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Warming, increase in precipitation, and irrigation
enhance greening in High Mountain Asia
Fadji Zaouna Maina1,2✉, Sujay V. Kumar 1, Clement Albergel3 & Sarith P. Mahanama1,4

High-Mountain Asia exhibits one of the highest increases in vegetation greenness on Earth,

subsequently influencing the exchange of water and energy between the land surface and the

atmosphere. Given the strong interactions between the hydrosphere, the biosphere, and the

cryosphere, understanding the drivers of greening in this highly complex region with sig-

nificant land cover heterogeneity is essential to assess the changes in the regional water

budget. Here, we perform a holistic multivariate remote sensing analysis to simultaneously

examine the primary components of the terrestrial water cycle from 2003 to 2020 and

decipher the principal drivers of greening in High-Mountain Asia. We identified three drivers

of greening: (1) precipitation drives greening in mid and low elevation areas covered by

evergreen and mixed forests (e.g., Irrawaddy basin), (2) decreases in snow enhance greening

in most of the hydrologic basins, and (3) irrigation induces greening in irrigated lands

(Ganges–Brahmaputra and Indus).
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Understanding changes in vegetation, a key component of
the biosphere, is critical to improving our ability to pre-
dict, mitigate, and adapt to future changes in climate1.

Over the past decades, satellites enabling large-scale vegetation
monitoring such as measurements of leaf area index (LAI) have
revealed that our planet is greening2–6. While greening is pri-
marily caused by CO2 fertilization2,3,7–10, it could also potentially
be attributed to or exacerbated locally by land management and
precipitation trends3. Earth’s greening impacts hydrologic con-
nectivity and fluxes4,7,11,12 as well as atmospheric dynamics13,14.
Therefore, assessing greening drivers is essential to deepen our
understanding of the two-way interactions between the changes
in the biosphere and the hydrosphere, which in turn, is crucial to
improving our understanding of the movement and transfer of
water and energy from the subsurface to the atmosphere.

High Mountain Asia (HMA), a high-elevation geographical
area (considered as the region from 20°N to 46°N, and 60°E to
111°E here), includes the Asian mountain ranges surrounding the
Tibetan Plateau (Fig. 1) and hosts the world’s largest reservoirs of
glaciers, ice, and snow outside the polar regions. Multiple pro-
cesses control its terrestrial water budget including cryospheric
sources of water (snow, glacier, and permafrost melting), mon-
soon and westerlies dynamics, and anthropogenic activities such
as irrigation and pumping. The region encompasses many
important and large-scale hydrologic basins (e.g., the
Ganges–Brahmaputra, the Indus, and the Yangtze) and is home
to over a billion people, who rely on its water towers15,16 for
agriculture, ecosystems preservation, livelihood, and energy. The

topography, hydroclimate, and vegetation of HMA are highly
heterogeneous. Elevation ranges from the sea level to the world’s
highest point (i.e., Mount Everest), and the land cover includes
evergreen forest, croplands, grasslands, and bare soil.

HMA is already experiencing the impacts of global
warming17,18, which includes both changes in precipitation and
increases in temperature19–24 at an alarming rate. In addition,
India and China have one of the highest rates of greening on
Earth19,25–29 that could be attributed to changes in climate24,30,31,
land use, and land cover2,25,27. While ~79% of greening on Earth
is attributed to CO2 fertilization and nitrogen deposition2,3, in
HMA, the high increases in vegetation greenness are moisture
induced32 and are caused by changes in climate and land use2,3.
In this study, we analyze how climatic and anthropogenic factors
affect the moisture induced greening in HMA. A better under-
standing of the drivers of greening in HMA will provide insights
into its impacts on water resources as well as the interactions
between the land and the atmosphere21,29,33,34. Here we employ a
holistic approach that simultaneously analyzes multiple processes
at the interface of water and vegetation dynamics to identify the
principal drivers of greening. We utilize a large set of remote
sensing products to study the water and energy cycle changes
from 2003 to 2020. The increase in vegetation greenness is
quantified using the LAI data provided by MCD15A2H Version 6
Moderate Resolution Imaging Spectroradiometer (MODIS)35. We
then link these changes to the above and below root zone
hydrodynamics as well as atmospheric processes. Specifically, the
key land surface processes (snow dynamics by analyzing the snow

Fig. 1 Maps of High Mountain Asia. a elevation, b land cover99, c average annual IMERG precipitation and d air temperature from 2003 to 2020 from
ERA5, and e percent of irrigated areas per pixel41. The black lines indicate the limits of the hydrologic basins and their names are indicated in (e).
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cover fraction provided by MODIS MOD10CM36 and soil
moisture provided by the European Space Agency Climate
Change Initiative ESA CCI37) and the variations of the terrestrial
water storages measured by the Gravity Recovery And Climate
Experiment GRACE38 are examined here. These changes in water
availability enabling greening are then linked to either anthro-
pogenic activities (i.e., irrigation) or changes in atmospheric
conditions (i.e., precipitation and air temperature) by analyzing
gridded surface meteorology products, including ECMWF’s fifth
generation of atmospheric reanalysis of the global climate ERA539

and the Final product of the Integrated Multi-satellitE Retrievals
for Global Precipitation Measurement IMERG40. Our study
shows that depending on the elevation, the land cover, and the
land use, greening in HMA is driven by three main factors:
intense irrigation, decreases in snow cover, and an increase in
precipitation. The spatial distribution of the relative influence of
these factors is captured in Fig. 2.

Results
The increase in vegetation greenness is highly heterogenous in
HMA. Regions located in low and mid-elevation (<4000 m) have
the highest rates of increase (Supplementary Fig. 1). Changes in
LAI also depend on the type of land cover: evergreen and mixed
forests representing around 13% of HMA have an increase in LAI
equal to 0.011 m2m−2year−1, croplands covering ~18% of HMA
have an increasing trend of LAI equal to 0.01 m2m−2year−1, and
grasslands covering ~16% of HMA have an increasing trend of
LAI equal to 0.0036 m2m−2year−1 on average.

Irrigation-induced greening. Increases in vegetation greenness
stemming from agricultural practices mainly appear in the
Ganges–Brahmaputra and the Indus basins, the two agricultural
and densely populated hydrologic basins in HMA where intense
irrigation41 and pumping42 occur. Moreover, croplands of these
two basins show the highest increases in LAI in HMA (up to 0.04
m2m−2year−1 in the Ganges–Brahmaputra and 0.03 m2m−2

year−1 in the Indus), these results are similar to the ones docu-
mented in the previous works3,43. Besides, the world’s highest
TWS decreases are found in this area (up to −10 cm/year in the
Ganges–Brahmaputra and 4 cm year−1 in the Indus, Supplemen-
tary Figs. 2 and 3), similar to the previous works42,44–46.
Groundwater provides approximately 60% of the water used for
irrigation and over 80% of the rural and urban domestic water
supplies in India originate from groundwater, making India the
world’s largest user of groundwater47. Groundwater withdrawals
deplete the aquifers and yield a decrease in TWS whereas irrigation
adds more water in the soil, increasing the soil moisture. Figure 3
shows the unique contributions of soil moisture and snow cover to

TWS and LAI changes using a non-parameteric information the-
ory analysis (Section 4.2). As shown in Fig. 3a, the partial infor-
mation decomposition of TWS is strongly linked to the changes in
soil moisture, over Indus and Ganges–Brahmaputra. Increases in
soil moisture by irrigation led to more water available to sustain
the crops and to enhance vegetation greenness25,32,43,48. Conse-
quently, increases in LAI are mainly driven by the changes in soil
moisture, as indicated by the unique information of soil moisture
(Fig. 3a, b). The low unique and redundant information of pre-
cipitation and temperature about the soil moisture in the area
(Fig. 4) confirms that the increases in soil moisture at a rate equal
to ~2%/year (Supplementary Figs. 2 and 3) are neither linked to
precipitation nor temperature rather the intense water applied
through irrigation despite an increasing trend of precipitation
equal to 0.06mm day−1year−1 (Supplementary Figs. 2 and 3) in
some gridded products.

Warming-induced greening. Here, we refer to warming-induced
greening as a consequence of the increase in soil moisture
deriving from the decreases in snow rather than the direct impact
from increase in air temperature. The increase in air temperature
in HMA (up to 0.6 °C on average in the Tibetan Plateau and other
areas subject to strong interactions with the cryosphere such as
the mountain ranges of the Hindu Kush and Pamir) has led to a
decrease in snow cover fraction (>−0.4% year−1) and an increase
in soil moisture (up to 1% year−1; Supplementary Fig. 2). As a
result, there is more water available for vegetation growth49–51.
Moreover, warming tends to shorten the snow accumulation
time52, which increases the growing season for vegetation. In
these basins, changes in LAI and TWS are due to both the var-
iations of snow cover fraction and soil moisture due to their
interdependence (Fig. 3a, b). We attribute greening to the
decreases in snow cover as it causes the soil moisture to increase.
As such, the direct impact of temperature on soil moisture is low.
Greening in response to the decreases in snow is observed in eight
out of eleven HMA hydrologic basins. While only a small portion
of greening in the Ganges–Brahmaputra and the Indus is con-
trolled by the decreases in snow cover fraction, increases in
vegetation greenness in the Tibetan Plateau, Hwang Ho, Ili, Amu
Darya, Syr Darya, and Tarim are mostly driven by warming.

TWS at the boundary of the Tibetan Plateau is uniquely
controlled by the changes in snow cover whereas both soil
moisture and snow cover contribute to the changes in TWS in the
center portion of the Tibetan Plateau (Fig. 3a). The Tibetan
Plateau, experiencing one of the highest rates of warming in the
world17,53–57 depicts a decrease in the annual snow cover fraction
(Supplementary Fig. 2), however, only summer and fall snow
cover sees a significant decrease while snow cover fraction in
winter tends to increase58,59. This is due to an increase in
precipitation at a rate varying from between 0.01 to 0.04 mm
day−1year−1 (Supplementary Fig. 2) on average depending on the
dataset. The observed warming in the Tibetan Plateau is likely not
sufficient to shift the precipitation phase. Because both precipita-
tion and temperature move to a direction favorable to greening,
the small increases in LAI in the Tibetan Plateau are driven by
both soil moisture and snow cover fraction (Fig. 3a and b), which
create more water available for vegetation growth and longer
growing seasons. As in this work, previous studies have attributed
greening in the Tibetan Plateau to both changes in temperature
and precipitation; besides, some studies have shown that the
increases in temperature lead to conditions amenable to the plant
activity in addition to enhancing photosynthesis and leading to a
longer growing season24,60,61.

Despite an increase in precipitation in the Yangtze (with
an average rate equal to 0.03 mm day−1year−1; Supplementary

Fig. 2 Spatial distribution of the principal drivers of greening in HMA.
Precipitation-driven greening is observed in areas where the information
about LAI from precipitation/soil moisture is the highest. Warming-induced
greening is limited to areas where the information from snow cover about
LAI is the highest. Irrigation-induced greening is observed in irrigated lands
where the information about LAI from soil moisture is the highest.
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information, Fig. 1) resulting from an increase in frequency and
intensity of extreme precipitation62,63, snow cover decreases due
to increased air temperature (~0.2 °C year−1). Greening in this
portion of the Yangtze basin where the elevation is higher than
1500 m is predominantly controlled by the decreases in snow
cover as the unique information of soil moisture about LAI as
well as the redundant information between soil moisture and
snow cover are low (Fig. 3a and b). This is because summer and
fall snow cover in this area covered by mixed forest has decreased,

which led to a longer growing season and subsequently an
increase in vegetation greenness.

In the Ganges–Brahmaputra and the Indus, the decrease in
TWS in response to the decrease in the cryospheric storages is
restricted to certain elevation ranges (elevation > 3000 m) and
landcover type (a mixture of evergreen and mixed forests).
However, the magnitude of the TWS trends (~0.1 cm year−1) is
lower than in the irrigated lands. Both soil moisture and snow
cover control TWS and LAI as indicated by the partial

Fig. 3 Contributions of soil moisture and snow cover to the changes in Terrestrial Water Storage (TWS) and Leaf Area Index (LAI). a Spatial
distributions of the unique and redundant information of soil moisture (SM) and snow cover (SC) in the Terrestrial Water Storage (TWS) and Leaf Area
Index (LAI). b Average basins and sub-basins values of the unique and redundant information of soil moisture (SM) and snow cover (SC) in the Leaf Area
Index (LAI). Ir is irrigated lands, N.Ir. non irrigated lands, H.E high elevation, and M.E mid-elevation. Because the synergistic information has very low
values, we only show the unique and redundant information.

Fig. 4 Contributions of precipitation and temperature to the changes in soil moisture and snow cover. Spatial distributions of the unique and redundant
information of precipitation (P) and temperature (T) in the soil moisture (SM) and snow cover (SC). Because the synergistic information has very low
values, we only show the unique and redundant information.

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00374-0

4 COMMUNICATIONS EARTH & ENVIRONMENT |            (2022) 3:43 | https://doi.org/10.1038/s43247-022-00374-0 | www.nature.com/commsenv

www.nature.com/commsenv


information decomposition (Fig. 3a and b). The decreases in
snow cover fraction and the resulting increases in soil moisture
cause the LAI to increase at a rate equal to 0.02 m2m−2year−1.

The Hwang Ho basin is a high-elevation (elevation greater than
1000m) basin located in the eastern part of HMA characterized by
a decreasing snow cover fraction (Supplementary Fig. 5). Although
the precipitation increases, TWS decreases (~1 cm year−1), a
consequence of an increase in air temperature (~0.1 °C year−1).
The high redundant information of soil moisture and snow cover
about LAI indicates that the decrease in snow leads to an increase
in soil moisture which in turn enhances vegetation growth (Fig. 3 a
and b). A similar phenomenon is observed in the Northwestern
basins (Ili, Syr Darya, Amu Darya, and Tarim). However, in
these basins, the yearly changes in LAI are low (inferior to
0.01 m2m−2year−1) even though the decreases in snow cover
fraction (superior to −0.4% year−1) are the highest. These changes
in cryospheric storages sustaining the growth of vegetation lead,
however, to a decrease in TWS (up to 1 cm year−1) despite the
increase of the westerlies precipitation (~0.05–0.07mm day−1year−1,
Supplementary Figs. 2 and 5).

Precipitation-driven greening. Precipitation-driven greening is
observed in mid and low elevation areas covered by evergreen and
mixed forests located in the southeast of HMA encompassing
some portions of the non irrigated lands of the Indus and the
monsoon-dominated climate basins (Irrawaddy, Si, and Song
Hong)64,65. In these areas, soil moisture unique information
about TWS and LAI is the highest and snow plays a smaller role
(Fig. 3a, b). The partial information decomposition also shows
that changes in soil moisture are mostly a result of the variations
of precipitation (Fig. 4). All studied precipitation products show
an increasing trend of precipitation in the non irrigated lands of
the Indus (0.03 mm day−1year−1 to 0.08 mm day−1year−1

depending on the product, Supplementary Fig. 1) which trans-
lates into an increase in TWS (<0.1 cm year−1). Likewise, pre-
cipitation in the monsoon-dominated climate basins has seen an
increase (~1 mm day−1year−1), however, the TWS has a small
decrease that could be attributed to the decreases in TWS in some
years because of anthropogenic activities. In the Si and Song
Hong basins, TWS decreases significantly from 2003 to 2006
(Supplementary Fig. 4) likely due to a substantial increase in
groundwater abstraction for agriculture and public water
supplies64,66 in addition to the drought that the region experi-
enced during that period67. In the Irrawaddy basin, a sustained
decrease in TWS is observed, more prominently from 2012 to
2020 (Supplementary Fig. 4). As both precipitation and soil
moisture are increasing during that period, the decreases in TWS
are likely related to surface water diversion or pumping. Yearly
changes in precipitation and LAI although nonmonotonic, are
similar. For example, LAI decreases from 2003 to 2011 then
increases, a similar pattern is observed with precipitation, soil
moisture, and TWS (Supplementary Fig. 4). This reinforces the
fact that vegetation changes in these regions are mainly driven by
the changes in precipitation.

Discussion
Irrigation-induced greening affects more than 50% of the
Ganges–Brahmaputra basin and around 22% of the Indus basin
and leads to the highest increases in LAI in HMA. By altering the
vegetation dynamics, changes in soil moisture induced by intense
irrigation could strongly affect the interactions between the land
surface and the atmosphere68 and ultimately the climate
dynamics. A slight decrease (<0.03 °C year−1) in air temperature
in the irrigation and precipitation-controlled greening area
(Ganges–Brahmaputra, Indus, and Irrawaddy) is observed

contrary to the warming-induced greening zone, likely due to the
cooling effects of an increasing vegetation1. Warming-induced
greening areas experience an increase in precipitation likely due
to the increase in temperature17,69–72, which will further enhance
greening.

Increasing trends of LAI in China (i.e., the Yangtze basin) have
been attributed to afforestation25,27. Afforestation programs cer-
tainly may be contributing to the greening in the region, yet our
study highlights that the main driver of greening in the area is the
climate, and greening is observed in all the four major hydrologic
basins characterized by forests (evergreen and mixed) that com-
prise the area though these basins are in different countries.
While increases in precipitation can induce vegetation growth, an
increase in vegetation greenness could also lead to an increase in
precipitation by altering the interactions between the land surface
and the atmosphere. However, the temporal scale at which
vegetation growth from afforestation impacts the Earth system
and the atmospheric dynamics to contribute to an increasing
pattern of precipitation is much longer than the scale at which
increasing precipitation impacts the growth of forests.

Assessing the principal drivers of greening is essential to better
understand the interactions between the hydrosphere, the cryo-
sphere, and the biosphere especially in HMA where these inter-
actions are strong and steadily govern the water and energy
cycles. With the onset of global warming, greening may lead to
both cooling by increasing the evapotranspiration and warming
by decreasing the albedo. This study shows that in the most two
populated and heavily irrigated hydrologic basins of HMA
(Ganges–Brahmaputra and Indus), greening is triggered by
human activities. Proper accounting of these practices to accu-
rately represent their dynamics and impacts is important in Earth
system models and future projections of the changes in water,
energy, and biogeochemical cycles.

Methods
Selected remote sensing products. We perform a multivariate analysis of remote
sensing products to quantify the changes in vegetation and their links to the
changes in either soil moisture or snow cover. We then study how irrigation and
meteorological conditions (temperature and precipitation) affect the variations of
soil moisture and snow cover.

MODIS LAI. Changes in LAI are good indicators of greening or browning in a
given area and have been previously used to analyze changes in vegetation on
Earth2,3,6,73. LAI, defined as the total area of leaves over a unit of ground area,
characterizes the plant canopy and determines the size of the interface for the
exchange of energy and mass between the canopy and the atmosphere. We study
the LAI values provided by the MCD15A2H Version 6 of MODIS35 at a spatial
resolution of 500 m and a temporal resolution equal to 8 days.

Gridded surface meteorology datasets. Vegetation dynamics strongly depend on
the atmospheric conditions, notably precipitation and air temperature. Because
precipitation, is highly uncertain in HMA74,75 due to the lack of adequate ground-
based measurements resulting from the difficulty of access, the harsh environ-
ments, and the geographical complexities of the region76, we analyze widely used
gridded datasets derived from reanalysis and/or satellite-based products76–80:
ERA5, IMERG, CHIRPS, APHRODITE, HAR, and PRINCETON. The fifth gen-
eration ECMWF atmospheric reanalysis of the global climate ERA5 provides
hourly estimates of precipitation by combining satellite and in-situ data into global
estimates using advanced modeling and data assimilation systems on a 30 km
grid39. GPM IMERG uses information from the GPM satellite constellation to
estimate precipitation over the Earth’s surface at a spatial resolution of 10 km40.
CHIRPS, a thermal infrared-based dataset, incorporates both the Tropical Rainfall
Measuring Mission Multi-satellite Precipitation Analysis and gauge products and
provides a quasi-global precipitation dataset at a resolution of 0.05°81. APHRO-
DITE product is a daily gridded precipitation dataset for Asia that is generated
from a dense network of daily rain-gauge data82. HAR is an atmospheric dataset
generated primarily for the Tibetan Plateau by dynamical downscaling of the final
operational global analysis using the Weather Research and Forecasting regional
mesoscale model83. The global meteorological dataset for land surface modeling
provided by PRINCETON84 derived from a reanalysis of land surface models and
other terrestrial modeling systems (e.g., the global precipitation climatology project
daily precipitation, the tropical rainfall measuring mission, and NASA Langley
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monthly surface radiation budget) provides precipitation at a spatial resolution of
1°. We use ERA5 air temperature to assess the changes in air temperature in the
region over the past two decades.

MODIS snow cover fraction. Snow is a critical component of the hydrological
system and drives the vegetation ecosystem in high altitude mountainous regions.
To evaluate the impacts of the changes in snow on vegetation greenness, we use the
monthly snow cover fraction estimates provided by MODIS Snow Cover fraction
L3 MOD10CM at a spatial resolution of 0.05°36.

ESA CCI soil moisture. Soil moisture plays a significant role in vegetation growth
and dynamics. To understand the changes in vegetation greenness, we analyze the
daily soil moisture provided by the ESA CCI v05.2. We use the combined dataset
generated by blending the soil moisture retrievals from active and passive micro-
wave remote sensing instruments.

GRACE TWS. TWS includes all types of water stored above and below the ground
surface such as snow, ice, groundwater, and surface water storage. Changes in TWS
can also be used as a measure of the interactions between the changes in water
storage and vegetation. We quantify changes in TWS by analyzing GRACE38,85

CSR RL06 mass concentrations (mascons)86 datasets. GRACE provides changes in
TWS on a global scale at a resolution of 300–500 km85,87,88. Although previous
studies have advised using GRACE only over large-scale basins with areas greater
than 250,000 km2, several studies have employed GRACE, often the only data
available to study changes in water storages in HMA, to investigate the dynamics of
the water cycle in this region89–91.

Statistical analyses. We performed statistical analyses at a yearly temporal
resolution and at both basin scale and the resolution of GRACE CSR RL06 mas-
cons (i.e., 0.5°), the coarsest resolution of all remote sensing products utilized in
this study. All the other remote sensing products were then upscaled to 0.5°. We
computed the yearly trends of the LAI, precipitation, temperature, soil moisture,
snow cover, and TWS using the Mann–Kendall test, which determines whether a
time series has a monotonic upward or downward trend92–96. The Mann–Kendall
test uses the following statistics:

S ¼ ∑
n�1

i¼1
∑
n

j¼kþ1
signðxj � xiÞ ð1Þ

where x is the time series variable. The subscript j and k are the observation time.
signðxj � xiÞ is equal to +1, 0, or −1, which means increasing, no, and decreasing
trends, respectively. In this study, we assumed that there is no significant trend in
the data at 95% confidence level (or at a significant level of 5%).

The analysis of these trends will allow us to quantify the changes of these critical
land surface variables over the past decades. However, a deeper analysis of the factors
controlling changes in LAI also requires the examination of the dependence between
the different variables. We use the Partial Information Decomposition (PID) to
quantify these interactions and dependencies. The PID, an extension of the Shannon
information measures to a multivariate system, allows the calculation of (1) the amount
of information that each control variable uniquely contributes to the output, (2) the
redundant information (that is repeated) between the control variables, and (3) the
synergistic information between the variables. Considering two random variables X1
and X2 sources of information of a random variable Y . The total mutual information
IðX;YÞ between the vector of source variables X and the target variable Y is given by

I X;Yð Þ ¼ U X1;Y
� �þ U X2;Y

� �þ R X;Yð Þ þ S X;Yð Þ ð2Þ
Where U , R, and S are the unique, redundant, and synergistic information, respectively.

The redundant information, defined as the sum of the minimum value of
specific information Ispec provided by each source, is given by

R X;Yð Þ ¼ ∑
y2Y

p Y ¼ y
� �

min Ispec X1;Y ¼ y
� �

; Ispec X2;Y ¼ y
� �n o

ð3Þ
With p being the probability distribution
The specific information quantifying the information associated with a

particular outcome y of Y is

Ispec X1;Y ¼ y
� � ¼ ∑

x
p x y

��� �
log

1
p xð Þ � log

1

p y xj� �

" #

ð4Þ

The unique information is then equal to:

U X1;Y
� � ¼ I X1;Y

� �� R X;Yð Þ ð5Þ
I X1;Y
� �

is the mutual information between X1 and Y
Then the synergistic information S X;Yð Þ is derived from:

S X;Yð Þ ¼ I X;Yð Þ � U X1;Y
� �� U X2;Y

� �� R X;Yð Þ ð6Þ
More details about the computation of these metrics can be found in97,98.
Because we study the dependence and the relationship between the different

variables at a yearly time scale, the potential lag correlation that could exist

between precipitation, LAI, soil moisture, and snow cover is less important and is
ignored here. Moreover, we only show the unique and redundant information
because the synergistic information was non-significant. We first investigate the
contributions of soil moisture and snow cover to the terrestrial water storages and
the changes in vegetation greenness (i.e., LAI). We then analyze the factors
(meteorological conditions or irrigation) governing the changes in soil moisture
and snow cover. When soil moisture is predominantly driving the changes in LAI
(i.e., soil moisture unique information about LAI is the highest) and the changes
in soil moisture are related to changes in precipitation (i.e., precipitation unique
information about soil moisture is the highest), we attribute greening to the
variations of precipitation, otherwise i.e., when the increases in soil moisture are
not related to the precipitation and the area is irrigated, we conclude that the
observed greening stemmed from irrigation. If the snow cover unique
information about LAI is the highest, greening is assumed to be driven by
warming or decreases in snow cover. Because decreases in snow cover generally
cause vegetation growth by increasing the soil moisture, we also assume that
greening is governed by the decreases in snow cover when the redundant
information between soil moisture and snow cover about LAI is the highest and
the area is covered by snow.

Data availability
Datasets used in this study can be found in the following websites:

• MODIS LAI: https://lpdaac.usgs.gov/products/mcd15a2hv006/
• MODIS Snow Cover: https://nsidc.org/data/MOD10A1
• ESA CCI soil moisture: https://www.esa-soilmoisture-cci.org/data
• GRACE data: https://grace.jpl.nasa.gov/data/get-data/jpl_global_mascons/
• ERA5 forcing: https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
• IMERG Precipitation: https://gpm.nasa.gov/taxonomy/term/1372
• HAR Precipitation: https://www.klima.tu-berlin.de/index.php?show=daten_har
• PRINCETON Precipitation: https://hydrology.princeton.edu/data.pgf.php
• CHIRPS Precipitation: https://www.chc.ucsb.edu/data
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