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Abstract: The vegetation on the Tibetan Plateau (TP), as a major component of the land-atmosphere in-
teraction, affects the TP thermal conditions. And, as a direct climatic factor of vegetation, precipitation
over the TP is significantly regulated by the Indian summer monsoon (ISM). Using remote-sensing-
based vegetation images, meteorological observations, and reanalysis datasets, this study deeply
explored the influence of the ISM on vegetation on the TP in its main growing season, where the
vegetation on the TP is indicated by the normalized difference vegetation index (NDVI). The findings
reveal that the ISM is a critical external factor impacting the TP vegetation and has a significantly
positive correlation with the TP precipitation and NDVI. Corresponding to a strong ISM, the South
Asia high moves northwestward toward the TP and Iranian Plateau with an increase in intensity,
and the cyclonic circulation develops over the south of the TP in the middle-lower troposphere.
This tropospheric circulation structure aids in the transportation of more water vapor to the TP and
enhances convection there, which facilitates more precipitation and thus the TP vegetation growth,
featuring a uniform NDVI pattern. Since the positive correlation between precipitation over the TP
and NDVI is weaker than that between the ISM and NDVI, we suggest that the ISM can influence the
TP vegetation growth not only through changing precipitation but also through other local climatic
factors. The increased convection and precipitation over the TP induced by the ISM can also affect
the surface thermal conditions, featuring an interaction between the TP vegetation and heat sources.
The evapotranspiration of vegetation and its coverage affect local latent and sensible heat fluxes,
while the TP thermal condition changes affect in return the vegetation growth. In addition, the
changes in thermal conditions over the TP caused by the substantial increase in vegetation may have
a de-correlation effect on the relationship between the ISM and uniform NDVI pattern after the TP
vegetation reaches its maximum coverage.
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1. Introduction

The Tibetan Plateau (TP) is situated in the subtropical area of eastern Eurasia and
is referred to as “The Third Pole” and the “Roof of the World”, exceeding 4000 m above
sea level on average. Its dynamic and thermal forcing can affect the occurrence and
development of climate and weather in China and East Asia [1-4]. Land-air hydrothermal
exchange processes in the TP (such as surface heat sources, atmospheric heat sources,
vegetation cover, and snow cover) regulate the thermodynamic forcings of the TP, which
have an important effect on the monsoon, Asian atmospheric circulation, as well as global
climate [4-9].
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As one of the major elements on the TP land surface, vegetation is critical to land-
atmosphere interactions. Local weather and climate change affect vegetation growth [10,11].
Owing to the geography and altitude of the TP, the vegetation on the TP responds to climate
change more rapidly than that in other regions at the same latitude. In turn, changes in
vegetation can alter the surface properties of the TP, including surface albedo and soil
moisture, thus affecting the land-air hydrothermal exchange and carbon cycle over the
TP [12,13]. Model experiments showed that the enhanced greening of the TP vegetation
induces changes in heat consumption by plant transpiration and surface evaporation and
surface heat sources, thus influencing the climate and weather of the TP and its adjacent
surroundings [14]. Also, the enhanced vegetation dynamics on the TP may attenuate the
local surface warming [15], meaning that thermal conditions over the TP can be affected by
changes in the TP vegetation. Therefore, it is essential to understand the characteristics of
the TP vegetation in terms of its variability and trends.

Several indices can reflect vegetation activity, such as the normalized difference vegeta-
tion index (NDVI), soil-adjusted vegetation index (SAVI), enhanced vegetation index (EVI),
leaf area index (LAI), and net primary productivity (NPP). Most of these vegetation indices
are derived from remote-sensing images of vegetation; many factors (e.g., atmospheric
conditions, soil types, topography, shading effects, and solar angle) may introduce noise
into these indices [16]. Of these vegetation indices, the NDVI is calculated as the ratio of the
difference between near-infrared (NIR) and red (Red) light to the sum [17]. Due to the ratio
of band intensities, the NDVI can eliminate a large proportion of noise caused by instru-
ment calibration, solar angle, topography, cloud shadows, and atmospheric attenuations
existing in visible red and infrared bands [18,19], which enhances the response to vegetation
and reduces the susceptibleness of illumination conditions [20]. Matsushita et al. [21] also
noted that the NDVI may be indirectly affected by topography, which can be somewhat
neglected. Moreover, the NDVI seems to have good performance in the TP with complex
and fragile ecosystems and vegetation species [22]. Considering the altitude and ecosystem
of the study area (i.e., the TP exceeding 3000 m above sea level; Figure 1) in this paper,
the NDVlI is a suitable vegetation index for indicating the growth activity and cover of
vegetation on the TP [23]. Therefore, we chose the NDVI as an indicator to explore the
characteristics and trends of vegetation on the TP in the current study.
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Figure 1. Map showing the location of the study area within the boundary of the Tibetan Plateau (TP)
(3000 m above sea level; gray shading).

The NDVI on the entire TP generally exhibits a rising trend under global warming and
some human activities [24-27], while certain regions of the TP are suffering from vegetation
degradation [28,29]. The apparent inconsistency in the regional and overall NDVI trends on
the TP may be due to its relatively distinct climatic characteristics and geographical location.
From one perspective, complicated climate change, such as different change trends and
intensities of climatic factors, leads to inconsistent vegetation growth trends in different
areas of the TP [24,28]. Moreover, when the vegetation on the TP is becoming denser and
reaches a certain threshold, the NDVI may no longer increase with the anomalous increase
in climatic factors due to the saturation effect of NDVI. From the other perspective, at
different altitudes and geographical locations (windward and leeward slopes), vegetation
on the TP responds to climatic anomalies in very distinct ways [16,29-31]. For example, the
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intensity of solar radiation varies greatly between windward and leeward slopes, which
can lead to differences in the amount of water lost from vegetation to the atmosphere due
to its evapotranspiration, thus affecting the growth of vegetation [16].

The above studies mainly concentrated on the characteristics and trends of longstand-
ing variations in the TP vegetation rather than its inter-annual variations. Considering the
inter-annual variability of climatic factors affecting vegetation growth [18,32-34] and the
fact that the inter-annual variability of vegetation can also adjust the TP thermal conditions,
the inter-annual characteristics of vegetation on the TP in its growing season deserve ex-
ploration. Therefore, this study focuses on the growth of TP vegetation on inter-annual
scales. Our previous study revealed that several local climatic factors jointly regulate the
inter-annual variability of two NDVI patterns dominating the TP in June-September (JJAS,
i.e., the main growing season) [35]. However, it is not enough to merely understand the
local factors modulating the inter-annual variability of NDVI on the TP, as the variations in
local climatic factors over the TP are inseparable from external influences.

Earlier studies have demonstrated that the complex surface environment and anoma-
lously variable ocean, as well as associated atmospheric teleconnections, can alter hydrother-
mal conditions over the TP. For example, the Indian summer monsoon (ISM) [36-38], North
Atlantic Oscillation [39,40], El Nifio-Southern Oscillation (ENSO) [41], and Indian Ocean
Basin Mode (IOBM) [42] can all modify precipitation over the TP. Sea surface temperature
anomalies in several key oceans [42—45], and Indian soil moisture [46], can modulate the
TP thermal conditions. Among these external climatic factors, the ISM seems to be a factor
more closely related to the TP. The ISM is essential to the variation in summer precipi-
tation over the TP [37,42,47-50]. Precipitation over the TP can be governed by the deep
convection in the Indian subcontinent, which is connected to the ISM [37]. The ISM can
also affect precipitation over the southern TP by modulating the transportation of water
vapor entering the TP [47,48]. In turn, the ISM onset is directly associated with the TP’s
atmospheric heat source [51-53]. The TP diabatic heating is pivotal in modulating the
location and intensity of the ISM [47,54].

The current study intends to explain what role the ISM plays in the inter-annual vari-
ability of vegetation on the TP and whether the vegetation can in turn affect the ISM. This
study may be of great practical significance to TP ecological environmental protection and
the fields of short-term climate prediction. The following section describes the study period
and datasets, index definitions, and analysis methods involved in the study. The findings
are introduced in Section 3, where Section 3.1 examines relationships between the ISM,
precipitation over the TP, and the NDVI on the TP, and Section 3.2 explores the influence of
the ISM on vegetation on the TP in its main growing season. Section 4 (i.e., Discussions)
and Section 5 (i.e., Conclusions) explore and sum up the relationship between the ISM and
vegetation on the TP, respectively.

2. Data and Methods
2.1. Data
2.1.1. Remote-Sensing-Based NDVI Datasets

Remote-sensing images have been widely used in monitoring vegetation dynamics at a
regional scale due to their wide coverage and frequent capture of surface information. Based
on a comprehensive detailed review related to the use of remote-sensing products (such as
LANDSAT, SPOT-Vegetation, Sentinel-2, Himawari-8/9) in the estimation of vegetation
growth, we employed two remote-sensing-based NDVI datasets to reflect the variability
of the TP vegetation exceeding 3000 m above sea level [35]; the study area is shown in
Figure 1. One is GIMMS NDVI3g derived from the National Oceanic and Atmospheric
Administration (NOAA), and the other is MCD19A3CMG NDVI of the MODIS products
derived from the National Aeronautics and Space Administration (NASA). The former
has an 8-km spatial resolution and spans from January 1982 to December 2014, and the
latter has a horizontal precision of 0.05° x 0.05° grid and spans from February 2000 to
December 2020.
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The GIMMS and MODIS NDVIs have been considered as the more commonly used
remote-sensing-based NDVI datasets. This is because as the third generation of AVHRR
sensor data, GIMMS NDVI3g has been proven to be a better dataset for describing vegeta-
tion dynamics in applications [55]. The GIMMS NDVI3g has a longer time scale and has
been extensively applied in regional and global-scale studies of vegetation dynamics and
degradation [56,57]. In addition, the MCD19A3CMG is a MAIAC BRDF corrected product
in the MODIS sensor datasets, which improves spatial resolution (0.05° x 0.05° grid), the
accuracy of atmospheric correction, aerosol retrievals, and cloud detection [58,59]. There-
fore, they are combined to study vegetation activities due to the linear correlation and
compatibility between the two datasets [60-62].

2.1.2. Reanalysis and Meteorological Observation Datasets

The monthly geopotential height, zonal/meridional wind, water vapor, and vertical
pressure velocity were derived from the European Centre for Medium-Range Weather Fore-
casts Reanalysis v5 (ERA5) [63], utilizing a reduced horizontal precision of 2.5° x 2.5° grid.
The ERAS5 provides a total of 37 vertical pressure levels ranging from 1000 to 1 hPa. In
this paper, we used the ERA5 from 1000 to 200 hPa. The monthly outgoing longwave
radiation was obtained from NOAA satellite observations [64]. Additionally, the monthly
latent and sensible heat flux were derived from the long-term Japanese 55-year Reanalysis
(JRA-55) [65], utilizing a horizontal precision of 1.25° x 1.25° grid. These datasets were
used to examine how the ISM influences the vegetation on the TP for the period 1982-2020.
To explore the relationship between the TP vegetation and ENSO/IBOM, this study also
used the Nifio 3.4 index obtained from the NOAA CPC and the IOBM index obtained from
the National Climate Centre of China Meteorological Administration (NCC/CMA).

The monthly meteorological variables were derived from the station-observed dataset
of the National Meteorological Information Center of China, including precipitation, surface
air temperature, ground surface temperature, and sunshine duration. Daily meteorological
elements at 88 observational stations in the TP (with the average altitude exceeding 3000 m
above sea level) were processed into the monthly data on a 0.5° x 0.5° grid by daily accu-
mulation and Cressman spatial interpolation [66]. Besides the Cressman interpolation, we
performed the elevation correction of the meteorological variables following the elevation
correction equation of He et al. [67], which involves the calculation of the elevation lapse
rate. These processed elements were used to illustrate the local effects on the TP vegetation.

2.2. The Study Period and Methods

The ISM is a crucial element of the Asian summer monsoon system [36] and a major
source of water vapor for India that is responsible for over 2/3 of the annual precipitation
over India [68]. Based on precipitation in Kerala, the southernmost state of the Indian
subcontinent, the Indian Meteorological Department defines early June (early October) as
the time for the ISM onset (demise) [69]. The main growing season for the TP vegetation is
generally from June to September [35]. Considering the overlapped period of the ISM and
vegetation growing season, June to September (JJAS) was selected as the main study period.

Following previous studies [25,60,61], we spliced the GIMMS and MCD19A3CMG
NDVIs datasets. Before splicing the datasets, the MCD19A3CMG NDVI was downscaled
and interpolated to the same resolution as the GIMMS NDVI. Further comparisons revealed
that the two NDVIs on the TP have consistent characteristics in the growing seasons and
significantly correlate with each other. As such, we can establish linear regression equations
between the GIMMS and MCD19A3CMG NDVIs and eventually obtain a longer JJAS
TP NDVI dataset by fitting and splicing the two datasets [35]. To capture the varying
characteristics of the TP vegetation on inter-annual scales, the rotated empirical orthogonal
function (REOF) decomposition and the North test were applied in this paper, ensuring
that the leading REOF modes are homogeneous and independent [70].

All data involved in this study were subtracted from the monthly mean climatology,
seasonally averaged, and detrended. Several frequently used statistical analysis methods
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were utilized to examine the influence of the ISM on vegetation on the TP in its growing
season, and the specific methods were as follows: (1) REOF analysis and regional aver-
age were used to derive the uniform NDVI pattern (UNP) and ISM indices, respectively.
(2) Linear (partial) correlation analyses were applied to determine the correlations of the
TP vegetation with the ISM, IOBM, ENSO, precipitation on the TP, etc., where partial
correlation analysis was used to determine the actual correlations between two of the three
related variables. (3) Univariate linear regression analyses were employed to explore the
process of ISM influencing the JJAS TP NDVI and the influence of ISM on climatic factors on
the TP. (4) The contributions of ISM and four climatic factors to the inter-annual variability
of vegetation on the TP in the growing season were also explored through multiple linear
regression analysis. (5) The potential feedback between the TP thermal conditions and
vegetation growth was discussed through linear correlation and composite analysis. The
importance of the findings was determined via Student’s ¢-test. Note that all data do not
have the same horizontal precision, which we unified in our processing.

2.3. The Definition of the Pattern and Indices
2.3.1. The Uniform NDVI Pattern and Its Index

We found two NDVI patterns dominating the TP in JJAS through the empirical or-
thogonal function (EOF) decomposition. The first dominant EOF mode features a uniform
variation in NDVI anomalies on the TP, which is called the uniform NDVI pattern [35]. In
this study, we used the REOF analysis to capture the prevalent and homogeneous patterns
of the TP NDVI on inter-annual timescales, since the REOF analysis is more appropriate for
the high-resolution and inhomogeneous distribution of the TP NDVI datasets.

The dominant modes obtained based on the EOF and REOF analyses highly resemble
each other, and both show a uniform NDVI pattern. Moreover, their corresponding time
series are significantly and positively linked. Their distinction is that the uniform pattern
based on the REOF analysis does not show larger loadings on the southeast of the TP,
which may be due to the high vegetation coverage and insignificant reactions to anomalous
climate change over this region. Therefore, the first REOF mode of NDVI anomalies on
the TP in JJAS from 1982 to 2020 is called the uniform NDVI pattern (Figure 2a), and its
corresponding PC index is called the uniform NDVI pattern index (UNPI).

(a) Uniform NDVI Pattern (b) Indian Summer Monsoon
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Figure 2. (a) The first REOF mode (REOF1) of NDVI anomalies on the TP in JJAS from 1982 to
2020. (b) Vertical shear of JJA zonal winds (unit: m/s) over the region (40-110°E, 0-20°N) from
1982 to 2020.
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2.3.2. The Indian Summer Monsoon Index

In earlier studies, the Indian summer monsoon (ISM) index was defined as the all-
Indian summer monsoon rainfall (AISMR) [71]. With the deepening of research, other in-
dices representing the ISM were also proposed, such as the Webster—Yang index (WYI) [72],
the monsoon Hadley circulation index (MHI) [73], the extended Indian monsoon rainfall
index (EIMRI) [73], the Indian monsoon index (IMI) [74], and the Indian monsoon trough
index (IMTI) [75]. Before exploring the influence of the ISM on the TP vegetation, the
definitions and features of the abovementioned ISM indices were compared. Using the
singular value decomposition and linear correlation, the WYI was most closely related to
the uniform NDVI pattern (figures omitted). Therefore, following Webster and Yang [72],
the area-mean vertical shear (U850-U200) of zonal winds over the region (40-110°E, 0—20°N)
in June-August (JJA) was referred to as the ISM index (Figure 2b).

3. Results
3.1. Correlations between the ISM and TP Precipitation and Vegetation

Precipitation is one of the main climatic factors affecting TP vegetation in the main
growing season [35]. As mentioned in Section 1, the ISM is highly associated with TP
precipitation. As such, the ISM should influence the inter-annual variability of vegetation
on the TP by modulating precipitation over the TP. Moreover, the ENSO and IOBM can
modulate the onset time and intensity of ISM [37,38,48,76,77]. This implies that the ENSO
and IOBM may influence the TP precipitation by adjusting the ISM.

Figure 3 reveals the contribution of ENSO, IOBM, and ISM to the TP vegetation on
inter-annual scales. A clear and significant positive correlation between the JJA ISM and
JJAS TP NDVI appears over most of the TP, manifesting a similarly uniform NDVI pattern
(Figure 3a). Moreover, the correlation coefficient between the UNPI and the ISM is 0.45,
exceeding the confidence level of 99%. The JJAS TP NDVI is negatively correlated with the
spring IBOM/ previous winter ENSO, with large loadings (coefficients) roughly distributed
on the southwestern TP /northeast-southwest oriented region (Figure 3b,c). These negative
correlations reveal that corresponding to positive IOBM/El Nifio, the ISM weakens [77].
The correlation coefficient between the UNPI and the spring IBOM is —0.25 and that
between the UNPI and the previous winter ENSO is —0.26, which are lower than that
between the UNPI and ISM (0.45). After removing the influence of the ISM via the partial
correlation, the negative correlation between the spring IBOM (previous winter ENSO) and
the JJAS TP NDVI significantly decreased (Figure 3e,f),and the coefficient dropped to —0.09
(—0.23) not reaching the 90% confidence level. To some extent, this implies that the ISM
fulfills a “bridge” role linking the influence of ENSO and IOBM with the vegetation growth
on the TP. The contribution of ENSO and IOBM to the TP vegetation becomes weaker due
to the absence of the bridge effect of ISM.

In contrast, the correlation between the ISM and JJAS TP NDVI slightly decreases after
removing the influence of ENSO and IOBM via the partial correlation, but a significantly
positive correlation still covers the eastern TP (Figure 3d), showing a closer relationship
than the ENSO-UNPI and IOBM-UNPI ones. After removing the influence of ENSO and
IOBM,, the correlation coefficient between the UNPI and ISM still reaches 0.29, significant
at the 95% confidence level. This suggests that the ISM is not only a “bridge” relaying the
influence of the ENSO and IOBM on the TP vegetation growth but also has a significant
and direct effect on vegetation growth on the TP, albeit in the absence of ENSO and IOBM.
Thus, we focus on the relationship between the ISM and the TP precipitation and NDVI in
the following study.



Remote Sens. 2023, 15, 3612 7 of 21
(a) Corr with ISM (b) Corr with 10BM (c) Corr with ENSO
FTy |V — FTe | N — Wy N — .
o \ =y o ﬂ\ /,._{_yfgﬁ:}a\
R 5 . - SRS
e | e D s S B
35N Jﬂ@{ 35N J'J”“?; 35N e Bt “‘a
1 A 1 e 1 By ; - .
| \“ . ‘w. ¥ }
] ] ] - oot . T ,r'f
30N 30N 30N L\\@ ,lé.
1 v\v\d'\nh/ M«:{k
25N , SR 25N , . S S 25N , ....... ]
70E 80E 90E 100E 110E  70E 80E 90E 100E 110E  70E 80E 90E 100E 110E
(d) Corr with ISM  Without ENSO & I0BM (e) Corr with 10BM Without ISM (f) Corr with ENSO Without ISM
40N s N grr—y Y P
gaL TR R BN S 3
938
“‘*w/ b ,Sf Fi' o PP S
1 K
35N 35N J"E}\ 35N P s L)
i B oE A
S, O
\,; .. L ""P ., At J \ S| gk 37 A .""«, . _J;.
30N 30N g 0 Y \-’ 30N U AR B
| | @ . W /ﬁ\‘,} . | \n% / Uﬁ\\:ﬂ 1 L)
T Tl "" A | W/I' .‘.
| o aef i
25N e - 25N e
70E 80E 90E 100E 110E  70E 80E 90E 100E 110E  70E 80E 90E 100E 110E
| | | | [ I
-0.4 -0.3 -0.2 -0 0 0.1 0.2 0.3 0.4 0.5

Figure 3. Correlations of the JJA ISM (a), MAM IOBM (b), and D(—1)JF Nifio 3.4 (c) indices with the
JJAS NDVI anomalies on the TP, respectively. (d) Partial correlations of the JJA ISM index with the
JJAS NDVI anomalies on the TP, where the influences of the IOBM and ENSO were linearly removed.
Partial correlations of the MAM IOBM (e) and D(—1)JF Nifo 3.4 (f) indices with the JJAS NDVI
anomalies on the TP, where the influence of the ISM index was linearly removed. Black dots indicate
coefficients exceeding the confidence level of 95%. The “"MAM” and “D(—1)JF” denote the spring
(March-May) and previous winter (December—February), respectively.

Figure 4a presents the correlations of the ISM with the TP precipitation in May—
August (MJJA). Note that the periods for the correlations are different from Figure 3c since
precipitation has a one-month-lagged effect on the TP NDVI [24,25,29,35]. The ISM is
highly positively linked with precipitation over the southwestern TP, exhibiting a central
coefficient of 0.52, which reaches the confidence level of 95%. Based on the key region with
significant correlations (Figure 4a), we referred to the area-mean precipitation anomaly over
the southwest of the TP (80-92°E, 28-35°N) in MJJA as the precipitation index (PRE index).
Time series of the ISM index, PRE index, and UNPI are compared in Figure 4b—d. In these
figures, we can detect a slightly better correlation between the ISM and precipitation (0.50)
than that between the ISM and NDVI (0.43), but both reach the confidence level of 99%
(Figure 4b,c). Since precipitation directly affects the TP vegetation growth, the correlation
between precipitation and the NDVI was expected to be greater than that between the
ISM and NDVI. However, the former exceeds the 95% confidence level by 0.34 (Figure 4d),
lower than the latter (Figure 4c). Note that all three indices exhibit a clear upward trend
(Figure 4b—d); these correlations could be influenced by global warming. Therefore, their
linear trends are removed in the subsequent sections.

After removing their linear trends, the ISM still maintains a significant correlation
with the other two indices, which has an approximate coefficient of 0.49 (0.41) with the
PRE index (UNPI) exceeding the confidence level of 99%. The PRE index mainly represents
the ISM, exhibiting a regional correlation with precipitation over the TP (Figure 4a), while
the UNPI represents the variation in vegetation on the overall TP. Thus, the PRE index’s
correlation with the UNPI decreases from 0.34 to 0.16, which is significantly lower than
the correlation between the ISM and UNPI (Figure 4c,d). Such a result implies that the
influence of the ISM on the TP vegetation does not depend merely on precipitation, while
other ISM-induced climatic factors may contribute to the TP vegetation growth. Clearly,
the influence of the ISM on the TP vegetation requires further analysis.
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Figure 4. Correlation between the ISM and the MJJA precipitation ((a); unit: mm) anomalies.
(b) Correlation between the ISM index (black lines) and the PRE index (blue lines). The other
two figures are as (b), but correlations are between the UNPI (red lines) and the ISM index (c), and
between the UNPI and the PRE index (d). Dashed lines indicate the trend of the indices. The R
outside the parentheses is the coefficient between these time series of the unremoved trend, while the
R in parentheses is removed. Black dots indicate variables exceeding the 95% confidence level.

3.2. Physical Process of the ISM Affecting the TP Vegetation

As an external climatic factor, the ISM plays a role in modifying the vegetation growth
on the TP NDVI by stimulating atmospheric circulation to alter the thermal and moisture
conditions over the TP. In this section, the process of the ISM influencing the JJAS TP
NDVI is explored by linear regression and partial correlation analyses in terms of the
atmospheric circulation (Figure 5), water vapor transportation, convection (Figure 6), and
thermal conditions over the TP (Figure 7).

In June, the climatological South Asia high (SAH) [78] in the upper troposphere
(200 hPa) is situated south of 30°N, with its center around the southern TP. A strong
positive geopotential height anomaly appears over the Iranian Plateau, indicating that the
SAH significantly strengthens and shifts northwestward to the western TP (Figure 5a). In
the middle-lower troposphere (500-850 hPa), two cyclonic convergences occur around the
Indian and Indo-China Peninsulas where air pressure significantly decreases (Figure 5e,i).
The enhanced SAH induces the ISM onset, which drives a significant increase in the
transportation of water vapor from the Indian Ocean to the lower latitudes and accordingly
facilitates water vapor converging over the southern TP (Figure 6e). The strengthened
upward motion is induced by the low-pressure convergence and high-pressure divergence
in the lower and upper troposphere, which occurs over the southern TP to the south of 30°N
(Figure 6a). A negative outgoing longwave radiation (OLR) anomaly over the southern TP
coincides with the entry of water vapor (Figure 6i).
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Figure 5. Geopotential height (HGT; unit: gpdm; shading) anomalies at 200 hPa (a—d), 500 hPa (e-h),
and 850 hPa (i-1) regressed upon the ISM from June to September, respectively. The brown contours
indicate the climatological SAH. Black vectors indicate horizontal wind (UV; unit: m/s) anomalies.

White dots indicate variables exceeding the confidence level of 95%.

By July, the location of the SAH in the upper troposphere essentially remains unmoved,
but its area and intensity are significantly enhanced (Figure 5b). From June to July, the cy-
clonic convergence over the Indo-China Peninsula moves eastward to the northwest Pacific
in the middle-lower troposphere. During the same period, the low pressure over the Indian
Peninsula intensifies and slightly moves eastward (Figure 5f,j). Water vapor fluxes are
shifted significantly northward, and then large quantities of water vapor are carried to the
lower-latitude TP, where they then converge (Figure 6f). The enhanced upward motion over
25°-35°N and downward motion on either side (Figure 6b) promote convection, featuring
a significant negative OLR anomaly over the southwestern TP (Figure 6j). This sufficient

water vapor and strengthened convection contribute to the increase in precipitation.
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Figure 6. (a—d) Vertical pressure velocity (unit: hPa/s) anomalies regressed upon the ISM from June to
September in latitude vertical cross section (averaged for 80-90°E), with negative values for upward
motion. (e-h) Integrated water vapor flux from surface to 300 hPa (unit: kg/(m-s); blue vector) and
water vapor flux divergence (unit: 10 x 10~"kg/(m?-s-hPa); shading) anomalies regressed upon
the ISM from June to September. (i-1) Outgoing longwave radiation (OLR; unit: W/ m?2) anomalies
regressed upon the ISM from June to September. White dots indicate variables exceeding the
confidence level of 95%.

As the SAH intensity decreases slightly in August (Figure 5c), the corresponding
cyclonic convergences at 500 hPa and 850 hPa move westward to the Indo-China Peninsula,
resulting in a weakening low pressure over the Bay of Bengal (Figure 5g,k). Changes in at-
mospheric circulation reduce the transportation of water vapor, which causes a consequent
reduction in water vapor flux convergence to the southern TP (Figure 6g). The significant
upward motion still appears over the overall TP (Figure 6¢). Correspondingly, the negative
OLR anomaly still appears over the central and western TP (Figure 6k), but the intensity
begins to decrease, with the numerical value of the maximum OLR anomaly decreasing
from approximately 9 W/m? to 6 W/m?.

In September, the SAH intensity weakens substantially (Figure 5d), and a cyclonic
circulation develops near the Arabian Sea in the mid-troposphere (Figure 5h). This causes
the entire circulation system to move westward, with a significant downward motion
(Figure 6d) and reduced convection (Figure 6l) over the TP.



Remote Sens. 2023, 15, 3612

11 of 21

Lotent Heaot Flux Sensible Heat Flux

110E TOE 80E 90E 100E 110E
(f) Jul

25N | T T T 25N ~

110E  7OE 80E 90E 100E 110E
(g} Aug

35N

30N

2EN 4 -
T0E BOE S0E 100E 110E TOE BOE 90E 100E 110E
(h}) Sep
40N = o 40N =

[

35M 35N
SO 30N '
I
25N 25N
JOE BOE 90E 100E 110E TOE B0E 90E 100E 110E

[ T —————
-04 -0.2 0 02 04 -04 =02 0 02 04

Figure 7. Partial correlations of the ISM with latent heat flux ((a—d); unit: W/ m?) and sensible heat
flux ((e-h); unit: W/m?2) anomalies over the TP from June to September, where the influence of
the PRE index was linearly removed. White dots indicate coefficients exceeding the confidence
level of 95%.

As mentioned in Section 3.1, the ISM can influence vegetation on the TP through
other climatic factors induced by the ISM besides precipitation, such as thermal factors
(e.g., latent and sensible heat fluxes). Vegetation dynamics could largely affect the thermal
conditions over the TP [12-15]. For example, the greening of TP vegetation can reduce
surface albedo and thus increase sensible heat flux [14,15]. Based on that, we examined the
partial correlation of the ISM with surface latent and sensible heat flux over the TP after
removing the influence of the PRE index (Figure 7). Due to the annual cycle of vegetation
growth on the TP, its coverage gradually increases from June to July. The consequently
enhanced evapotranspiration of vegetation leads to substantial heat absorption, which
promotes the transportation of latent heat across the TP and cools some regions of the TP.
Meanwhile, the decrease in surface albedo induced by the substantial vegetation leads to an
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increase in sensible heat over most of the TP. Thus, the latent heat flux over the TP exhibits
a distinct positive anomaly in JJA (Figure 7a,b), as does the sensible heat flux (Figure 7ef).
When the TP vegetation reaches its maximum coverage in August, the positive latent heat
flux anomalies over the TP manifest the greatest magnitude, and the range of negative
sensible heat anomalies also increases (Figure 7c,g). With the reduction in the TP vegetation
in September, a significant decrease in the positive latent heat anomaly occurs over the TP,
whereas the increased albedo leads to a wide range of negative sensible heat flux anomalies
(Figure 7d,h).

Based on the above sections, we suggest the ISM may change air and ground tem-
perature over the TP through varying vegetation growth. Additionally, the ISM-induced
precipitation can affect the sunshine duration over the TP. Anomalous changes in these
ISM-induced climatic factors jointly affect the NDVI inter-annual variability on the TP. Con-
sidering the one-month-lagged impact of precipitation on vegetation, the JJA precipitation
anomaly, and the JAS surface air temperature, ground surface temperature and sunshine
duration anomaly were regressed upon the ISM index (Figure 8).
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Figure 8. Precipitation (PRE) anomalies in JJA ((a); unit: mm) and surface air temperature (SAT)
((b); unit: °C), ground surface temperature (GST) ((c); unit: °C), and sunshine duration (SSD)
((d); unit: hours) anomalies in JAS regressed upon the ISM index. White dots indicate variables
exceeding the confidence level of 95%.

Regulated by the ISM, precipitation increases significantly over the southwest of the TP
and decreases over the Pamir Plateau and the southeast of the TP (Figure 8a). Surface air and
ground temperatures exhibit significant warming over the northeastern TP to the north of
33°N (Figure 8b,c), which can contribute to higher NDVI across almost the entire TP. In fact,
sunshine duration over the TP is not affected by the ISM, and the shorter sunshine duration
should be attributed to the simultaneously increased precipitation. Precipitation increases
abnormally over the southwest of the TP, where the sunshine duration is significantly
shortened (Figure 8d). This finding is consistent with Mao et al. [35].

To examine the impact of the ISM-induced climatic factors on the NDVI inter-annual
variability on the TP, we defined the corresponding indices in accordance with the signif-
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icant regions (Figure 8) affected by these climatic factors. The JAS area-mean surface air
temperature (ground surface temperature) anomalies over the north of the TP (70-104°E,
34-40°N) are referred to as the SAT (GST) index. The SSD index is determined in the same
definition as the PRE index in Section 3.1, but in JAS. Based on the ISM and these indices,
the following regression equation was established to estimate the UNPL

UNPI, = 9.9 x 107° — 0.15 % PRE — 0.39 % SAT + 0.69 % GST — 0.12 % SSD + 0.28 * ISM 1)

in which the term on the left represents the estimate of UNPI (UNPI,), and the terms on

the right represent the effect of these indices (PRE, SAT, GST, SSD and ISM) with different
weights. For ease of calculation, the estimated intercept of 9.9 x 10~ in Equation (1) is
usually negligible.

Figure 9 presents the regression of the monthly NDVI anomaly upon the UNPL in JJAS.
Positive NDVI anomalies appear on the TP for each month (Figure 9a-d), displaying an
approximately uniform NDVI pattern after four-month vegetation accumulation (Figure 9e).
This suggests that the inter-annual variability of NDVI on the TP in JJAS can be attributed
to the ISM and its induced changes in the local climatic factors in the TP, which can account
for more than 52% of the variation in the UNPI.
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Figure 9. (a) NDVI anomalies in June (a), July (b), August (c), September (d), and JJAS (e), respectively,
as regressed upon the UNPI.. Black dots indicate variables exceeding the confidence level of 95%.
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4. Discussion

This paper indicates that the ISM is a significant external factor affecting the inter-
annual variation in TP vegetation in the growing season, and examined the correlations
among the ISM, the TP precipitation, and the TP vegetation. The findings reveal that the
correlation between ISM and UNPI is much greater than that between UNPI and ISM-
induced precipitation, especially when the linear trends of the three indices were removed
(Figure 4b—d). The variations in the uniform NDVI pattern on the TP in JJAS on inter-
annual scales are caused by a combination of several local climatic factors [35]. Therefore,
instead of precipitation, other ISM-induced climatic factors dominate the inter-annual
variations in vegetation on the TP. In addition to regulating the atmospheric circulation and
associated precipitation over the TP, the ISM can also influence the inter-annual variability
of vegetation by inducing changes in the TP thermal conditions. Figure 10 summarizes the
process of the ISM influencing the vegetation growth on the TP.

s

\_

Precipitation over the Provision of Water Vapor Vegetation over the\

Tibetan Plateau Tibetan Plateau
Impact on Growth
Reduced
Sunshine Increased
Indian Summer Monsoon Duration Coverage
Thermal Conditions on _ Changes in Sensible Heat Surface Albedo/
the Tibetan Plateau Absorption of Latent Heat Evapotranspiration

Figure 10. The influence process of the ISM on the inter-annual variability of vegetation on the TP in

its main growing season.

In the main growing season (JJAS), changes in the SAH concerning its location and
intensity cause higher pressure (positive HGT anomalies) over the TP in the upper tro-
posphere, and lower pressure (negative HGT anomalies) at the lower-latitude TP in the
middle-lower troposphere (Figure 5). Such an atmospheric circulation structure, with
atmospheric divergence and convergence in the upper and middle-lower troposphere,
respectively, enhances the upward motion over the TP (Figure 6a—d). Furthermore, the
transport of water vapor through the Indian Ocean entering the lower-latitude TP is fa-
cilitated by the strengthened cyclone activity in the lower troposphere (Figure 6e-h). The
sufficient water vapor and strengthened convection can increase precipitation over the TP,
thus promoting vegetation growth.

Vegetation evapotranspiration modulates thermal conditions over the TP as a result of
the physical phase transition of water, as well as altering the local atmospheric water vapor
content and associated precipitation. Additionally, the variations in vegetation coverage
also can affect surface sensible heat flux by modifying the TP surface elements, such as
albedo and roughness. With the gradual increase in vegetation, the enhanced evapotran-
spiration replenishes the atmospheric water vapor over the TP while absorbing latent
heat (Figure 7a—d) and altering surface sensible heat (Figure 7e-h). Due to the interaction
between vegetation and temperature, a certain degree of warming promotes vegetation
growth. According to earlier studies, changes in thermal conditions over the TP may also
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affect vegetation growth [23-26], and moderate warming of the northern TP effectively
promotes the growth of local vegetation [35]. Additionally, the ISM-induced increase in
precipitation can also lead to the lack of sunshine, which interferes with vegetation growth
on the TP [25].

We further explored the joint effects of the ISM and its induced changes in local
climatic factors (precipitation, air temperature, ground temperature, sunshine duration,
etc.) on the uniform NDVI pattern using multiple regression (Equation (1)). These factors
jointly modulate more than 52% of the variation in the UNPI. In other words, the ISM
not only influences the TP vegetation growth through precipitation, but also can regulate
the TP vegetation growth through modulating the variations in thermal factors in the
TP. The current findings are based on statistical analyses, which are insufficient to clarify
the influence of the ISM on the TP vegetation. We will further verify the results through
numerical experiments in the future.

Various factors have an impact on the ISM, such as the TP diabatic heating, land—sea
thermal contrast, ENSO, and internal atmospheric processes [37,47-49,53]. Among these
factors, the TP atmospheric heat source directly affects the ISM onset, and its diabatic heat-
ing also plays a decisive role in the intensity and location of the ISM [52,53]. Additionally,
the increased vegetation on the TP can cause changes in local thermal conditions (Figure 7).
This raises an interesting question, that is, can the TP vegetation regulate the ISM through
the alteration of TP thermal conditions in its main growing season?

Table 1 exhibits the correlation coefficients between the monthly ISM from June to
September and the one-month-lagged, simultaneous, and summer (JAS) UNPIs. The ISM
and the one-month-lagged (summer) UNPI are positively correlated, with the highest
association between the July ISM and August (summer) UNPI The finding indicates the
response of the TP NDVI to the influence of the ISM in its main growing season. The ISM
is closely correlated with the simultaneous UNPI in June-July. However, the correlation
between the ISM and the simultaneous UNPI is insignificant in August-September. These
imply the possible influence of the UNPI on the ISM. The September ISM is hardly rele-
vant with summer UNPI with a coefficient of only —0.03, which suggests the ISM-UNPI
correlation has vanished at this time.

Table 1. Correlation of the monthly ISM with different months of the UNPI. The superscript “*”
denotes the coefficients that significantly exceed the confidence level of 95%.

June July August September
With the one-month-lagged UNPI 0.17 031* 0.19 0.30*
With the simultaneous UNPI 0.27 * 0.39 * 0.21 0.19
With the summer UNPI 0.24 0.39 * 0.33 * —0.03

The differences in latent and sensible heat fluxes over the TP, and the vertical shear
of zonal winds over the region (40-110°E, 0-20°N), are analyzed for typical positive and
negative UNPI years (Figure 11), where the changes in the ISM intensity can reflect the
correlation between the ISM and UNPL The typical UNPI years are characterized as having
an absolute value of the UNPI larger than a threshold of 0.5 standard deviations (see Table 2).
In June-July, the substantial growth and increased coverage of the TP vegetation result in
enhanced evapotranspiration and transportation of latent heat (positive anomalies) over
the central and northern TP (Figure 11a,b). A clear decrease in sensible heat fluxes (negative
anomalies) appears there, while the sensible heat fluxes increase significantly over the
northwest corner and southeast of the TP due to the reduced surface albedo (Figure 11e,f).
During this period, the relationship between the ISM and UNPI gradually becomes stronger
(Figure 11i,j). When the NDVI reaches its maximum coverage in August, positive latent
heat flux anomalies keep increasing due to the vegetation evapotranspiration (Figure 11c),
and the magnitude of negative sensible heat flux anomalies increases throughout the whole
TP except for the southeast (Figure 11g). In contrast, there is no significant increase in the
sensible heat fluxes over the southeastern TP because the vegetation coverage (albedo)
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no longer increases (decreases) (Figure 11g). The overall TP exhibits cooling, while the
correlation between the UNPI and ISM is somewhat weakened (Figure 11k). In September,
the vegetation still shows strong overall evapotranspiration over the TP despite the decrease
in TP vegetation coverage. Most of the TP experiences significantly increased latent heat
flux (Figure 11d), and the western TP to the west of 90°E experiences a significant decrease
in sensible heat flux (Figure 11h). Meanwhile, the ISM-UNPI correlation seems to disappear
(Figure 111).
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Figure 11. Differences in latent heat flux ((a—d); unit: W/ m?), sensible heat flux ((e-h); unit: W/m?)
anomalies over the TP, and vertical shear of zonal wind (U850-U200) anomalies ((i-1); unit: m/s) over
the region (40-110°E, 0-20°N), composited for positive and negative UNPI years. White dots indicate
variables exceeding the confidence level of 95%.

Table 2. Typical years of the UNPI in positive and negative phases.

Positive UNPI (Std > 0.5) Years Negative UNPI (Std < —0.5) Years
1988, 1994, 1997, 1999, 2000, 2010, 2011, 2012, 2013 1982, 1983, 1985, 1989, 1995, 2003, 2015, 2016, 2019




Remote Sens. 2023, 15, 3612

17 of 21

Comparing Table 1 and Figure 11, we speculate that the influence of the NDVI on
the TP thermal conditions could play a de-correlation role between the ISM and the TP
vegetation in late summer and early autumn. However, our current findings are insufficient
to confirm the above opinion. The specific physical mechanism requires further study. The
current findings reveal a closer relationship of the TP vegetation with the ISM than that
with the IOBM and ENSO on inter-annual scales, explore the influence of the ISM on the
TP vegetation, and preliminarily present the speculation of the potential physical process.
However, as a “bridge” linking the potential contributions of ENSO and IOBM with
vegetation growth on the TP, the effect of the ISM on the growth of the TP vegetation needs
to be further quantified. Therefore, a series of numerical experiments should be performed
in the future to quantify the specific contributions of several external climatic factors (e.g.,
the ISM, IOBM, ENSO) to the inter-annual variability of the TP NDVI, especially the role of
the ISM. These studies may further deepen our understanding of the relationship between
the TP vegetation and regional and global climate change and facilitate future predictions
of vegetation activity on the TP on inter-annual scales.

5. Conclusions

Using remote-sensing-based NDVI, several sets of reanalysis, and meteorological
station observed data, this paper explored the influence of the ISM on the NDVI inter-
annual variability on the TP in JJAS. The findings reveal that the ISM is an external factor
affecting the inter-annual variation of TP vegetation in the growing season. Furthermore,
the contribution of ISM is more direct and significant than that of ENSO and IOBM. The
ISM, TP NDVI, and TP precipitation are all positively correlated with each other. Although
precipitation is a direct factor of vegetation growth, the correlation between precipitation
and NDVI greatly decreases after removing their linear trends and is much smaller than
that between the ISM and NDVI. This implies that the ISM influences the TP vegetation
not only by changing precipitation but also by inducing the changes in thermal factors
in the TP.

Corresponding to a strong ISM, anticyclonic circulation develops over the TP in the
upper troposphere, and significant cyclonic circulation develops over the southern TP
in the middle-lower troposphere, which also represents a strengthened SAH. This upper
and middle-lower tropospheric circulation structure enhances upward motion over the
TP. Moreover, the middle-lower tropospheric cyclones can induce more water vapor to the
south of the TP. The sufficient water vapor and strengthened upward motion both facilitate
more precipitation over the southwest of the TP, which affects vegetation growth. The
ISM-induced increase in precipitation over the TP also affects the TP thermal conditions
by modulating sunshine duration. Moreover, vegetation can affect TP thermal conditions
through its evapotranspiration and coverage. The increased vegetation causes the TP
warming, and the TP warming can in turn promote vegetation growth. Further multiple
regression analysis revealed that the ISM and its induced changes in local climatic factors
can account for more than 52% of the NDVI inter-annual variability on the TP in JJAS.

Additionally, changes in TP thermal conditions, which are regulated by the NDVI in
late summer and early autumn, may influence the relationship between the ISM and TP
vegetation. In the early growing season (June-July), the UNPI and ISM are significantly
correlated. Composite analysis suggests that the TP NDVI causes the changes in TP
thermal conditions and thus affects the ISM intensity. Relative to June—July, the ISM
intensity is weaker in August-September. This weakening will be more severe in the case
of increased vegetation, which may disturb and weaken the correlation between the ISM
and TP vegetation in late summer and early autumn.
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