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Abstract: Global climate change has greatly influenced the ecosystems in the Tibetan Plateau. Many
studies focused on the direct effects of climate warming on the headwater regions by mean temper-
ature, while less investigating its implication for the eco-environment. To address this, the study
discussed the spatial-temporal variations of the bio-related climate indicators >0 °C annual accumu-
lated temperature AATO and its lasting days LDTO0, and corresponding >5 °C indicators AAT5 and
LDT5 on the source region of the Yellow River (SRYR). The stationarity of indicators during 1979-2018
were tested by Pettitt test, and trends checked by linear regression analysis and Mann-Kendall test.
Normalized difference vegetation index NDVI (2001-2016) was adopted to detect the correlation
between vegetation activities and indicators. Results show that the AAT and LDTO0 exhibited signifi-
cant increasing trend over the SRYR, while the LDTS5 significantly increased mainly under 4000 m.
Most LDT extended due to the combined efforts of the early onset and late termination of the given
temperature. 1997 was detected in the abrupt change analysis of AATO both on the basin scale and
most area, and was adopted to divide the period into two stages. The regional mean AATO linearly
grew at a rate of 96 °C decade ! during the entire period, and 104 °C decade™! during the second
stage. Except for a drastic jump in the areal mean values, there was a distinct upward-shift of isoline
in elevation between stages. NDVI showed strong correlativity with >0 °C indicators on the basin
scale, according to the Pearson, Spearman and Kendall correlation coefficients, ranging from 0.5 to 0.7.
Spatially, the overlap area between Pearson’s y > 0.5 and linearly rising AATO reached 50%, which
was fully covered with significantly increasing AAT0 during the recent stage. Thus the rapid growth
of >0 °C indicators would effectively accelerate NDVI over this major alpine grasslands, especially
around the eastern low regions, where indicators are higher and grow faster.

Keywords: climate change; accumulated temperature; MODIS NDVI; correlation analysis;
Tibetan Plateau

1. Introduction

Since the 1960s, climate change has gradually become a hot issue of global concern. It
stated that the global average surface temperature increased by 0.85 (0.65-1.06) °C during
1880-2012 in the 6th Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC), and the most recent special report pointed out the impacts of global warming of
1.5 °C above pre-industrial levels [1]. The report also showed that the linear rising rate
of the temperature during the last decade is almost double that of the last century, and
estimated that the warming trend will continue in the future. It is inevitable that climate
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warming will cause a change of heat resources, and bring effects on the ecosystems closely
related [2,3]. Such climate variability can induce substantial variations in the composition,
structure, and function of terrestrial ecosystems, and the acclimatization will influence the
role as the carbon sinks and constrain the inter-annual variability of carbon fluxes [4-6].
Additionally, warming favors the introduction of new species on mountain summits, and
accelerated global warming is strikingly synchronized with a continent-wide acceleration
in the rate of increase in plant species richness. The acceleration in climate-induced biotic
change highlights the widespread consequences of human activities on the biosphere, with
potentially far-ranging impacts on ecosystem functioning and services [7].

Geographical characteristics is conspicuous in the global climate change, and also
in the impacts of warming on ecosystems. The Tibetan Plateau (TP), the sole and largest
geographical unit with the highest elevation on earth, referred to by scientists as the
“Third Pole”, covering 5 x 10° km? with an average elevation of >4000 m and including
more than 1 x10° km? of glaciers, also represents one of the largest ice masses of the
Earth, is the most sensitive and readily visible indicator of climate change [7]. Climate
change and its direct impacts on the TP has long attracted the attention of researchers
around the world [8]. Heat is an important environmental factor and energy for the
survival, growth and distribution of vegetation. Yang, Ding and Chen [9] have found
that, during the growing seasons, variations in the alpine vegetation are controlled mainly
by the warming climate. However, the previous studies have mainly focused on the
statistical meaning of factors directly reflecting climate change in the region, scarcely
on the consequent ecological effects. The findings from the researches based on surface
air temperature over the TP include that the distinct climate warming started from the
1950s; mean annual air temperature experienced robust increases and the rising rate is still
growing [9]; the most significant changes happened in the nocturnal temperature during
winter and autumn [10]; the minimum and maximum daily temperature and the extreme
events increase; and the significant warming trends mostly concentrated in the northern
part of the TP spatially [10,11].

Vegetation requires both a certain temperature for dormancy release and a total amount
of temperature to sustain the complete life cycle. The aggregate of temperature is known
as the accumulated temperature, representing the heat demands of plants during the
growing-season. Accumulated temperature could be applied to monitor and forecast key
phenological stages [12]. The demands are different among various vegetation types, so that
distinct temperatures should be identified as the onset of the accumulation [13]. Previous
studies of accumulated temperature have been taking aim at the influence of changes in the
climatic conditions and environment on the agricultural production and development. The
mean daily temperature stabled reaching 10 °C has been widely considered the onset of
effective growing season of main grain crops. Thus the >10 °C accumulated temperature
was the key bio-temperature indicator in most studies, for it reflecting total heat of local
plant production requirement [14,15], besides, the maize drove most concern in the studies,
as an important food crop around the world [16]. The >10 °C accumulated temperature
was frequently studied not only for the growth, development, yield and quality of crops,
but also for the distribution boundaries of temperature zones, cropping pattern and cultural
method of crops. That is to say, the objectives of previous studies contained searching
suitable cultivation zones or innovation cropping methods, while research gaps related to
climate change effects on environmentally sensitive regions remain.

As an important component of global terrestrial ecosystem, the biomass and dynamics
of vegetation response to climate change have attracted a lot of attention. The most common
materials are the satellite-extracted vegetation index, as NDVI (normalized difference
vegetation index), EVI (enhanced vegetation index), LAI (leaf area index) and NPP (Net
Primary Productivity), etc. Kumari, Srivastava and Dumka [17] analyzed the relationship
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between the spatiotemporal variability of vegetation greenness and associated climatic
drivers in the Himalayas at annual and seasonal scales, by NDVI and EVI, and found that
both indexes showed increasing trends in the vegetation greening during 2001-2020, with
the NDVI being consistently higher than the EVI. The significant increase in NDVI and EVI
occurred varied for different vegetation types among different seasons [18]. The delayed
responses at three-month intervals of ecosystems in different regions worldwide to accu-
mulated temperature were revealed by applying the NDVI dataset [19]. Feng, Dong, Qin,
Liu, Zhang and Gong [20] found that NDVI was positively correlated with accumulated
temperature over the Huangshui River Basin at annual and seasonal scales, however, the
correlation between NDVI and 16-days accumulated temperature was uncertain. Through
the comparison among three NDVI-based indices, minimum, mean, and maximum ND-
VIs, the annual maximum NDVI showed best performance in capturing the sensibility of
vegetation activities in the Middle and Lower Reaches of the Yangtze River [21]. Thus, the
annual maximum NDVI constitute the indicator of vegetation activities in this study.
Alpine ecosystem is particularly vulnerable to climate change on the TP, and the
permafrost environment makes it extremely sensitive to warming. The dominant ecosystem
is the alpine grassland comprising 60% of the TP. The source region of the Yellow River
(SRYR) in the northeast of the TP is densely occupied by alpine grasslands, which serves as
one of the largest grazing districts in China, and the ecosystems have been greatly reshaped
by the changing environment [22]. The investigation of bio-related climate indicators
would offer suggestions for far-reaching environmental regulations, as the cumulative
effects of long-term warming would have much wider consequences on the associated
ecosystems [2]. The >0 °C, >5 °C annual accumulated temperature (AATO0, AAT5) and the
lasting days with mean daily temperature >0 °C, >5 °C (LDT0, LDT5) over the SRYR were
selected for its clear biological implementation as the study objects. The guideline was as
follows: firstly, mean daily temperature from 1979 to 2018 was employed to calculate the
AAT and LDT by moving-average method; secondly, the linear regression method was
applied to calculate the inclination rates with the determination coefficient R2 > 0.5; thirdly,
the statistic tests would be used to detect the stationarity and trends of the indicator series;
fourthly, the spatial-temporal distribution of indicators divided by the abrupt change point
were compared to investigate the variations between stages; finally, three linear correlation
analyses were performed to detect the relationship between MODIS NDVI and indicators.

2. Materials and Methods
2.1. Study Area

The SRYR in the study refers to the basin above the Tangnaihai hydrological station,
the geographical coordinate is 95.88-103.42° E, 32.15-35.73° N in the northeastern TP, in
Figure 1. The mean elevation is over 4000 m, ranging from 2700 m to 6300 m low-lying
west to east, with the highest point at the summit of Mt. Amne Machin, Machin Kangri
(summit M). The elevation of 4000 m serves as a dividing line in SRYR, the eastern part is
the low-elevation area. The climate is very cold, the average annual temperature is about
—2.5 °C, and areal mean annual precipitation is 540 mm. The SRYR spreads most alpine
meadow grassland and wetland of the TP, and serves as one of the high-quality forage
areas in China. It supplies the feed to a variety of livestock, and graziery is the industry of
important economy pillar of millions of people around [23]. The cryospheric environment,
including the high-cold terrestrial hydrological and alpine vegetation systems, has changed
greatly since the 1960s [9]. The degradation in its ecosystem has been prevailing, owing to
the combined effects of the climate warming, overgrazing, and pika damage.
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Figure 1. The source region of the Yellow River.
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obtained, listed in Table 2.
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There are only 8 national weather stations from the China Meteorological Admin-
istration (CMA) on the SRYR, with elevation ranging from 3440 m to 4272 m, listed in
Table 1. Due to limited in-situ accessibility, studies in the alpine regions have been heavily
relying on satellite observations since 1980s [24]. The CMFD (China Meteorological Forcing
Dataset) [25], reanalysis temperature data derived from CMA station data and remote
sensing datasets, is available from the National Tibetan Plateau Data Center and applied
in the research. The effectiveness of CMFD was demonstrated with its high accuracy
on the study of the spatiotemporal characteristics of climate related factors, like surface
temperature, precipitation and radiation [26-28]. The mean daily temperature datasets
with spatial resolution 0.1° x 0.1° of 1200 grids over the SRYR during 1979-2018 were

Table 1. Meteorological stations in the source region of the Yellow River.

ID Name Long,ltude Latoltude Altitude (m)  Period (Year)
CCE) (°N)
56033 Maduo 98.22 34.92 4272 1953—
56043 Golog 100.25 34.47 3719 1991-
56046 Darlag 99.65 33.75 3968 1956—
56065 Henan 101.60 34.73 3500 1959-
56067 Jigzhi 101.48 33.43 3629 1958-
56074 Maqu 102.08 34.00 3471 1967—
56079 Zoige 102.97 33.58 3440 1957—-
56173 Hongyuan 102.55 32.80 3492 1960-
Table 2. The information of data products in the study.
Data Source Resolution Period (Year)
Mean daily CMFD (Ch¥na Meteorological 0.1° 1979-2018
temperature Forcing Dataset)
ASTER Global Digital
DEM Elevation Model. Version 2 30m 2011
NDVI MODIS NDVI. Version 6 0.05° 2001-2016
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The DEM (Digital Elevation Model) adopted in the study is the Natural Breaks (Jenks)
classification system and the ASTER (Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer)—GDEM (Global Digital Elevation Model) [29], for its high accuracy and
fine resolution, 30 m x 30 m, listed in Table 2.

The sixth version of the MODIS Normalized Difference Vegetation Index (MOD13C1
NDVI) product (2001-2016) [30] was employed in the study to investigate the correlation
between accumulated temperature and vegetation growth across the SRYR. The MOD13C1
is a Climate Modeling Grid (CMG) data product with 13 science data sets, and the NDVI has
a temporal resolution of 16 days and a spatial resolution of 0.05 degrees, listed in Table 2.

2.3. Accumulated Temperature Calculation

The timing of events in the vegetation growth or phenological phenomenon, such
as initiation, termination, and conversion, is mainly regulated by air temperatures in
high-latitude area. Linderholm [31] found out that the critical temperature of the alpine
grassland in the SRYR is 0 °C and 5 °C, the minimum biology temperature for budburst and
greenup, respectively. Thus >0 °C annual accumulated temperature (AAT0) and >5 °C
annual accumulated temperature (AAT5) was determined as the bio-related indicators for
the specific species in this particular region.

AATO0 and AATS5 represent the aggregate of mean daily temperatures above or equal
to the critical temperature 0 °C and 5 °C, respectively. Since the baseline temperature is
related to growing season, the indicators are also known as active accumulated temperature.
To minimize the influence of randomness in the mean daily temperature datasets, the 5-day
moving average method was applied to determine the start day (SDT0) and end day (EDTO)
with mean daily temperature >0 °C throughout a year [32]. With the start and end day, the
sum of mean daily temperature in between is AAT0. The dates for AAT5 were SDT5 and
EDTS5, correspondingly. The lasting days between the start day and end day with mean
daily temperature >0 °C or 5 °C are LDT0 and LDT5, respectively.

2.4. Correlation Analysis

Pearson correlation analysis is frequently used to represent inter-examiner reliability,
which was adopted together with Spearman and Kendall rank correlation analysis in the
study, to detect the linear correlation between MODIS NDVI and indicators. The NDVI
datasets were first re-sampled from 0.05 degrees to the same spatial resolution of AAT
and LDT as 0.1 degrees by mean value, for spatial analysis. And then, to measure the
vegetation activities on an annual basis, 16-day composite re-sampled NDVI datasets were
extracted to annual maximum series, as the targeted NDVI in this study. The Pearson
correlation coefficient (Pearson’s y), Spearman rank correlation coefficient (Spearman’s p)
and Kendall rank correlation coefficient (Kendall’s T) were calculated between NDVI and
AATO, AAT5, LDTO and LDT5, individually. The results were checked by two-tailed T test,
and investigated both temporally and spatially.

3. Results
3.1. Spatial Distribution
3.1.1. Distribution of AAT

The areal mean AATO of the SRYR during 1979-2018 was 895 °C, and the spatial
distribution showed typical negative relationship with elevation, with Pearson’s y as —0.94,
verified by two-tailed test, o« = 0.01. There are four obvious belts with an interval of 400 °C
in Figure 2a, I: the area with AAT0 < 600 °C distributed in the summit M, and the ridges at
the west corner, with Mt. Bugin and Mt. Bayan Har on the northern and southern edges
respectively; II: the area with 600 °C < AAT0 < 1000 °C mainly distributed in the river
valley in the middle and west parts; III: the region with 1000 °C < AAT0 < 1400 °C in the
east and southeast edge of the SRYR; IV: the region where AAT0 > 1400 °C concentrated at
the Zoige alpine wetland and Baihe river basin in the south corner and the outlet of the
SRYR, Tangnaihai station in the north. The area and elevation features of each belt were
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listed in Table 3. The belts were distinctly negative with mean elevation and the range, and
the belt II had the largest area share.

AATO (°C)

. 141 - 400

401 - 600

601 = 800 Contour (°C)
801-1000 - 600
1001 - 1200 — 1000

. 1201 -1400 — 1400
1401 - 2363

AATS (°C)
551-700 -
700-850  ——700

55-250
252 -400

850-1000  —— 1000
B 1000-2181

402 -550
Figure 2. The distribution of the averaged >0 °C (a) and >5 °C (b) annual accumulated temperature

(b) 0 50 100 Kilometers

during 1979-2018 in the source region of the Yellow River.

Table 3. The area and elevation features of the four belts in the AAT.

. Area Elevation Feature (m)
Indicator Belt (10% km?) Mean Range

<600 29 4566 4122-4970

6001000 52 4260 3703-4731

AATO 1000-1400 25 3790 3497-4241
>1400 17 3493 2953-3858

<400 38 4514 39244970

400-700 45 4235 3687-4619

AATS 7001000 1.9 3798 3535-4241
>1000 21 3525 2953-4003

The areal mean AAT5 during 1979-2018 was 620 °C and also negatively related with
elevation in spatial distribution, with verified Pearson’s vy as —0.92, = 0.01. Four belts are
distinct with an interval of 300 °C in Figure 2b, I: the area with AAT5 < 400 °C similar to
and larger than the region I of AATO, except for the area around the summit M, the ridges
at the west corner, and the north corner and the south edge in the middle; II: the area with
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400 °C < AAT5 < 700 °C scattered across the middle and west of the SRYR, mainly on the
hillsides and river valleys; III: the region with 700 °C < AAT5 < 1000 °C in the northeast
wetlands and the east and southeast edges; IV: the region AATS5 > 1000 °C concentrated
at the Zoige alpine wetland and the outlet of the SRYR, Tangnaihai station in the north.
The area and elevation features of each belt were listed in Table 3. The belts were distinctly
negative with elevation, and the belts <700 °C had the largest area share.

3.1.2. Distribution of LDT

The areal mean LDTO of the SRYR during 1979-2018 was 153 days, ranging from
69 days to 234 days, and typically negatively related with elevation, with verified Pear-
son’s y as —0.94, « = 0.01, in Figure 3a. The minimum demonstrated on the ridges of the
mountains around, the Mt. Bugin, Mt. Bayan Har, and Mt. Amne Machin. The maximum
was distributed in the Zoige alpine wetland and the outlet of the SRYR. The averaged LDT5
of the SRYR during 1979-2018 was 86 days, ranging from 18 days to 185 days, and similar
to the LDTO in the spatial distribution, with verified Pearson’s y as —0.91, a = 0.01, in
Figure 3b. Based on the LDT value, there were several distinct zones in the distribution.
The area and elevation features of zones were listed in Table 4. The zones were negative
to elevation, and the highest two zones mainly concentrated in the eastern part under the
elevation of 4000 m.

LDTO (days)
69 - 125

126 -155
156 -185
186 -234

T

LDTS5 (days)
18 -68

69 -80
81-110
111 -185

0 50 100 Kilometers
L

(b)

Figure 3. The distribution of the averaged lasting days with mean daily temperature >0 °C (a) and
>5 °C (b) during 1979-2018 in the source region of the Yellow River.
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Table 4. The area and elevation features of the zones in the LDT.
. Area Elevation Feature (m)
Indicator Zone (Days) (10* km?) Mean Range

<125 2.8 4578 4160-4970

LDTo 125-155 4.2 4302 3726-4731
155-185 2.7 3947 3535-4407

>185 2.6 3574 2953-4108

<80 75 4387 3726-4970

LDT5 80-110 24 3893 3535-4467

>110 2.3 3547 2953-4003

3.2. Variation Trends
3.2.1. Trends of AAT

According to the linear regression analysis, the areal mean rising rate of AAT0 and
AAT5 was 96 °C decade ™! and 90 °C decade™! during the study period over the SRYR,
with the coefficient of determination R? as 0.73 and 0.66, respectively. The inclination rate
of single grid AAT ranged from 60 °C decade ! to 212 °C decade ™! during 1979-2018, in
Figure 4. Linear growth AATO covered an area of 9.7 x 10* km?, where rates were verified
by the R2 > 0.5 term, with a mean elevation of 4044 m and mean rate at 109 °C decade!.
While AAT5 grew linearly in a much smaller area of 4.6 x 10% km?, with a lower elevation
3849 m and faster rate at 125 °C decade™!. Two threshold value 100 °C decade™! and
130 °C decade~! were taken according to the Natural Breaks for the partition of inclination
rate to investigate geographic features in three zones separately. The area in each zone
showed a descending order and a negative relation with its value, in AATO, the minimum
and the second zones had similar area around 4.0 x 10* km?2, about twice of that above
130 °C decade!. While the relation in AAT5 was just the opposite, the area of three zones in
an ascending value order was 0.9 x 10* km?, 1.6 x 10* km? and 2.1 x 10* km?, respectively.
Zones were negatively related to elevation, for AATO the mean elevation in an ascending
value order was 4234 m, 4007 m, and 3749 m, while for AAT5 was 4444 m, 3831 m, and
3628 m, respectively, in Table 5. To summarize, AAT0 and AATS5 grew linearly on the basin
scale, and in long-time scale the linear-growth area accounted for 79% and 37% over the
basin, respectively. AATO was mainly growth at a rate <130 °C decade ! accounting for
81% of its linear-growth area with elevation ranging from 3000 m to 4900 m. While most
AATS5 grew linearly at a rate >130 °C decade™! over 46% of its area, mainly concentrated in
the low eastern part, with a mean elevation of 3628 m.

The Mann-Kendall (M-K) test with a rejection rate of 5% was applied to test the mono-
tonic trends of the 1200 AATO series during 1979-2018. Except the area of 2.6 x 10% km?
around the Mt. Ela in the north corner displayed non-significant trends, 98% area showed
significant increasing trend over the SRYR. The results in AAT5 were similar, but with
more non-significant area as 6.1 x 10° km? around the Mt. Ela in the north and the Mt.
Bayan Har in the west, and 95% area showed significant increasing trend. In summary;,
the AAT0 and AAT5 were found to exhibit significant increasing trends across the SRYR
during the study period, except about 2% and 5% peak areas around the west and north
edges, respectively.
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Figure 4. The inclination rate of >0 °C (a) and >5 °C (b) annual accumulated temperature where the
determination coefficient R? of regression analysis > 0.5 during 1979-2018 in the source region of the
Yellow River.

Table 5. The area and elevation features of the inclination rates of the AAT with the determination
coefficient R? of regression analysis >0.5.

Indicat Inclination Rate Area Elevation Feature (m)
ndicator (°C Decade™1) (10* km?) Mean Range
60-100 4.0 4234 3252-4872
AATO 100-130 3.8 4007 3022-4747
130-212 1.9 3749 2953-4467
60-100 0.9 4444 3571-4872
AAT5 100-130 1.6 3831 3337-4588
130-210 2.1 3628 2953-4363

3.2.2. Trends of LDT

The areal mean LDTO of the SRYR was linearly grew at the rate of 6.5 days decade !
during the study period with a coefficient of determination R? 0.56, while the growth
of areal mean LDT5 was nonlinear as the R? was only 0.39. Spatially, LDT0 and LDT5
generally showed nonlinear growth over the SRYR, and the area with inclination rate during
1979-2018 was only 5.9 x 10® km? (5%) and 7.4 x 103 km? (6%), with a distinctly fast areal
mean rate at 11.9 days decade ! and 11.5 days decade ™!, respectively. The minimum and
maximum rising rate of LDTO were 7.9 days decade ! and 17.2 days decade !, respectively.
The rising rate of LDT5 ranged from 9.4 days decade™! to 16.1 days decade™!. The spatial
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distribution of the area with verified linear rising rate was shown in Figure 5, and the area
and elevation features in the area were listed in Table 6. There are basically two regions with
effective rising rate of LDTO0, the downstream of the Maduo station and the central area. The
rate around the small area besides Golog station was >12 days decade ™!, and other spots
with high rates basically located along the river. The rising rates of LDT5 over and under
12 days decade ™! were generally separated under the elevation of 4.0 x 10° m, with low
rate around the Zoige alpine wetland, and high rate scattered along the river downstream
the Darlag station and around the Golog station in the central part of the SRYR.

® Weather Station
¥ Hydrological Station

hand j_f f\

Ly

Inclination rate (days decade™)
(R*=0.5)

<12
ISV
0 50 100 Kilometers
I T

(b) LDT5

Figure 5. The inclination rate of lasting days with mean daily temperature >0 °C (a) and >5 °C (b)
where the determination coefficient R? of regression analysis >0.5 during 1979-2018 in the source
region of the Yellow River.

Table 6. The area and elevation features of the inclination rates of the LDT with the determination
coefficient R? of regression analysis >0.5.

Indi Inclination Rate Area Elevation Feature (m)
ndicator (Days Decade1) (10® km?) Mean Range
<12 3.6 3835 3132-4585
LDTO 12 24 4193 3540-4704
< . —,
LDT5 <12 5.7 3524 3429-3745

>12 1.7 3828 3582-4108
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The trends in the LDT were tested through the M-K test with the rejection rate of
5% during 1979-2018, and the trends in the SDT and EDT were also tested to interpret
the reason of the tendency of the LDT. The statistic Uy of the 1200 LDTO, SDTO, and
EDTO series were calculated and the results of LDTO were displayed in Figure 6a, together
with the significant trends in the SDT0 and EDTO0. There was a wide range of area with
significant increasing trend in LDTO, covering 80% of the total, expect the mountainous
areas in west and north corners and the middle. The area and elevation features in the
area with significant increasing trend, non-significant increasing trend, and non-significant
decreasing trend were listed in Table 7. The massive area with significant increasing trend
had the smallest mean elevation and the smallest range, which suggested that it covered
most of the area under 5345 m. To better interpret the reasons for the increase in the
LDTO, the areas with significant increasing trend in the SDT0 and EDTO0 were also draw in
Figure 6a. The area of SDT0, EDT0 and LDT0 with significant increasing trend had obvious
overlaps, and the two layers, LDT0 and SDT0/EDT0, and three layers overlap area was
displayed in Table 8. The increasing trend of LDT0 could be explained by the tendency of
SDTO0/EDTO or both at the overlap regions. To be exact, the whole area with significant
increasing trend in the SDTO, 6.4 x 10* km?, overlapped with the area of LDTO0 with
significant increasing trend. And 9.4 x 10* km? area of LDTO0 with significant increasing
trend overlapped with the area of EDTO with significant increasing trend. The three layers
overlap area accounted for 64% of LDTO significant increasing area. In other words, 64%
area of LDTO with significant increasing trend could be explained by both the early onset
and the late termination of the mean daily temperature >0 °C, and about 1%, 31% only by
the early onset or the late termination of the mean daily temperature >0 °C, respectively.

Table 7. The area and elevation features of trends in the LDT.

. Area Elevation Feature (m)
Indicator Trend 10 km2) Mean Range
significant increasing 9.9 4061 29534872
LDTO non-significant increasing 2.0 4391 3567-4970
non-significant decreasing 0.4 4345 3899-4964
significant increasing 53 3837 2953-4938
LDT5 non—significant increasing 54 4332 3252-4970
non-significant decreasing 1.6 4354 3900-4731

The M-K test results of the LDT5, as well as the SDT5 and EDT5 with significant
increasing trends were shown in Figure 6b. The area and elevation features in the area
with significant increasing trend, non-significant increasing trend, and non-significant
decreasing trend were listed in Table 7. The area of LDT5 with significant increasing trend
had the smallest mean value and widest range in elevation, which suggested that the
significant increasing trend spread and mainly concentrated in the low-elevation regions.
The area of SDT5, EDT5 and LDT5 with significant increasing trend, and two or three layers
overlap area was displayed in Table 8. The area of SDT5 with significant increasing trend
overlapped 61% area of LDT5 with significant increasing trend, and the area of EDT5 with
significant increasing trend overlapped 84% area of LDT5 with significant increasing trend.
Three layers overlapped 53% area of LDT5 with significant increasing trend, basically in
the low eastern part, where the increasing trend of LDT5 was thought to be the combined
efforts of the early onset and late termination of the mean daily temperature >5 °C. About
31% area of LDT5 with significant increasing trend around the summit M and some areas
along the boundary of the Mt. Bayan Har could be the results of the late end date with
mean daily temperature >5 °C, since two layers of LDT5 and EDT5 overlapped. For the
similar reason, the cause of the significant increasing trend of LDT5 in small region near
the Maduo station, about 7% area of LDT5 with significant increasing trend, might lie in
the early start date with mean daily temperature >5 °C.
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Figure 6. The trends of the lasting days with mean daily temperature >0 °C (a) and >5 °C (b) and the
distribution with significant trends in the start day (red vertical line) and end day (black horizontal
line) during 1979-2018 in the source region of the Yellow River.

Table 8. The area of significant increasing trends in the SDT (start day of mean daily
temperature >0(5) °C), EDT (end day of mean daily temperature >0(5) °C), and LDT (lasting days with
mean daily temperature >0(5) °C) and their overlap areas during 1979-2018 over the SRYR, unit 10* km?.

Indicator Overlap State SDT LDT EDT
Single 6.4 9.9 10.1
>0°C Double 6.4 94
Triple 6.3
Single 3.2 53 5.1
>5°C Double 3.2 4.4
Triple 2.8

3.3. Spatiotemporal Variation
3.3.1. Abrupt Change Analysis

The Pettitt test with a rejection rate of 5% was applied to detect the stationarity of the
time series of the AAT. Both areal mean AATO and AAT5 of the SRYR exhibited abrupt
change in 1997. Only 25 AATO series out of 1200 passed stationarity test. The effective
abrupt years were detected from 1990 to 2004, except 1992, 1996 and 2001. The distribution
patterns of the abrupt years were obviously disturbed by 1997, in Figure 7a. Table 9 showed
the area and elevation features of three periods according to the year 1997. The area of
abrupt change in 1997 accounted for 66% of the SRYR, and had the widest range and the
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smallest mean value in elevation. In summary, 1997 was a dominant abrupt year in AAT0
across the SRYR, with a mean elevation of 4.0 x 10> m slightly lower than the basin mean.
1997 is also the well-known abrupt year of the annual mean temperature on the SRYR.
Abrupt changes were detected in 1100 AAT5 series on the SRYR during 1979-2018, from
1990 to 2007 except 1991 and 2006. Unlike AATO, no distinct abrupt years displayed in
the AATS, in Figure 7b. Spatially, the abrupt changes of AAT launched at high-elevation
regions from the northwest edge and the summit neighborhood before 1997, and the south
corner experienced abrupt change most recently after 2002. Abrupt year in 1997 was mainly
concentrated along the east and south boundary zones, covering most low-elevation region

with a mean elevation about 4000 m.

Table 9. The area and elevation features of the abrupt year of the AAT.

. Area Elevation Feature (m)
Indicator Abrupt Year (10* km?) Mean Range
1990-1995 2.1 4396 3567-4829
AATO 1997 8.1 3995 2953-4872
1998-2004 1.9 4325 3569-4826
1990-1996 3.1 4323 3337-4938
AAT5 1997 3.0 3956 2953-4747
1998-2007 5.2 4038 3438-4964
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Figure 7. The distribution of the abrupt year of >0 °C (a) and >5 °C (b) annual accumulated

temperature during 1979-2018 in the source region of the Yellow River.




Water 2022, 14, 3458

14 of 22

Abrupt changes also existed in LDT0 and LDT5 with 1079 and 842 grids detected
respectively. There were abrupt changes every year during 1979-2018 in both LDT. LDT0
changed most in 1997, with 342 grids, followed by 2002 and 2004, with 179 and 120
respectively, and no other year changed more than 100 grids. Three years witnessed more
than 100 grids abrupt changing in LDT5, 1993, 2004, 1999, with 153, 112 and 101 grids
respectively. Even though most grids in both AAT0 and LDTO abrupt changed in 1997,
LDTO was not a reliable direct reason for the changes in AATO, as the Pearson’s y was only
0.25, checked by two-tailed test, « = 0.01. While the Pearson’s y reached 0.48 between the
abrupt year series between AAT5 and LDT5, and both relatively random in distribution
pattern. DEM could not explain the changes in space either, according to the verified
Pearson’s vy, which were —0.44, —0.19, —0.09 and 0.12 for LDT5, AAT5, AAT0 and LDTO.

3.3.2. Variation between Divided Stages

Abrupt changes of the AAT occurred gradually over the SRYR; however, a change
point should be identified for quantifying changes. Abrupt year of 1997 was identified in
AATO0 and LDTO, thus adopted to divide the study period of into two stages, 1979-1997
and 1998-2018. The averaged AATO0 and LDTO series of each stage and the variation
between them were studied. The areal mean AAT0 was increased from 795 °C to 996 °C
between the two stages before and after 1997. Linear growth of the AATO only existed in
the second stage, and the mean inclination rate was 104 °C decade! of the SRYR with the
coefficient of determination R? as 0.56. Spatially, the area with linear rising rate passing
the R2 > 0.5 was 3.9 x 10* km?, accounting for 32% of the total area, and the areal mean
rate was 143.4 °C decade !, ranging from 95.2 °C decade ! to 195 °C decade . It majorly
concentrated at four regions, the south region of the Maduo station along the Mt. Bayan
Har, the southeastern corner, small region around the Zoige station, and a large region in
the middle nearby the Golog station. The spatial distribution of the stage-average AATO
and the variation among the specified belts between two stages was shown in Figure 8.
There was an obvious extension in three belts >600 °C, and the extended area increased with
AATO value, while the belt I shrunk 2.2 x 10* km?. The geological features of the variation
between AATO belts were listed in Table 10. In general, the variation of the AATO belts
was negatively related to elevation and longitude in space. In conclusion, an upward-shift
trend of elevation was found in the variation of AAT0. The area of 57% in AATO did not
change belts between stages, and 18%, 15%, and 10% jumped from the original belt to the
next level, I-1I, II-1II, and III-1V, respectively.

The areal mean LDTO increased from 146 days to 160 days between the two stages
before and after 1997, with distribution negative to elevation, shown in Figure 9. Except
small regions in the west and the north corner, the SRYR shows a general rise in the LDTO,
up to 34 days. The high rise mainly concentrated in three regions, hillsides of the Mt. Bayan
Har along the southwest edges, middle part and regions around the Zoige alpine wetland
in Figure 9c. There was 94% area of SRYR extended in LDT0. The geographic features
among the difference in LDTO were listed in Table 10. The LDTO0 mainly grew nonlinearly
both during the whole study period and each stage. Temporally, the R? of the areal mean
growth rate did not pass the R? > 0.5 term in the linear regression analysis during both
stages; and spatially, no rate series was verified in the analysis during the previous stage,
and only one grid passed the term during the recent stage.
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Figure 8. The distribution of averaged >0 °C annual accumulated temperature before (a) and after

(b) the abrupt year 1997 and the variation between the two stages (c) in the source region of the

Yellow River.

Table 10. The area and elevation features of the changed belt of the AATO and the difference of LDTO

between the stages before and after 1997.

Indi Changed Belt (AATO0)/ Area Elevation Feature (m)
ndicator Difference (Days) (LDTO) (10% km?) Mean Range
<600 to 600-1000 2.2 4423 3924-4747
AATO 600-1000 to 1000-1400 1.9 3998 3539-4407
1000-1400 to >1400 1.2 3606 3410-3977
<0 0.5 4474 4054-4970
0 0.2 4501 3899-4701
LDTO 1-17 7.3 1247 3022-4938
18-34 4.2 4040 29534855




Water 2022, 14, 3458

16 of 22

LDTO (days)

68-120

121-150
151-180
181-225

LDTO (days)
66-130

131-160
161-190
191 -244

«a

N

LDTO (days)

0 50 100 Kilometers (c) Difference
I

| =

Figure 9. The distribution of averaged lasting days of >0 °C annual accumulated temperature
before (a) and after (b) 1997 and the difference (c) in the source region of the Yellow River.

3.4. Correlation with NDVI
3.4.1. Temporal Analysis

There existed linear correlation between NDVI and indicators, with >0 °C indicators
stronger than >5 °C indicators. The annual series of Pearson’s v, Spearman’s p and
Kendall’s T between NDVI and indicators over the 1200-grid data in the SRYR during
2001-2016 were calculated and all verified by two-tailed T test, & = 0.01, and the features of
results were listed in Table 11. The three linear correlation coefficient had similar values,
with Pearson’s vy less than Spearman’s p and larger than Kendall’s 1. The annual series of
>0 °C indicators ranged from 0.4 to 0.8, larger than >5 °C indicators series by 0.1, therefore
the relationship was positive and >0 °C indicators were relatively closer to NDVL It was
obvious that the Pearson’s 'y annual series of >0 °C indicators almost stayed above the
0.5 line in Figure 10. LDTO0 showed the closest relationship with NDVI among indicators,
with mean Pearson’s v as 0.62, followed by AAT0 and AATS5, the correlation was relatively
poor with LDT5, with mean Pearson’s y as 0.49.
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Figure 10. The Pearson correlation coefficient between the areal mean annual maximum NDVI and
>0 (5) °C annual accumulated temperature and lasting days of the source region of the Yellow River
during 2001-2016.

Table 11. The mean value, range and standard deviation of annual linear correlation coefficient series
between NDVI and indicators during 2001-2016 in the SRYR, checked by two-tailed test, « = 0.01.

Indicator Coefficient Mean Range Std Dev
Pearson’s y 0.56 0.48-0.64 0.05
AATO Spearman’s p 0.67 0.60-0.74 0.04
Kendall’s T 0.48 0.41-0.55 0.04
Pearson’s y 0.62 0.55-0.67 0.04
LDTO Spearman’s p 0.71 0.60-0.81 0.05
Kendall’s T 0.52 0.44-0.62 0.04
Pearson’s y 0.51 0.43-0.58 0.05
AAT5 Spearman’s p 0.63 0.52-0.70 0.06
Kendall’s T 0.44 0.36-0.50 0.05
Pearson’s y 0.49 0.38-0.59 0.06
LDT5 Spearman’s p 0.58 0.47-0.66 0.06
Kendall’s T 0.41 0.33-0.47 0.04

3.4.2. Spatial Analysis

The Pearson’s 'y between annual maximum NDVI and indicators during 2001-2016
were calculated and the results were shown in Figures 11 and 12, and the number of
grids with three verified correlation coefficients in indicators checked by two-tailed T test,
o« = 0.05, were listed in Table 12. There were more annual series followed rank order in
linear correlation analysis, as Spearman’s p and Kendall’s T slightly over the Pearson’s y
in most indicators. There were obviously more verified grids in >0 °C indicators than in
>5 °C indicators. No grids verified by the test valued from —0.49 to 0.48, that is to say, as
long as the grids had linear correlation between NDVI and indicators, the relationship was
close. Spatially, as the Pearson’s 'y no less than 0.49, the checked grids had positive and
close relationship between NDVI and AAT. Figure 11 also displayed the grids with verified
inclination rate, ranging from 95 °C decade ! to 195 °C decade ! in AAT0 and from 132 °C
decade ! to 273 °C decade ! in AAT5 during 1998-2018. 379 grids linearly grew, not the
same 373 grids linearly correlated with NDVI, but there were 177 overlaps in AAT0. The
overlap could be seen around the Requ basin and in the eastern lower regions. Besides,
during the recent stage, 929 grids out of 1200 in AATO were detected with significant
increasing trend, covered most area expect the north edge. AAT5 had 171 linear growth
grids and 58 linear relating to NDVI grids, and overlap was remarkable. The grids linearly
corelated with NDVI in LDT were quite less than AAT in Figure 12. Differ from AAT,
although very few negative relationships existed between LDT and NDVI. The positive
close linear correlation between LDT0 and NDVI mainly gathered around the Requ basin,
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while scattered in LDT5. 58 and 72 grids linearly grew in LDTO0 and LDTS5, respectively,
with similar rate. The overlap was not obvious in Figure 12. The eastern low regions
displayed overlaps in most indicators except LDTO, where the indicators are higher and
grow faster.
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Figure 11. The Pearson correlation coefficient between annual maximum NDVI and >0 °C (a) and
>5 °C (b) annual accumulated temperature during 2001-2016, checked by two-tailed test, & = 0.05,
and inclination rate of respective AAT with the determination coefficient R? of regression analysis
> 0.5 during 1998-2018 in the source region of the Yellow River.

Table 12. The number of verified Pearson’s y between annual series of NDVI and indicators during
2001-2016 among 1200 girds by two-tailed T test in the SRYR.

Indicator Pearson’s y Spearman’s p Kendall’s T
AATO 373 369 373
LDTO 278 291 280
AAT5 58 64 60
LDT5 94 119 104

It should be considered that in the study the annual time series of NDVI only contained
16 items. The two-tailed T test requires long time series; however, it effectively eliminated all
the poor relationship grids. So, the results might not be sufficient to explain the correlation
between NDVI and indicators in space, and need further research. From this aspect, the
results in the temporal analysis could be more reliable in the correlation study. The LDTO
and AATO could strongly promote the NDVI on an annual basis and basin scale.



Water 2022, 14, 3458

19 of 22

0 50 100 Kilometers

> %“4;*'
R s,

i vs.xeswl \

-

Inclination rate (days decade™) fﬂ\* B
78-12
13-17 (a) LDTO W,J
|
S-S S oy
a “mp@ .
aa a a X
3 a
NDVI and LDT . a o q:l &
correlation coefficient
B -0.68--0.50 L B
-0.49-0.00 /’\ﬁ%w
0.01-0.49
B 0.50-0.76
checked by two-tailed test, (b) LDTS
D 0=0.05

Figure 12. The Pearson correlation coefficient between annual maximum NDVI and lasting days of
>0 °C (a) and >5 °C (b) annual accumulated temperature during 2001-2016, checked by two-tailed
test, « = 0.05, and inclination rate of respective LDT with the determination coefficient R? of regression
analysis >0.5 during 1998-2018 in the source region of the Yellow River.

4. Discussion

Xu and Li [32] extended the accumulated temperature research, by taking >10 °C
annual accumulated temperature (AAT10) to study the crop probability in the arid climate
under the changing environment, meanwhile detecting >0 °C annual accumulated tem-
perature to analyze the climate warming effects on the ecologically fragile desert regions.
The study displayed that the AAT10 and AATO both increased during the study period,
however they changed with different rates and patterns. Our study mainly focused on
the ecosystems, thus >0 °C and >5 °C annual accumulated temperature and their lasting
days were considered, and also found that AAT0 and AAT5 both increased with differences
in the variation temporally and spatially. A few researchers aim at natural vegetation
variation under the changing climate through temperature analysis, but Xu and Li [32]
studied the spatial and temporal variability of key bio-temperature indicators on the TP, by
using the mean daily temperature at the weather stations. They also found an increase in
the AAT at the regional scale, however due to their limited and low-elevation located data
source as well as large spatial scale, the rising rates could not be comparable. We applied
multi-source data product CMFD and remote sensing materials, to investigate the spatial
variation on a relatively smaller scale.

Many researches proved that global warming causes significant changes in vegetation,
especially on the most sensitive cold regions on the earth. Warming in general would
enhance vegetation growth with the increase of incoming energies, which has been revealed
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by satellite observations of vegetation greenness on the TP grasslands [33]. Climate change
should be responsible for a significant increase in annual NPP [23] and LAI at the beginning
of the growing season over the SRYR [34]. Cong, Shen, Yang, Yang, Zhang and Piao [33]
analyzed the growing-season partial correlation coefficient between NDVI and temperature
during 1982-2011, and found an increasing relationship in the start (May-June) and end
(September) of the growing seasons. The findings in this study supported the similar
conclusion, by investigating the correlation between annual maximum NDVI and the
active accumulated temperature during 2001-2016. There existed close linear correlation
between NDVI and indicators, especially the >0 °C indicators on an annual basis and
basin scale. It agrees with that the land cover dominated by grasslands over the basin,
which ends dormancy at 0 °C. The linear correlation coefficients, Pearson’s v, Spearman’s
p and Kendall’s T, were similar but not the same, thus the correlation was generally linear,
but the accumulated temperature alone could not explain the variations in NDV]I, since
they did not grow strictly together. Spatially, the close linear correlation grids generally
overlap the remarkable linear rising AATO during the recent stage. Thus, the fast growth
of accumulated temperature would strongly enhance vegetation activities in the SRYR, as
well as the extension of its lasting days, although not the only factors. Even though the
correlation analysis eliminated the grids with poor relationship by two-tailed test, the time
series still too short to sufficiently support any conclusion in space. Thus, the influence of
climate change on the local vegetation activities needs further attention.

5. Conclusions

The mean daily temperature were employed in the study to investigate the variations
in the bio-related climate indicators, >0 °C, >5 °C annual accumulated temperature (AATO,
AATS5) and the respective lasting days (LDTO, LDT5), and their correlation with annual
maximum NDVI on a major alpine grassland, the source region of the Yellow River. During
1979-2018, the areal mean AATO0 (AAT5) and LDTO (LDT5) in the SRYR was 895 (620) °C,
153 (86) days, respectively, typically negative with elevation in space. The AAT0 (AAT5)
exhibited significant increasing trends across the SRYR and increased linearly accounted
for 79 (37) % area at 109 (125) °C decade ™!, with the area of AAT5 mainly in the low eastern
part. The average linear growth rate of LDTO was 6.5 days decade™!, and LDT5 grew
nonlinearly on the basin scale. LDTO (LDT5) demonstrated significant increasing trends
over 80 (43) % area. Most LDT extended due to the combined efforts of the early onset and
late termination of the given temperature, and the termination date was significant delayed
across the region.

Abrupt point of 1997 was adopted to divide the study period into two stages. The
areal mean AATO and LDTO increased by 201 °C and 14 days, respectively. Linear growth
was only detected during the second stage in the areal mean AATO at the rate of 104 °C
decade™!, prominently accelerated comparing to 96 °C decade ™! of the study period. The
AATO was partitioned into four belts to analyze the spatial variation, by 600 °C, 1000 °C
and 1400 °C. The belts displayed an upward-shift trend in elevation, with 43% area of
AATO raising one belt. LDTO extended over 94 % area of the SRYR between stages.

The NDVI has close correlation with >0 °C indicators on the basin scale on an annual
basis, according to the Pearson’s v, Spearman’s p and Kendall’s T correlation coefficient.
Spatially, the 373 grids closely related to NDVI during 2001-2016 have about 50% overlaps
with the 379 linear growth AATO grids during recent period, and all covered with the area
the AATO significantly increasing. In conclusion, the rapid growth of AATO and LDTO
would strongly promote NDVI on the SRYR, and the influence of climate change on the
local vegetation activities needs further and long-lasting attention.
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