthly precipitation amount and the mean temperature
derived from 60 meteorological stations across Mongolia,
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as provided by the Mongolian Weather Bureau and the
Institute of Geography, Mongolian Academy of Science.
According to the locations of the meteorological stations,
monthly climatic data were interpolated in the ArcGIS
environment using the kriging method at a spatial reso-
lution of 8 km to match both temporally and spatially the
time sequences of growing-season mean NDVI. Although
some errors may have resulted from the areal interpola-
tion due to the limited number of meteorological stations
available (Piao ef al., 2003), previous studies have demon-
strated that kriging is a better interpolation method with
higher accuracy and lower bias than other methods (Li
ef al., 2005; Wu and Li, 2013), particularly in areas with
uniformly distributed climate stations (Figure 1) and hav-
ing minimal elevation changes and subdued topography
(mostly grassland ecosystems) like Mongolia.

Vegetation data were obtained from the vegetation map
in the National Atlas of Mongolia (Institute of Geography,
Mongolian Academy of Science, 2009). The vegetation
map was first scanned, geometrically corrected, and dig-
itized using the ArcGIS software and then rasterized at
gkm, as was done for the NDVI and climatic datasets.
Vegetation types in Mongolia were further grouped into
forest, meadow steppe, typical steppe, desert steppe, and
alpine steppe. Cropland and Gobi Desert vegetation were
neglected in the present study because the first accounted
for a very small number of pixels in the 8-km GIMMS
NDVI data and the second consisted of very sparse veg-
efation. As was done in a study at the whole China scale
(Piao ef al., 2003), it is hypothesized here that the five
broad vegetation types (without considering subtypes)
mentioned earlier are relatively stable and that this study
can ignore land conversion between broad vegetation
types in 8-km coarse spatial resolution NDVI images over
the study period, primarily due to the long prevalence of
nomadic herding in Mongolia, the low population density,
and the associated minimal human disturbance (Neupert,
1999; Upton, 2010).

2.3
2.3.1.

Method

Calibrating MODIS NDVI to GIMMS NDVI
To study long-term vegetation response to climate change,
there is a strong need to combine NDVT data from more

than one sensor to cover a sufficiently long time period
(Steven ef al., 2003; Mao ef af., 2012). However, due to
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differences among satellites, sensor designs, and resolu-
tions, it is necessary to calibrate from one NDVI prod-
uct to another and to check the consistency between them
(Brown ef al., 2008). In the present study, numerous lin-
ear regression models (for each pixel) (Equation (1)) were
developed to calibrate MODIS NDVIto GIMMS NDVI for
each month of the growing season during 2000-2010 by
regressing GIMMS NDVI as a function of MODIS NDVI
for the overlapping period of 2000—2006:

Gk,m) = a(k,m)M(k,m) +b (k,m) + £ (k,m) (1)

where G(k,m) and M{km) are the GIMMS NDVI and
the MODIS NDVI of pixel &k in month m, ¢ and b are
the regression coefficients (slope and intercept) obtained
by fitting time series to the two NDVIs for each month
of 2000-2006, and ¢ is the residual error. By applying
the developed models, a new monthly MODIS NDVI
dataset from 2000 to 2010 (called the Extended GIMMS
NDVI in the following discussion), which has similar
characteristics to the GIMMS NDVI, was generated to
extend the traditional GIMMS NDVIup to the present. The
correlation analysis and difference values between the 2
monthly NDVT for each biome were examined to evaluate
whether consistency had been attained.

2.3.2. Vegetation dynamics and ifs response fo climafe
change
Based on the wvegetation map, time series for

growing-season mean NDVI [both GIMMS NDVI
{(1982-2006) and extended GIMMS NDVTI (2000-2010)],
temperature, and precipitation and also for monthly
NDVI, temperature, and precipitation during 1982-2010
were constructed for each biome by averaging all grid
pixels belonging to the same biome. Subsequently, a
least-squares linear regression model and a piecewise
linear regression model were used to detect vegetation and
climate variations during 19822010,

The least-squares linear regression model (Piao ef af.,
2011; Chen ef al., 2014) was used to detect gradual trends
in the NDVT time series and in climatic variables during
the 29-year period (Equation (2)):

y=a+br+e (2)

where y represents the NDVI time series, f is the year, a
is the intercept, b is the linear trend (slope), and ¢ is the
residual of the fit.

Generally, trends in long-termn NDVI and climatic data
might change or reverse in a particular year (Zhang ef al.,
2013; Chen ef al., 2014). A piecewise linear regression
model (Toms and Lesperance, 2003; Tomé and Miranda,
2004) was used to detect the timing and magnitude of
potential trend changes in NDVI and climatic variables
{(Equation (3)):

_Jagtbit+e
F oy +ht+by(t—a)+e
where y is the NDVI or climatic variable time series, f is
the year, & is the estimated TP of the time-series trend;

r<a

f>a )
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agp, by, and b, are the regression coefficients; g, is the
intercept, by and by + b, are the trends before and after
the TP, and ¢ is the residual error. In the present study, the
condition @ € {4, 6, ..., N—4} was imposed to eliminate
two consecutive segments before and after the TP with too
few data points, as done in a previous study (Chen ef af.,
2014). The TP was estimated by the maximum likelihood
method.

The two models described above were implemented for
the NDVT and climatic variables over the growing-season
and monthly timescales for each biome. To examine the
climatic factors driving the changes in NDVI trends, the
Pearson correlation coefficients and p-values (significance
level) between NDVI and climatic variables were cal-
culated for each biome. In view of the lagged response
of NDVI to climatic variables, the correlations between
monthly NDVI and temperature and precipitation for all
previous growing-season months in a calendar year were
also calculated.

3. Results and discussion

3.1. Calibration from MODIS NDVI to GIMMS NDVI

The scatter plots between growing-season monthly
GIMMS NDVIand Extended GIMMS NDVI by biome are
shown in Figure 2(a) [7 months (April—October) X 7 years
(2000-2006)=49 points for each biome]. The results
showed high coefficients of determination between the
GIMMS NDVI and the new Extended GIMMS NDVI
for all biomes, with values around 0.98 except for desert
steppe (0.86), a result comparable to those from previ-
ous studies (Brown ef al., 2008, Mao et al., 2012). The
relatively lower R-value for desert steppe was mostly
attributable to lower intra-annual NDVT variation in this
environment (Fensholt and Proud, 2012). The standard
deviation of multi-year average monthly NDVI was low-
est for desert steppe (0.009) (Table 1). Another reason
for this lower R-value may be the difference between
reflectance in the red and near-infrared bands in sparsely
vegetated regions like desert steppe when calculating the
MODIS NDVI and the GIMMS NDVI (Steven ef al.,
2003; Fensholt ef af., 2009). It is well known that the
s0il background has a large impact on the reflected signal
from a sparsely vegetated region (Fensholt ef al., 2009),
and the large reflectance difference between the red and
near-infrared bands therefore stands out at lower canopy
cover (Huete, 1988). The difference values between the
two NDVI datasets were mostly concentrated between
—0.03 and 0.03 (Figure 2(b)), indicating high consistency
and continuity between the two datasets. The high degree
of continuity and consistency between the two NDVI
datasets can also be clearly observed in Figure 3.

3.2.  Interannual variations in growing-season mean
NDVI and climatic variables

Figure 3 and Table 2 show the interannual variation
of growing-season mean NDVI, temperature, and total
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Figure 2. Calibration result from MODIS NDVI to GIMMS NDVL

Table 1. Standard deviation of multi-year average monthly NDVI

by biome.
Forest Meadow Typical Desert Alpine
steppe steppe steppe steppe
SD 0.161 0.127 0.072 0.009 0.106

precipitation during 1982-2010 in Mongolia for for-
est, meadow steppe, typical steppe, desert steppe, and
alpine steppe. For the entire observation period, the veg-
etation activity of forest and alpine steppe experienced
a significant increasing trend, with annual increments
in mean NDVI values of 0.0007 year™! (p=0.03) and
0.0009 year ! (p=0.0003) (Figure 3(a) and (e)). How-
ever, the curves for meadow steppe, typical steppe, and
desert steppe vegetation remained nearly flat, and no
obvious trend was observed (trend=0.0001, 0.0001,
and —0.00002 year ! for meadow steppe, typical steppe,
and desert steppe, respectively) over a 29-year period
(Figure 3(b)—(d); Table 2). All the piecewise linear mod-
els based on 29-year time-series NDVI data predicted
a TP year for NDVI trend of 1994 (Figure 3(b)—(e);
Table 2), except for forest, where the TP was predicted to
occur in 1991 (Figure 3(a)). For the four steppe grassland
ecosystems, the NDVI gradually increased until 1994,
with the largest increase (0.0025 year™!) occurring in
meadow steppe and the lowest (0.0011 year™!) in desert
steppe; all these trends then stalled or decreased at a rate
of —0.00002year™ (alpine steppe) to —0.0015 year™!
(meadow steppe). Forest vegetation increased until 1991
at arate of 0.0025 year ! and showed a flat trend afterward
(0.00006 year!). This NDVI trend reversal, particularly
for meadow steppe, typical steppe, and desert steppe in
Mongolia over a 28-year period, is generally consistent
with the results of previous studies conducted in the rest
of Eurasia and in North America based on shorter data
series (19822006, 25 years) (Park and Sohn, 2010; Piao
ef al., 2011; Wang ef al., 2011), which demonstrated that
the increasing trends in vegetation growth before the late
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1990s seem to have stalled or even reversed from that
time onward. However, the reversal in Mongolia seems to
have occurred about 3—6 years earlier than in the rest of
Eurasia and in North America.

Climate records in Mongolia show warming and dry-
ing trends for all biomes from 1982 to 2010 (Figure 3),
indicating that drought stress and potential desertification
stress are major environmental issues in Mongolia. Par-
ticularly for forest, meadow steppe, and typical steppe,
the increasing temperature trend and the decreasing pre-
cipitation trend were both significant at the 1% level
(Figure 3(a)—(c)). The piecewise regression model further
indicated that pronounced drying trends for most biomes
occurred between 1990 and 1994, followed by persis-
tent warming trends until recently. Detailed information
including trends, TPs, and intercepts of all modelled veg-
efation and climate variations can also be clearly seen in
Table 2.

3.3. Response of growing-season NDVI to climate
change

It can be clearly seen from Table 3 that the relation-
ship between growing-season mean NDVI and climatic
variables from the corresponding period strongly var-
ied among biomes, depending mostly on differences in
the climate limiting factor for plant growth in the dif-
ferent biomes. For forest, regardless of the observation
period, growing-season NDVI was positively correlated
with temperature, particularly for the entire observation
period (R=0.47, p=0.009), but negatively with precip-
itation (R=—-0.34, p=0.07), indicating that against the
background of global warming, rising temperatures were
beneficial to forest growth in Mongolia during the pre-
vious 29-year period. This observation is in agreement
with previous studies suggesting that temperature is a deci-
sive climatic factor for vegetation growth in northern high
latitudes (Zhou ef al., 2001; Ichii ef al., 2002; Nemani
ef al., 2003) and that an increase in temperature could
enhance forest growth by lengthening the growing period
and enhancing photosynthesis (Zhou ef al., 2001; Piao
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Figure 3. Interannual variations of growing-season mean NDVI, temperature, and precipitation from 19822010 for (a) forest, (b) meadow steppe,
(c) typical steppe, (d) desert steppe, and (e) alpine steppe. The extended GIMMS NDVI is indicated by the symbol Q. ** and * indicate p < 0.01,
P < 0.05 respectively.
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Table 2. Linear regression models and piecewise linear regression models for 19822010 by biome. y,,, v, and y, represent NDVI,
precipitation, and temperature, respectively, and f represents the year.

Biome Linear regression models Piecewise linear regression models
Forest Yo = —0.9309 + 0.0007¢ —4.578 +0.0025¢ £< 1991
yp =4183.02 - 1.971f Yo = { —4.578 + 0.0025f — 0.0025 (£ — 1991)  £> 1991
ye=-131.714 0.070z _ 5802.18 — 2.785¢ £<2004
Yo = { 5802.18 — 2.785f + 6.376 (£ — 2004) > 2004
_ —153.29 + 0.081¢ £ < 2007
h= { —153.29 + 0.081¢ — 0.275 (f — 2007) 1> 2007
Meadow steppe ¥, = 0.163 +0.0001¢ _ —4.683 4+ 0.0025¢ £< 1994
¥p = 0231.46 — 2.998¢ o = { —4.683 40,0025 — 0.0040 (£ — 1994) > 19%
¥y = —130.76 4 0.070¢ _ —4446.3 + 2.376¢ £ <1990
Y=\ 44463 423761 — 6.776(f — 1990) £ > 1990
_ —155.28 + 0.083¢ £ < 2007
Y= } —155.28 + 0.0837 — 0.313 (r — 2007) 1> 2007
Typical steppe ¥ = 0.028 + 0.0001¢ _ —3.255 4+ 0.0018¢ £< 1994
Yp = 3944.95 — 1.878¢ Yo = } —3.255+ 0.0018f — 0.0027 (£ — 1994) ¢> 1994
Y= —97.808 + 0.054¢ _ —6959.30 + 3.609¢ £< 1990
Yo =\ —6959.30 +3.6001 — 6.919(r — 1990) ¢ 3> 1990
_ —119.26 + 0.065¢ £ < 2007
= { —119.26 + 0.065f — 0.273 (t — 2007) > 2007
Desert steppe ¥, = 0.157 — 0.00002f —2.171 +0.0011r <1994
Yp = 1181.95 = 0.527¢ Y= { —2.171 4+ 0.00117 — 0.0019 (¢ — 1994) > 1994
Yy = —64.569 + 0.039¢ _ —6449.14 +3.311¢ t< 19%
% ‘{ —6449.14 + 33111 — 6.356 (£ — 1994)  £> 1994
B —117.40 + 0.065¢ £ <1999
Ye= { —117.40 + 0.065f — 0.077 (f — 1999} £ > 1999
Alpine steppe v, = —1.575 4+ 0.0009¢ —4.383 +0.0023¢ < 1994
¥p = 1971.6 — 0.913¢ Po = { —4.383 + 0.00237 — 0.0023 (£ — 1994) > 1994
¥ =-21.107 4 0.015¢ _ —3764.4 + 1.973¢ £ <1993
Yo —37644 + 1973t —4.417 ( — 1993) > 1993
B —108.42 + 0.059¢ £ <1999
P —10842 400597 — 0.127(F — 1999) £ > 1999

Table 3. Correlations between growing-season NDVI and climate variables for different biomes: growing-season precipitation (P),
growing-season temperature (T); ESP, BTP, ATP represent the entire study period, before the turning point, and after the turning

point.

Biome Precipitation Temperatire

ESP BTP ATP ESP BTP ATP
Forest —-0.34* 0.26 —0.41# 047k 0.36 0.32
Meadow steppe 0.35% 0.35 0.52%* -0.11 030 —0.51**
Typical steppe 0.62%%* 0.73%%% 0.85 %% —0.08 —0.14 -0.19
Desert steppe 0.74%%* 0. 78* %% 079242 -0.17 —-0.32 -0.20
Alpine steppe 0.15 0, 77HE% 0.43% 0.13 —-0.02 -0.15

#HE #% and * indicate p < 0.01, p < 0.05, and p < 0.1, respectively.

ef al., 2011). However, excessive precipitation may restrict
forest growth due to precipitation-accompanied reductions
in solar radiation and temperature (Mao ef al., 2012).

In contrast, there were significant positive correlations
between NDVI and precipitation for meadow steppe
(R=0.35, p=0.00), typical steppe (R=0.62, p=0.0004),
and desert steppe (R=0.74, p<0.0000), but negative
correlations between NDVI and temperature (R=—0.11,

© 2015 Royal Meteorological Society

p=057, R=-008, p=0.67, R=-0.17, p=0.39) for
the same biomes from 1982 to 2010 (Table 3). Moreover,
the patterns of NDVI fluctuation, particularly for typical
steppe (Figure 3(c)) and desert steppe (Figure 3{d)), corre-
sponded closely to that of precipitation. Peak NDVI values
observed in 1990, 1994, 1998, and 2003 corresponded
closely to peak precipitation in the same year, and lower
NDVI values in 1982, 1992, 1995, 1999, 2004, and 2007

Int. J. Climatol. (2015)
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Figure 4. Dynamics of monthly NDVI and climatic variables from 1982 to 2010 for five biome types: (a) forest, (b) meadow steppe, (c) typical steppe,
(d) desert steppe, and (e) alpine steppe. The bars represent trends, and the lines denote mean values. ¥**, #* and * indicate p < 0.01, p <0.05, and
p< 0.1, respectively.

corresponded well with lower precipitation, implying that
rainfall is a direct factor regulating vegetation variation
in grasslands, an observation which is in agreement with
previous findings (Hoffmann and Jackson, 2000; Piao
ef al., 2006b). In addition, positive correlations with
precipitation increased obviously from meadow steppe
to typical steppe and then to desert steppe, implying that
the sensitivity of vegetation to precipitation may increase
in extremely arid regions as aridity increases. However,
against the background of global warming, the heat con-
ditions are sufficient for grass growth in steppe-dominated
regions in Mongolia, and rising temperatures could
increase drought stress and thereby restrict grass growth
(negative correlation). For alpine steppe, the effects of
precipitation on vegetation dynamics seem to be stronger
than those of temperature on both sides of the TP but are
not obvious over the entire study period (Table 3).

Generally, the TPs of the growing-season mean NDVI
trends were not always coupled with those of climatic vari-
ables (Figure 3, Table 2). For forest, the TPs of climatic
variables, both temperature and precipitation, arrived later
than that of NDVI. However, for steppe grassland ecosys-
tems, the TP of precipitation occurred earlier than that
of NDVI, whereas the TP of temperature arrived later
than that of NDVI. These findings suggested that per-
haps the TP of NDVTI as detected by the piecewise linear
regression model may be very complex and attributable to
the combined influence of numerous variables, not only
temperature and precipitation but also other climatic and
non-climatic factors.

© 2015 Roval Meteorological Society

3.4. Response of monthly NDVI to climate change

3.4.1. Dynamics of monthly NDVI and climatic
variahles

Variations in growing-season NDVI can be attributed
mostly to trends in monthly NDVI (Piao ef al., 2003), and
monthly scale analysis can detect more detailed NDVI
change signals and their contribution to growing-season
NDVI trend (Chen efal., 2014). Figure 4 shows the
mean values and change trends of monthly NDVI over
1982-2010 by biome in Mongolia. For forest, the NDVI
trends for all months increased except for May and
July, with the largest increases occurring in April (trend:
0.0018 year !, R=0.60, p=0.0007) and September
(trend: 0.0017 year™!, R=0.34, p=0.07) (Figure 4(a),
top), implying that the forest ecosystem in Mongolia
tends to exhibit an earlier start of the growing season
and delayed dormancy (i.e. lengthening of the growing
season) (Zhou ef al., 2001; Park and Sohn, 2010; Piao
ef al., 2011). This observation is also in agreement with
others made in forest in China by Piac efal (2003),
who found that the largest increases in forest NDVI in
China took place mostly in April, May, and September.
By comparison, NDVI values for meadow steppe, typical
steppe, and desert steppe significantly increased in April
by 0.0021 year™! (R=0.75, p<0.0000), 0.0017 year~!
(R=0.78, p<0.0000), and 0.0004year ! (R=0.36,
p=0.03), respectively, and decreased in almost all sum-
mer and autumn months (Figure 4(b)—(d), top). However,
the NDVI values for all growing-season months increased
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Table 4. TPs of menthly NDVI, temperature, and precipitation during 1982-2010.

April May June July August September October

Forest

NDVI 1985 1990 1985 1985 1988 1985 1995

Precipitation 1985 2003 2005 1993 2006 1991 1996

Temperature 2007 2006 2002 2002 2007 1992 1985
Meadow steppe

NDVI 1989 2001 1985 1988 1990 1996 1998

Precipitation 2004 2007 2005 1990 2006 1990 1987

Temperature 2007 20006 1989 2002 2007 1992 2000
Typical steppe

NDVI 1989 2002 1988 1990 1994 1996 1998

Precipitation 1985 1988 2005 1993 1990 1991 2005

Temperature 2007 2000 2001 2000 2007 1992 1985
Desert steppe

NDVI 1989 2001 2000 1994 1994 1994 1998

Precipitation 2007 2003 1994 1994 1994 2007 2005

Temperature 2007 2000 2001 2000 2001 1985 1986
Alpine steppe

NDVI 1988 1997 2002 1986 1985 1995 2006

Precipitation 2007 2003 2007 1993 1991 2006 2004

Temperature 2007 1999 2000 1999 2000 1992 1985

significantly for alpine steppe, with the largest annual
increase of 0.0017 year ! (R=0.42, p=0.02) occurring in
June and the lowest occurring in May (Figure 4(e), top).
The trends in monthly climatic variables for all biome
types, on the whole, showed warming and weak wetting
trends at the beginning of the growing season, followed by
significant warming and drying trends in the middle and
at the end of the growing season, particularly for meadow
steppe and typical steppe (Figure 4(b) and (c), middle and
bottom), over the entire observation period. Intra-annual
variations of NDVT and climatic variables for all biomes
showed a similar pattern, with maximum values occurring
in July or August.

Table 4 and Figure 5 show the TPs of monthly NDVI
and climatic variables and their trends on both sides of
the TPs. The detected TPs of monthly NDVI were not
exactly coupled with climatic variables and varied strongly
by month and by biome, with the earliest TP occurring
in 1985 and the latest occurring in 2006, In comparison,
the TPs of monthly NDVTI for forest seem to have arrived
earlier than for steppe grassland ecosystems generally.

From Figure 5, it can be clearly seen that oppo-
site trends occurred on both sides of the TPs of all
monthly NDVIs for all biomes. The monthly NDVIs
for all biomes increased until the TP from May to
October at a rate of 0.0003 year™! (May, desert steppe)
(Figure 5(d), top) to 0.0349 year™! (June, meadow steppe)
(Figure 5(b), top) and stalled or even decreased after-
ward at a rate of —0.0055 year ! (May, meadow steppe)
(Figure 5(b), top) to —0.00001 year™! (September, alpine
steppe) (Figure 5(e), top). An opposite phenomenon
occurred in April, with a decreasing trend before the
TP [—0.0014 year~! for desert steppe (Figure 5(d), top)
to —0.0111year‘1 for forest (Figure 5(a), top)] and a
pronounced increasing trend after the TP [0.0007 year !
for desert steppe (Figure 5(d), top) to 0.0028 year™!

© 2015 Royal Meteorological Society

for meadow steppe (Figure 5(b), top], suggesting that
widespread vegetation greening (i.e. increasing NDVI)
appears to dominate at the beginning of the growing
season (April) after the TP. For forest, vegetation greening
at the end of the growing season (September) was also
very significant after the TP (Figure 5(a), top). At a
monthly scale, the drying and warming climate appeared
to dominate in summer months after the TP for most
biomes.

3.4.2.  Same-fime response of monthly NDVI to climate
change

To examine climate impacts on vegetation dynamics at
a finer temporal scale, correlations between monthly
NDVI and climatic variables were calculated during
1982—-2010 (Table 3). For forest, the NDVI was correlated
positively and significantly with temperature over all
growing-season months except July, particularly for April
(R=0.33, p=0.003), May (R=0.68, p<0.0000), June
(R=0.48, p=0.008), and October (R=0.50, p=0.003).
These results further confirmed the finding from previous
studies that the large increase in NDVT over northern mid-
to high latitudes can mainly be attributed to warming tem-
peratures at the beginning and end of the growing season
Myneni ef al., 1997, Zhou ef al., 2001; Nemani ef al.,
2003). However, it should also be noted that increasing
temperature in the middle of the growing season (except
for July) also plays a significant role in forest enhancement
in Mongolia. An opposite relationship was found between
forest NDVT and precipitation for all months except Tune
(R=0.19, p=034), particularly in August (R=-0.33,
p=0.08), September (R=—0.35, p=0.06), and October
(R=-0.38, p=0.04). This implies that perhaps precipi-
tation in previous months, including snowfall during the
winter, is preserved befter in the soil of forest-dominated
areas in Mongolia than elsewhere and that excessive
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Figure 5. Dynamics of monthly NDVI and climatic variables from 1982 to 2010 for five biome types: (a) forest, (b) meadow steppe, (c) typical
steppe, (d) desert steppe, and (e) alpine steppe.

Table 5. Correlation between monthly NDVI and corresponding climate variables for different biomes: monthly precipitation (P),
monthly temperature (T).

Biome type Climate variable Correlation coefficient
April May June July August September October

Forest P -0.27 -0.03 0.19 -0.21 —0.33%* —0.35% —0.38%*

T 0.53 %% 0.68%#:* 0.48*#%  —0.04 0.32% 0.30 0.50%**
Meadow steppe P 0.04 0.16 0.22 0.43%* 0.08 0.004 0.04

T 0.24 0.38%* 0.07 —0.37%* -0.31 0.13 0.25
Typical steppe P 0.19 0.38%* 0.43%* 0.47%%** 0.39%* -0.03 0.05

T 0.18 0.20 0.08 —0.44%* —0.43%* 0.21 0.21
Desert steppe P -0.03 0.20 0.17 0.58%%:* 0.527%3%:% 0.13 0.20

T -0.23 -0.07 0.07 —0.32%* -0.30 0.21 -0.21
Alpine steppe P -0.02 —0.41%* 0.02 0.16 0.27 -0.24 -0.20

T 0.37%* 0.65°%%#:* 0.67%%* 0.01 -0.13 0.28 0.31

#k % and * indicate p < 0.01, p <0.05, and p < 0.1, respectively.

rainfall could depress forest growth in the same month by
reducing temperature and radiation, particularly in autumn
months (Mao et al., 2012). This can be further confirmed
by the lagged time responses to climate change (Section
3.4.3). Alternatively, this effect might also arise from
seasonally frozen ground in forest regions, which could
provide adequate moisture during the growing season
(Han et al., 2014). Unlike that in forest ecosystems, NDVI
for almost all growing-season months was, in general, pos-
itively correlated with precipitation for meadow steppe,
typical steppe, and desert steppe and was related positively
to temperature in the early and late growing season, but
negatively and significantly in July (meadow: R=—-0.37,
p=0.05; typical: R=-0.44, p=0.02; desert: R=-0.32,
p=0.10) and August (meadow: R=-0.31, p=0.10;
typical: R=-0.43, p=0.02; desert: R=-0.30, p=0.10).
However, the strength of the correlation differed markedly

© 2015 Royal Meteorological Society

among the different kinds of steppe. For example, the
NDVI of meadow steppe was more closely related with
temperature in May (R=0.38, p=0.04) than that of
typical steppe (R=0.20, p=0.30) and desert steppe
(R=-0.07, p=0.72). In contrast, the NDVIs of typical
steppe and desert steppe were more strongly correlated
with precipitation than that of meadow steppe, particularly
in July and August. There was also an opposite correla-
tion between NDVI and temperature in April, May, and
October for typical steppe (R=0.18, p=0.36; R=0.20,
p=0.30; R=0.21, p =0.26) and desert steppe (R =—0.23,
p=0.24; R=-0.07, p=0.72; R=-0.21, p=0.27).

These discrepancies in the response to monthly climate
variables among the various kinds of steppe could be
associated with their different climatic growth environ-
ments, as represented by factors such as moisture index
and thermal condition. Figure 6 shows the variation of
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Figure 6. Variation of multi-year mean monthly moisture index by
biome.

Thornthwaite’s moisture index (Thornthwaite, 1948) for
different biome types. From meadow steppe to typical
steppe and then to desert steppe, the moisture index
decreased for all growing-season months, with the largest
differences in July and August (Figure 6). Therefore, the
relationship between monthly NDVI and precipitation
became stronger as the moisture index decreased from
meadow steppe to typical steppe and then to desert steppe,
particularly in July and August, because the largest dif-
ference in moisture index occurred in July and August.
In contrast, meadow steppe in Mongolia is generally dis-
tributed under conditions with more moisture and lower
temperature than those of typical and desert steppe, and
therefore there was a stronger positive correlation with
temperature in May than for typical and desert steppe.
However, the negative impact of temperature on meadow
steppe vegetation growth in July and August was still
more significant in Mongolia (Table 5), implying that
vegetation growth of meadow steppe in Mongolia is
strongly hindered by rising temperature-induced drought
conditions in mid- and late summer. This phenomenon
is inconsistent with that observed in temperate meadow
in China by Piao, who suggested a positive correlation
between meadow NDVI and temperature in summer (Piao
et al., 2006b). For alpine steppe, the monthly NDVI was
significantly and positively related to temperature in April
(R=0.37,p=0.05), May (R=0.65, p=0.0001), and June
(R=0.67, p<0.0000), but negatively to precipitation
in May (R=-0.41, p=0.03) (Table 5), indicating that
temperature in the early growing season and in early
summer (June) has a strong positive influence on alpine
steppe vegetation growth in Mongolia. The negative
correlation with precipitation was not consistent with the
results for alpine meadow on the Tibetan Plateau reported
by Piao, where positive correlations were observed
(Piao et al., 2006a).

3.4.3. Lagged time response of monthly NDVI to
climate change

Even as climate factors change, vegetation growth takes
time to respond, and time lags most likely vary for different

© 2015 Royal Meteorological Society

climate factors and different areas (Braswell et al., 1997,
Hu et al., 2011) because of delays in the adjustment of
soil moisture content and biological processes (Daven-
port and Nicholson, 1993). Figure 7 shows the correlation
coefficients between monthly NDVI and climatic vari-
ables in all previous months for each biome type during
1982-2010. The lag period and the strength of the lag
effect of climate varied by biome and by month. For forest,
significant positive correlations were found between NDVI
in April (R=0.33, p=0.08), May (R=0.33, p=0.08),
and September (R =0.44, p =0.02) and temperature from
the preceding month (Figure 7(a)), implying that there
exists a 1-month lag effect of temperature on forest
NDVI in the early growing season and in late summer
(August). However, the strength of this relationship was
much less than that of the relationship with no time lag
(Table 5), suggesting that temperature conditions in the
same month may be more critically important to forest
growth at the beginning and end of the growing season
in Mongolia. Unlike the negative effect of precipitation
on NDVI in the same month, there was always a pos-
itive precipitation lag effect on forest NDVI except in
May, September, and October (Figure 7(b)). This may
have been the reason for a significant negative correla-
tion between NDVI and precipitation in the same month
(Table 5), because precipitation from the preceding month
could maintain enough moisture in the deeper-rooted
forest system, in which case precipitation in the same
month may lead to surplus water, thereby depressing forest
growth.

Similarly to forest, almost all NDVI values for meadow
steppe, typical steppe, and desert steppe in April, May,
and October were positively but weakly correlated with
temperature in the preceding month (Figure 7(c), (e),
and (g)), indicating that higher temperatures in the pre-
ceding month could favour grass growth at the begin-
ning and end of the growing season. However, tempera-
tures in May, June, July, and August had about a 1- to
3-month lagged negative effect on grass growth. A sim-
ilar trend was observed in the whole of China by Piao,
who demonstrated an approximately 3-month lag effect of
temperature on vegetation (Piao et al., 2003). However, the
positive lagged effect of precipitation on the three steppe
types was more significant, and the period of the lag var-
ied by month (Figure 7(d), (f), and (h)). Generally, there
is a 1-month lag effect on vegetation response to precip-
itation in March, April, and May and a 1- to 4-month
lag effect from precipitation in June, July, and August,
suggesting that spring and summer precipitation is a key
factor for annual vegetation growth in Mongolia, partic-
ularly for grass growth in the middle and at the end of
the growing season. This long-term effect of precipita-
tion in summer on grass growth in Mongolia is longer
than that observed by Shinoda in dry savannas in Africa,
where there existed at most a 2.5-month lag effect (Shin-
oda, 1995). In addition, almost all the lag effects of pre-
cipitation are stronger than that with no time lag (Table 5),
suggesting the importance of antecedent precipitation con-
ditions for grass growth. For alpine grassland, temperature
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for March, April, May, August, and September shows a
positive relationship with NDVI in the subsequent 1 or
2 months (Figure 7(i)), indicating that rising temperature
during these months is favourable for alpine grass growth,
particularly temperature in March and April, whereas an
opposite trend was observed in the correlations between
NDVTI in Tuly and August and the two climatic variables
from preceding months.

4, Conclusions

In this study, a monthly NDVT sequence has been devel-
oped for Mongolia covering the period 1982—2010 by cal-
ibrating the MODIS NDVI (2000-2010) to the GIMMS
NDVT (1982-2006) based on the overlapping period of
2000-2006. The calibration results from pixel-based mod-
els demonstrated that the continuity and consistency of the
newly constructed NDVI are in acceptable agreement with
the GIMMS NDVT for each biome and can detect subtle
trends in the long-term vegetation dynamics of Mongolia.
Based on these NDVI datasets and climatic variables
(temperature and precipitation) from 1982 to 2010, the
growing-season and monthly vegetation dynamics for five
biomes and their response to regional climate change have
been thoroughly investigated. The results show that vege-
tation growth for all biomes in Mongolia reversed (from an
increasing to a decreasing trend) between 1991 and 1994
and that desertification is becoming one of the most sig-
nificant ecological stresses in Mongolia for most biomes,
particularly for meadow steppe, typical steppe, and desert
steppe. This TP of vegetation growth trend in Mongolia
was about 3—6 years earlier than in the rest of Eurasia.
Pronounced drying trends occurring hetween 1990 and
1994 and a persistently warming climate until recently
have likely played a major role in the NDVI trend rever-
sal. However, the timing of the NDVT trend reversal (TP
year) at both growing-seasonal scale and monthly scale
was not exactly coupled with the TP of either precipi-
tation or temperature, implying a nonlinear response of
trend reversal in vegetation growth to any single climatic
variable. On a long-term scale, the impacts of climate
change on vegetation growth varied greatly among dif-
ferent biomes, months, and climates due to differences
in growth environments and their corresponding climatic
regimes. Generally, growing-season NDVI was positively
related to temperature and negatively to precipitation for
forest, and opposite trends in the correlations between
NDVI and temperature and NDVI and precipitation were
observed in steppe grassland ecosystems. In addition, this
study also shows that the long-time lag effects of climatic
variables on vegetation growth are different in different
biomes, mostly varying from 1- fo 4-month lags, and also
vary by climatic variable and by month. This study will
be significant for improving our understanding of ecolog-
ical evolution and highlighting early signs for prevention
of natural hazards like desertification and sandstorms in
Mongolia and other surrounding East Asian regions such
as North China and Korea.

© 2015 Royal Meteorological Society
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